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Kurzfassung

Kurzfassung

Polymer-Partikel-Komposite sind zunehmend in den Fokus der ange-
wandten Materialforschung gertickt. Durch die Einbettung von kolloidalen
Nanopartikeln in eine Polymermatrix werden solchen Polymer-Partikel
Kompositen neue Eigenschaften verliehen. Hierzu zéhlen u. a. Beeinflus-
sung der mechanischen Eigenschaften, der elektrischen Leitféahigkeit, der
thermischen Eigenschaften, der optischen Transparenz oder auch der Bi-
okompatibilitat. Die Funktionalitdit von Polymer-Partikel-Kompositen
héngt in erster Linie von der Materialauswahl und deren Zusammenset-
zung, aber auch maRgeblich sowohl von der Verteilung als auch der
raumlichen Ausrichtung dieser ab. Die meisten Kompositbeschichtungen
werden durch Beschichten einer Dispersion mit anschlieRender Trock-
nung hergestellt. Die Komponentenverteilung in der Schicht selbst, die
dabei entsteht; hangt vor allem von der Partikelgrof3e, -material, -geomet-
rie und von der Trocknungsrate ab. Letztere wird von den Wé&rme- und
Stofftransportprozessen bei den gegebenen Randbedingungen be-
stimmt. Die Partikelausrichtung wird auch durch unterschiedliche Sche-
rung wahrend des Beschichtungsprozesses z.B. einer Couette-Stromung
in einem Beschichtungsspalt beeinflusst.

Der Einfluss der Trocknungsrandbedingungen auf die Komponentenver-
teilung von spharischen Partikel-Polymer-Kompositen wurde in vorheri-
gen Arbeiten (Baesch at al., Cardinal et al. and Routh at al.) untersucht.
Fur sphéarische, monomodale Partikel in einer Polymerlésung wurden die
Mechanismen der Stofflibertragung von kolloidalen und nicht-kolloidalen
Komponenten identifiziert. Auch zeigen Ergebnisse, dass die Partikelge-
ometrie einen groReren Einfluss auf die Komponentenverteilung hat. Man
findet erste Ergebnisse zum Einfluss der Partikelverteilung bei sehr fla-
chen, plattchenformigen Partikelsystemen. In den bisherigen Arbeiten
war das Ziel, den Einfluss der Abflachung der Geometrie auf die Partikel-
verteilung wahrend der Trocknung zu untersuchen. Es konnte evaluiert
werden, wie die Simulationsroutine und die Modellierung fur sphéarische
Partikel auch bei plattchenférmigen Partikeln weiterverwendet werden
kénnen. Diese neuen Geometrien wurden angepasst und durch die Un-
tersuchung alternativer Stoffsysteme experimentell validiert. Zu diesem
Zweck kann die Partikelverteilung im trockenen Film dreidimensional mit-
tels Mess- und Auswerteroutinen mit Hilfe von in 3-D aufgenommen
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Ramanspektren bestimmt werden. Die Abhéngigkeit zwischen Partikel-
form und Partikeldynamik wird mittels Lichtinterferometrie in einer Zentri-
fuge bestimmt. Dabei kann die Trocknungsrate, die Partikelgré3e und die
Anfangskonzentration variiert werden. Bei den 3-D Raman-Aufnahmen in
den trockenen Filmen wurden sehr unterschiedliche Partikelverteilungen
beobachtet: eine Partikelansammlung an der Unterseite, eine homogene
Partikelverteilung tber der Filmhohe oder eine Partikelansammlung an
der Oberflache des Filmes. Beim Vergleich von plattchen zur spharischen
Form zeigte sich, dass die Bewegung von plattchenférmigen Partikeln in
einer Polymerldsung durch die Anwesenheit viskoser Widerstéande deut-
lich langsamer erfolgt. Dies konnte bei der Weiterentwicklung der Simu-
lationsmodelle auch berticksichtigt und die entsprechenden Simulations-
parameter konnten fir plattchenférmige Partikel angepasst werden. Die
Ansétze der Simulation beschreiben die Partikeldiffusion, -sedimentation,
Polymerdiffusion und Lésemittelverdunstung.

Fir den Fall, dass die Plattchen durch ein typisches Beschichtungsver-
fahren wie z.B. Rakeln und Schlitzgu3 senkrecht ausgerichtet werden,
wurde ein neues Modell entwickelt und verifiziert. Die Einflussparameter
dieser Simulation lassen sich analog zu den spharischen Partikeln zu-
sammenfassen: zum einen als Verhaltnis vom Produkt der Schichtdicke
und der anfanglichen Trocknungsrate zum Diffusionskoeffizienten der
einzelnen Partikel und zum anderen als das Verhéltnis von Trocknungs-
rate zum Sedimentationskoeffizienten der einzelnen Partikel auftragen.
Ein dimensionsloses Seitenverhaltnis kommt hier zur Péclet-Zahl und Se-
dimentationszahl hinzu. Durch die systematische Variation dieser entdi-
mensionierten GroRen ist es mdglich die Komponentenverteilung gra-
phisch in einer dimensionslosen Trocknungskarte darzustellen. Die so
erstellten Trocknungskarten ermdéglichen es die Partikelverteilung im tro-
ckenen Film bei unterschiedlichen Randbedingungen vorherzusagen.
Die Ergebnisse dieser Arbeit zeigen eine klare Abweichung von sphéri-
schen Partikeln durch die Trocknungskarten in Abhangigkeit der Partikel-
form.
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Abstract

Polymer-particle composites have been in the spotlight of the applied ma-
terial research during the last decade. Due to the new properties that the
embedding of colloidal nanoparticles in a polymer matrix can give. Some
examples are the increase of mechanical properties, electrical conductiv-
ity, film transparency and biocompatibility. The functionality of the poly-
mer-particle composites is mostly dependent of the component distribu-
tion and, in the case on non-spherical particles, the particles’ orientation.
This can be influenced by the material properties and boundary condi-
tions during processing. Composites are produced by the coating of a
polymer dispersion and subsequently drying of the solvent. The compo-
nent distribution during drying is a function of the particles’ geometry and
the dynamics of the film’s solidification. The last one can be determined
by the mass transfer using conservation equations. The particles’ orien-
tation is dependent on the shear stress applied during the coating step,
for example a knife coating process generates a Couette flow.

The Influence of the drying conditions on the component distribution of
polymer - spherical particle and plate-like particle composites has been
studied by Baesch et al. For these polymer-particle systems the mecha-
nisms of the mass transfer were identified. The findings show that the
particle geometry has an important influence on the component distribu-
tion, and the particle distribution depends heavily on the drying condi-
tions. In the present work, the objective is to see if changes in the com-
ponent distribution due to the presence of a polymer binder and the
change in the geometry can still be described by the models found in the
literature, or by adapting the current models for the different types of ma-
terial systems.

To achieve these goals, the particle concentration in a dry film was inves-
tigated using 3-D Raman spectroscopy imaging and the dependence of
particle shape and particle mobility was determined using light interfer-
ometry while centrifuging. During the study the drying rate, particles as-
pect ratio, particle size and initial concentration were systematically var-
ied. The Raman imaging showed the three different particle distributions
reported in the literature were present. Particle accumulation at the bot-
tom of the film near the substrate, homogeneous particle distribution
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along the film’s height, and particle accumulation at the top of the film.
When comparing particle shapes, the results showed that, the flat geom-
etry of plate-like particles heavily hinders their mobility due to the pres-
ence of high viscous drag. This phenomenon was acknowledged with the
development of a quasi-binary simulation approach, and the correspond-
ing parameters were changed accordingly. The equations used in the
simulation model can describe particle diffusion, particle sedimentation,
polymer diffusion and the drying of the solvent.

The rotation of flat particles is not necessary to include in the simulation
because after the coating process the plate-like particles tend to orient
themselves in a horizontal position. Therefore, the same drying parame-
ters of polymer-spherical particle composites can be used for polymer-
plate-like systems. These parameters can be summarized as the ratio
between the initial film height times the initial drying rate and the diffusion
coefficient of a single particle (particle Péclet number), and as the sedi-
mentation rate divided by drying rate the (sedimentation number). By sys-
tematically varying both it is possible to condense the three particle dis-
tributions in a graphical manner. The resulting distribution diagrams in dry
film are known in the literature as drying regime maps and are a quick
tool for predicting the final concentration at different conditions. In this
work, it was concluded that the change in geometry causes a deviation
from the original diagrams using spherical particles.
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1 Introduction and state of the art

In the literature, there are several works centering on the modelling of
mass transfer during drying of films composed by polymer solutions, dis-
persions, and polymeric dispersions. The drying phenomena and their
causes have been analyzed and experimentally validated for spherical
particles. This chapter intends to give an insight in to recent advances in
the production of polymer spherical and nonspherical particle composites.
The basics of coating and drying as well as the transport anisotropy
caused by particle shape are presented. This will be used as a framework
in the next chapters. Additionally, the objectives and working hypothesis
are defined with the systematic investigation that will verify or falsify it.

1.1 Polymer-particle composites

The application of polymer films with embedded particles has caught the
attention of the industry in the last decade, mostly because of the im-
provements embedded particles can achieve in an already functional pol-
ymer filmll, Some examples of composites include lithium-ion batter-
iesl23l,  printable electronics®l, fuel cellsl®”, biosensors®, and
antibacterial coatings 1911, to name a few. There are models describing
the formulation, coating and drying of composite films with the consider-
ation that the particles are spherical and monomodally dispersed. This
does not always correspond with many technically relevant material sys-
temsl1213l, Especially when considering an equivalent diameter or simpli-
fying the problem to a spherical geometry.

Graphene is an example of nonspherical particles for such composite ma-
terials. Its discovery became a turning point in material sciencel*413], due
to its flat and atom-thin geometry which allows electrons to jump easily
from the valance to the conduction band[*617], This discovery sparked the
production of gas sensors!i8l, electronics!*®, membranes? and batter-
iesl?l, Moreover, nonspherical particles like graphene tend to stack them-
selves differently in complicated patterns during processing, leading to a
change in the physical properties, which affects the overall quality of the
final product. For example, graphene-based membranes for the treatment
of residual water tend to have a better performance when the graphene

1



Introduction and state of the art

flakes are arranged in an orderly manner, in comparison to a randomly
stacked configuration.22

Moreover, the properties of graphene-doped composites 231 depend on
the angle of the particles. During the formulation step, graphene particles
are randomly oriented due to Brownian-like rotation, but during the cast-
ing stage it is possible to align the particles in the film by applying pres-
sure. By having the particles more packed in the membrane, the selectiv-
ity can improved, due to the reduced mobility of certain ions as shown by
Tsou et al.l22 Likewise, the conductive electron layer is also be affected
by the direction the particles are pointing. Graphene composites with a
conductive polymer, like PEDOT:PSS, produce an electrically conductive
ink for the production of transparent electrodes, whose electric conduct-
ance depends on the orientation angle 24,

Another application of plate-like particles can be found in antibacterial
coatings, normally used to reduce bacterial activity and to increase the
biocompatibility of prosthetics. In an experimental study utilizing silver na-
noparticles with three different geometries (spherical, rod-like and plate-
like) as antibacterial agents, it was concluded that the effectiveness in
inhibiting bacterial growth comes from the ability to maximize the contact
area of the particles[!ll. Meaning not only the particle shape is important,
but the distribution of the particles plays a major role.

Furthermore, the quality and functionality of composites is also depend-
ent on the interactions with the polymer binder, which influence the mor-
phology of the product. The microstructure of the composites is classified
in the literature depending on interactions between components. In Figure
1.1, the schematic representation of the different types of microstructures
for plate-like particles[?>28l is shown. The plates are exfoliated, if they are
completely delaminated and far apart from each other, so that any peri-
odic arrangement cannot be identified. This occurs when the interactions
with the polymer chains overcome the electrostatic forces between the
particlesl?”l, If the polymer can mingle between the particles but some pe-
riodic structures can still be found, the microstructure is said to be inter-
calated. There is also the possibility while formulating that both polymer
and particle do not intermix at all and interactions are between sets of
particles and the polymer chains. This structure is also known as micro-
composite. It is common to formulate the composite dispersion by firstly

2
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combining the solvent and the particles and later adding the polymer.
Usually the process is accompanied by heating and ultrasonic treatment
to achieve a completely exfoliated structure(28:29],

Phase separated Intercalated Exfoliated

Figure 1.1 Graphical representation of different configurations of polymer-plate-
like particle composites based on the component’s interactions. Phase separated
when the particle-particle interactions are strong, and the polymer interacts with
cumulus of particles. Intercalated when the polymer can interact with individual
particles, but the particles can still interact. Exfoliated when there are almost no
interactions between patrticles.

At an industrial scale there are two common processes to create compo-
sites, namely the hot pressing and tape casting methods. The first pro-
cess involves casting the components in batches as a powder and later
increasing the temperature and applying stress to combine the species
into a homogeneous film3%, The other method, tape casting, is a contin-
uous roll-to-roll process. It consists of a moving carrying substrate on
which a liquid composite dispersion is coated and subsequently dried[31,
In the context of this work, a laboratory-scale process analogue to tape
casting is studied, in which a dispersion is cast on a substrate using a
coating blade and subsequently dried.

1.2 Drying of polymer films

Thin polymeric films have been part of our lives since the last century and
can be found in several everyday products. Some examples include plas-
tic foilst32, paintings!?3, and adhesivesi4. Most of the production of poly-
mer films consists of the formulation of the mixture by either dissolving or
dispersing the polymer in a solvent, to be later coated onto a substrate
and subsequently dried. The last two steps carry most of the production
costs, and must, therefore, be modeled when designing and optimizing
coating and drying processes. Polymer films undergo three main steps

3
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during drying: the mass transport of the liquid solvent from the bulk to the
phase boundary, the evaporation of the solvent at the surface of the coat-
ing, and the mass transfer of the solvent vapor from the phase boundary
to the atmosphere.

The modeling of diffusion coefficients between pairs of polymers and sol-
vents has been studied utilizing different approaches. Modelling the pol-
ymer molecules as bead-spring chains[®>38l predicts that the diffusion co-
efficient of solvents in polymers is proportional to the inverse square root

of the polymer molar weight DPIS~1/\/MT, this correlates well with exper-
imentsf®71, The equation from Vrentas and Duda can calculate diffusion in
dilute polymer solutions using free volume theory as a foundationfs8l,
However, more empirical expressions have been utilized due to the lack
of binary parameters in data bases necessary to use free volume theory
models. One example can be found in equation (1.1 ), the parameters A4,
B and C in this expression can be fitted directly for drying experiments!39,
making it dependent on the solvent loading X;.[40-44

A+BXS) (1.1)

DP'SzeXp<_1+CX
S

In case of multicomponent systems, the Onsager approach?! allows us
to quantify the diffusive interactions between polymers by using the en-
tanglement degree of the polymer chains. This approach can recreate
experimental observations of ternary polymer-polymer-solvent systems
with excellent agreement.*¢! On the other hand, the presence of more
solvents can be modelled using equation ( 1.1) in an ideal way by a model
proposed by Siebel, Scharfer and Schabel, which requires adding the
loading values of the solventsl47.

The evaporation of the solvent at the surface of the film can be estimated
by integrating the Stefan-Maxwell equation and solving for the solvent
flux.[“81 Equation ( 1.2 ) is the resulting expression for the evaporation of
a single solvent. The solvent transport is caused by the concentration
gradient between the surface j; and the atmosphere j°. At the phase
boundary it is considered that liquid is in equilibrium with its vapor. The
mass transport coefficient gs ., is dependent on the conditions at which
the dryer operates, and can be calculated from correlations found in the
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literature®, Thus, the mass flux g is a function of the thermodynamic
equilibrium between the liquid and its vapor and the transport properties.

. o 1-y¢°
ms = Bs gasMsPs In < 1_ ~*> (1.2)
Vs

Using a dynamic diffusion equation, the concentration of each species
during drying is computed, as shown in expression ( 1.3 ), with solvent
evaporation at the top of the film and impermeable substrate at the bottom
as boundary conditions. The main challenge of this approach is the mov-
ing boundary due to the solvent leaving the film. It could be solved by
adding an extra equation for the change in the limits of coordinate z. How-
ever, the expression would still be coupled with the solvent content off the
film which would increase the computation times.

ac; 0 a¢;

3= %) )
Saure and Schliinder proposed a physical approach based on polymer
coordinates to solve the equation. The movement of the species is refer-
enced with the polymer volume velocity instead of the average volume
velocity®. A graphical summary of this approach can be found in Figure
1.2. After changing the molar fluxes as polymer-related, equation ( 1.3)
is given in terms of the solvent loading, the polymer-based diffusion coef-
ficient ij and the polymer volume fraction ¢p, as it follows:

Xs 9, X
ot aq (D p.sPp ac )
where, (14)
a¢
i bp

Equation ( 1.4 ) has fixed boundaries, thus uncoupling the evaporation
problem from the coordinated system. This approach has been experi-
mentally validated with drying experiments using methanol based polyvi-
nyl acetate films, having a remarkable agreementl41.43.50.51],
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Figure 1.2. Graphical representation of the polymer coordinate approach showing
the boundary conditions and the change to the fix coordinate ¢.

Schabel et al.*d conducted in-situ drying experiments of thin polymer
films utilizing Inverse Micro Raman Spectroscopy to measure the solvent
concentration in transparent films at different points in the sample, thus,
experimentally validating the concentration profiles obtained by the
model*3l, Scharfer et al.[*45253] ysed the same model to describe the sol-
vent intake (swelling) in a polymer membrane. It also has been used to
determine diffusion coefficients in multicomponent systems(#1.46.541 show-
ing good agreement and the flexibility of the approach.

1.3 Drying of colloidal dispersions

Another approach for understanding the drying of polymer films is by con-
sidering the coiled polymer chains as dispersed spherical colloidal parti-
cles, also known as lattices. Routh and Zimmerman have conducted an
extensive experimental and theoretical analysis on the drying behavior of
lattices. Mainly on the evolution from a stable latex into a clearer, contin-
uous and mechanically stable polymer filmf5l, In their work it is shown
how the particle distribution is mainly controlled by the Péclet number,
defined for colloidal particles in equation ( 1.5).
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In this case, the main drying conditions are given by the temperature T,
the particle radius R, the liquid viscosity 7, the solvent’s drying rate E and
the film’s initial height h,. If Pe. is lower than unity, the diffusion driving
forces are dominant, meaning that particles which may accumulate at the
surface of the film, diffuse to the bulk creating uniform particle profiles,
whereas for Pe. greater than unity, drying will create particle concentra-
tion gradients.

The simulation model of Routh and Zimmerman®®! considers neutrally
buoyant particles with the effects at the edges of the film being neglected.
Therefore, particle transport takes place only in the direction of the film
height, and it is only caused by the movement of the drying front and
particle diffusion. Studies on horizontal drying fronts can be found else-
where. 56571 Moreover, colloids start to stack themselves in the final
stages of drying in a random manner towards close packing. This causes
transport properties like the diffusion coefficient to diverge, when reaching
a certain volume fraction value.®8 The model uses a concentration-de-
pendent particle diffusion coefficient D.(¢.), shown in equation ( 1.6 ), to
match the physics of the divergence. It is composed of the Stokes-Ein-
stein diffusion coefficient D, o, a term for describing the concentration de-
pendency K(¢.), which will be subject of study in the following chapters,
and the compressibility of the dispersion Z(¢.) which diverges when
reaching a close packing ¢¢ = ¢ ¢ max -9

d
D¢ (¢c) = K(‘{bc) ?% [¢CZ(¢C)] Dc,o
where, (1.7)
Z(¢po) = ;
¢C B ¢C,max - ¢C



Introduction and state of the art

1E-10 5

1E-11 4

Xew'p ¢

1E-12 4

Diffusion coefficient [m?#/s]

1E-13 T T T T T T T T T T T T
0 10 20 30 40 50 60 70

Particle volume fraction [%]

Figure 1.3. Diffusion coefficient of 1 pym spherical particles in water at T = 20 °C
as a function of the volume fraction using equation ( 1.7 ), showing the infinitely
diluted value D¢, at ¢ — 0 from Stokes-Einstein, and the divergency of the dif-
fusion coefficient at close packing ¢¢ = ¢¢max-

In Figure 1.3, the diffusion coefficient of 1 um spheres in water at T =
20 °C is plotted as a function of the particle volume fraction. In the dia-
gram, the values at infinite dilution and close packing concentration are
shown. The divergence of the diffusion coefficient when ¢ = ¢¢ maq, al-
lows the particle volume fraction to remain below this critical value.

The implementation of Z(¢.) produces reasonable concentration profiles
with a particle saturation at the film surface when the Péclet numbers are
high (Pe. > 1) and without exceeding the value of the packing concen-
tration, whereas at intermediate values of Pe. the scale of the concentra-
tion gradients corresponds to an order of magnitude of V¢>C~0(\/P—ec).
The concentration profiles were later experimentally validated, with a
good agreement.[60]

Skin formation may be the most interesting phenomenon observed ex-
perimentally and described by this modell®1-63]. Skin formation is defined
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as an extreme segregation of the particles, where the film is divided in to
a dried polymer at the surface and a liquid underneath it, causing the
solvent evaporation rate to plummet due to the polymer film mass
transport resistance. Moreover, the deformations caused by rapid particle
accumulation could lead to film defects. One major example is crack for-
mation, where the flow of the solvent through the region of the film at
close packing causes a pressure drop, leading the film to release the built
tension by splitting itself, thus creating cracks.[64.65

Other works on the drying of dispersions used this diffusion model as a
framework for further investigations, due to the good agreement with ex-
perimental observations!®¢7]. The present doctoral thesis also benefits
from it and applies it accordingly, as it is explained in the next chapters.

1.4 Drying regime maps

Cardinal et al.%8! further developed the model of Routh and Zimmermann
by considering buoyant particles. This work examines the influence of
sedimentation on the particle distribution. To quantify the contribution of
sedimentation to the overall drying process, the sedimentation number Ng
is introduced. It is defined as the ratio between the Stokes sedimentation
velocity U¢ o and the initial evaporation rate, as shown and compared with
Pe. in equation ( 1.8).

Eoh U
PeC=DOO NS=_C’O

- (1.8)
0 E,

In the approach of Cardinal et al., the drying process is controlled by two
nondimensional quantities. If Pe. is higher than unity and N lower than
unity, the evaporation (E) is dominant. If Pe. and Ng are lower than unity,
the diffusion (D) is dominant. If Ng and the product of the two numbers is
higher than unity Pe.N; > 1, then sedimentation (S) is dominant. In their
study, the particle mass transfer during drying was simulated and different
particle distributions were generated by systematically varying the values
of the Péclet and sedimentation numbers. The complete derivation of the
simulation is given in the appendix of this work in section 7.1.
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Moreover, the particle concentration was graphically summarized as a
function of the drying conditions given by Pe. and Ns. In Figure 1.4, the
simulation results are plotted in blue. The blue borders are obtained by
testing if the combination of dimensionless quantities give 90 % of the
close packing concentration (¢ = 0.9 - ¢¢mqy) €ither at the top or the
bottom of the film, after a time proportional to half of the difference be-
tween the initial concentration and the packing concentration, as follows.

¢C max — ¢C 0
_ %, : 1.9
Tmax 2¢C,max ( )

This diagram is known as a drying regime map and shows three possible
vertical particle distributions. If the evaporation of the solvent is dominant,
the particles will accumulate at the top of the film, this is known as the
(E)vaporation regime. If sedimentation of the particles is dominant, the
particles will sink to the bottom and gather there, this known as the (S)ed-
imentation regime. If neither sedimentation nor evaporation are dominant,
the diffusion coefficient can counter any given concentration gradient
within the film, maintaining the concentration uniform along the film, there-
fore this is called the (D)iffusion regime.

10
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Figure 1.4. Drying regime map for spherical particles with no binder (blue) and
with a dissolved polymer (red), showing the three drying regimes: Evaporation:
particles on top, Diffusion: particles evenly distributed and Sedimentation: parti-
cles at the bottom. Extracted and adapted from Cardinal et al. Francis and Baesch
et al. Scharfer, Schabel.[66.:68.69

The drying regime map was validated experimentally, in which spherical
silica particles with different sizes were dispersed in distillated water at
different concentrations, cast on a substrate and dried at different condi-
tions. After a given time, the drying was stopped, and the sample was
frozen in liquid ethane for further investigation.[®8 The film was cut in half
and the cross section analysed using a scanning electron microscope
(SEM). This technique is known as Cryo-SEM[Y, and proved to be re-
sourceful, because the obtained images can be quickly analysed. The
experimental particle distribution was in good agreement with the pre-
dicted distribution from the drying regime map. This chart can be used for
fast-track dryer sizing. Nevertheless, if the dispersion has a polymer
binder, the predicted particle distribution could be inaccurate. This is due
to the change in solvent concentration at the phase boundary, which will
influence the drying rate, whereas in the simulation model the drying rate
is considered constant.

11
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In the work by Baesch et al.l’%, it was determined how the presence of a
polymer affects the final particle distribution in a dry film. The ternary sys-
tems polystyrene—polyvinyl alcohol-water (PS-PVA-H20) and silica—pol-
yvinyl alcohol-water (SiO2-PVA-H20) were investigated. One of the main
conclusions was that at a certain polymer concentration, the mass trans-
fer of a ternary polymeric dispersion can be modeled as a binary system:
Instead of considering the solvent and polymer as two different compo-
nents, the polymeric solution can be treated as one pseudo-compo-
nentl71,

The core principle of this approach is based on the component size and
diluted state of the coating dispersion. The low concentration reduces the
interactions between the particles and the polymer chains. Moreover, the
difference in size between the particles and polymer chains, and between
the particles and solvent molecules, are on the same order of magnitude.
Therefore, the particle-polymer and particle-solvent interactions are con-
sidered to be on the same order of magnitude. This principle is valid until
the solvent concentration is too low, such that it to allows the polymeric
chains to interact with each other, known as the overlap concentration.
This concentration can be obtained experimentally by measuring different
physical properties like the viscosity of polymer solutions as a function of
the polymer content.[’2l In Figure 1.5, an example of the overlap concen-
tration measurement is displayed, showing the diluted and concentrated
cases. On the left side of the diagram the viscosity increases as the pol-
ymer content increases, at a logarithmic scale this increase follows a con-
stant slope. Once the overlap concentration is reached, the slope in-
creases, changing the trend of the viscosity. In the appendix off this work
in section 7.2.1, an example for the material system PVA-H20 can be
found.

12
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Figure 1.5. Specific viscosity of a polymeric dispersion as a function of the poly-
mer content, showing the diluted regime where the polymer-particle and particle-
solvent interaction are the same, and the concentrated regime where the polymer
chains are entangled and there is no relative particle movement.

The kinetics between the polymer and the particles was investigated for
the stability of the dispersion. Baeschl?! determined that the adsorption
of the polymer on the particle surfaces, although it could help maintain
the dispersion stability while coating, it also leads to the formation of ag-
glomerates and thus a radical change in the particle transport proper-
ties.l50 Therefore, the polymer chains must remain with minimal adsorp-
tion to hinder the formation of agglomerates. This was realized by
controlling the hydrogen potential using diluted ammonia buffer solutions
at pH = 9. Additionally, the rheological properties of the polymeric solu-
tion were determined as a function of the polymer concentration.

Mathematical modelling of drying is done by combining the conservation
equations of the dispersion and polymer drying using a quasi-binary ap-
proach, which is the framework for the modelling in the present work (see
Chapter 3). This approach leads to a partial differential equation system
consisting of three coupled equations with third type boundary conditions,
which can be solved numerically (see Appendix 7.1). Using similar con-
ditions, the drying regime maps were drawn by simulating at different Pe,

13
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and N; until the particle concentration reached the desired regime, as de-
picted in Figure 1.4. The time needed to reach the corresponding con-
centration was changed to the time needed to obtain the overlap concen-
tration, thus explaining the shift of the border between the Evaporation
and Diffusion regimes.

Baesch et al. conducted the experimental validation in an in-situ and ex-
situ manner by performing coating and drying experiments and later in-
vestigating the films with Cryo-SEM and 3-D Raman Spectroscopy. Both
types of experimental approaches were shown to be suitable to determine
the particle concentration at a given point during drying or in the dry film.
Unlike Cryo-SEM analysis, the determination of the concentration in a dry
film using Raman spectroscopy is non-invasive, there is no need to cut
the film in half and it provides a 3-D image of the film. However, it only
works if the sample is transparent or translucent enough to allow light
transmission and to not overly scatter. Therefore, the particle distribution
for the material systems like PS-PVA-H20 cannot be determined during
drying due to the turbid appearance of the coating dispersion.

By plotting the experimental drying conditions in the drying regime maps,
the modelling was validated and in most of the cases the experimentally
determined particle distribution corresponds to the regime predicted by
the simulation. Nevertheless, the simulation approach has limitations,
such as not calculating the particle concentration at high Pe. values. Also
due to the presence of a polymer, a second Péclet number is needed with
the polymer diffusion coefficient at infinite dilution Dy 5 , as shown in equa-
tion ( 1.10 ). This means a fourth regime while drying could be possible,
where the polymer concentration increases at the phase boundary.[>%

Eohg

DP,S,O

Pep (1.10)

Nevertheless, in order to reach this case, the drying rates must be higher
than the rates needed for the Evaporation regime, mostly due to the
higher polymer mobility. In comparison, the diffusion coefficient fora 1 um
particle in a 3% v/v PVA water solution at T=40°C is Dy, = 4.2 -
10~*m?/s, and the polymer diffusion coefficient of PVA in water at the
same temperature at infinite dilution is Dp 5, = 3.3 - 107'3m?/s (see Sec-
tion 7.3), one order of magnitude higher. Thus, simulating this regime

14
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would require an immense Pe., surpassing the capabilities of the simula-
tion computer program. Moreover, even though the simulation can calcu-
late the concentration of all components after the polymer overlap con-
centration is reached, these values are no longer valid due to the
solidification of the polymer film.

15 Particle shape and anisotropy

Non-spherical particles can be categorized into two main sets, namely as
deformed spheres that have been either flattened or stretched, as shown
in Figure 1.6. Such shapes are named rotation ellipsoids, because they
can be obtained by rotating a two-dimensional ellipse, meaning that two
of the three ellipsoid’s semi-axes have the same length. Oblate ellipsoids
(plate-like) are therefore obtained by rotating around the shorter axis
(semi-minor axis), whereas prolate ellipsoids (rod-like) are drawn by ro-
tating around the longer axis (semi-major axis). Thus, their sphericity is
quantitatively calculated using the aspect ratio 7, defined by equation (
1.11), where a is the vertical axis and b the horizontal axis. If , < 1 the
particle is plate-like, if , = 1 the geometry is spherical, and if , > 1 the
particle is rod-like.

a
B=1 (1.11)
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Oblate Ellipsoid Sphere Prolate Ellipsoid

Figure 1.6. Classification of particle geometry according to the aspect ratio 7,.
Oblate at r, < 1, spherical at ,, = 1, and prolate if ,, > 1.

One notorious modification, caused by using nonspherical particles, is the
change in the maximal packing concentration ¢ 4., Namely the maximal
volume fraction the particles can achieve. As previously mentioned. This
depends heavily on how the particles stack themselves during drying and
settling. Spheres have two main orderly configurations while stacking,
face-centered cubic (FCC) and hexagonal closed packed (HCP), which
have a packing concentration of ~74 %, whereas a random or disordered
stacking of spheres can have a maximal volume fraction of 64 %.

Unlike spheres, the maximal packing concentration of plates and rods are
also dependent on the orientation they have. If the particles are aligned
during drying, they could occupy more space than spheres in the polymer
matrix. However, a random or time-dependent orientation of the particles
could have a dramatic effect on ¢ ,4,. This is crucial for the prediction
of the particle distribution, because the definitions of the drying regimes
borders are based on reaching 90 % of the maximal particle concentra-
tion. Therefore, ¢¢mqy iS regarded as an input parameter for the simula-
tion model (see Section 3.4).

The work of Chaikin et al.[4l gives an insight on how plates can randomly
arrange themselves, and contains a chart to obtain ¢ .4, as a function

16
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of the aspect ratio 7,, as depicted in Figure 1.7. The packing simulations
in this work used the “Paris parking” approach(’®. It is named after the
way cars are parked over the curb in European cities, which, in the USA,
is not usual or can even be prohibited. The particles are arranged with a
random angle on a line putting its center over it, and without overlapping
them. Depending on the space left unused, the packing concentration
was determined. As previously mentioned, in an orderly fashion the par-
ticles that are flatter could use more space, filling the voids and increasing
the packing concentration. Nevertheless, even by choosing low angles
randomly, plates with low aspect ratio have a large drop in ¢¢ ax-
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Figure 1.7. Maximal packing concentration ¢ 4, as a function of the aspect ratio

7, for plate-like particles at low angles. Extracted and adapted from Chaikin et
a|.[74]

If the particles were to be aligned with the same angle, it will introduce
another phenomenon to be considered, known as anisotropy. The anisot-
ropy in material science can be defined as the difference of the physical
properties depending on the direction it is being measured, meaning that
a property cannot be quantified as a hnumber or scalar, like in an isotropic
material. Instead it must be measured and modeled in all the possible

17
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directions. In a cartesian three-dimensional space, there are nine possi-
ble direction combinations, which will transform properties as viscosity,
heat conductivity and mass diffusion into second order tensorsl7®l,

In process engineering the most common examples of this phenomenon
can be found in composite wall and thermal composite coatings problems
for calculating the effective heat transferl’7). Similarly, anisotropy in diffu-
sional mass transfer is applicable in the modeling and operation of fuel
cells with composite membranes!78. But the most important application of
a diffusion tensor is found in medical imaging.["®] By extracting the diffu-
sional behavior of a substance across a tissue, it is possible to obtain
information about its structure and thus a three-dimensional picture can
be drawn. In Figure 1.8, the graphical explanation on how diffusion in iso-
tropic and anisotropic porous systems works is shown. For isotropic ma-
terials there is no given order or pattern to follow, and the diffusion of a
species through the material will be given by the porosity and the tortuos-
ity as an effective diffusion coefficient D, ;.82 For anisotropic materi-
als, if the pores are arranged like in the left side of Figure 1.8, a species
diffuses faster through the material from left to right than from top to bot-
tom, meaning D, < D .1

DL
Lb _ ",

D, -

Anisotropic Isotropic

Figure 1.8. Graphical description of an anisotropic and isotropic material, showing
the difference of the diffusion process at different directions (parallel and perpen-
dicular).
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1.6 Objectives and working hypothesis

The aim of the present work is to investigate the influence of particle
shape on the patrticle distribution in a dry film, by simulating the compo-
nent mass transfer during drying and experimentally validating the pre-
dicted concentration profiles using plate-like particles. The working hy-
pothesis is that a change in the particles geometry will affect the
component distribution during the coating and drying processes. Never-
theless, the particle distribution and drying regimes found in the literature
can still be applied for plate-like particles by adapting and further devel-
oping the state-of-the-art quasi-binary simulation model. Thus, new dry-
ing regime charts can be drawn after adjusting the sedimentation and dif-
fusion coefficient accordingly. To falsify or verify the hypothesis, a
material system is selected and its physical properties are characterized.
Later, using the obtained physical information of the material system, the
state-of-the-art simulation is adapted and new drying regime maps can
be plotted and experimentally validated.

Figure 1.9 shows the summarized sequence for producing a polymer-par-
ticle composite film. In each step, the most important property is labeled.
First, a stable dispersion capable of producing a homogenous wet film is
formulated. Experimental validation requires the selection of a suitable
material system that allows measurement of the particle orientation. In
this work, a transparent material system responsive to Raman radiation
is chosen in order to use the available spectrometer and the analyzing
software. During coating the particles rotate and their angle of orientation
will influence their mobility. Afterwards, drying takes place where the
boundary conditions: solvent evaporation rate, initial wet film height, and
initial component concentration, dictate the mass transfer of the compo-
nents. Finally, once the composite films have been dried, the final distri-
bution can be determined to validate or reject the adapted simulation
model.

19



Introduction and state of the art

Dispersion stability Particle orientation Drying conditions Particle distribution

NV m&qu::r » ‘ » q%? &D(W » ﬂ
Particle \_ _77\‘ % &
Ny Polymer

Formulation Coating Drying Dry film

[ Solvent

Figure 1.9. Graphical summary of the sequence of the production of polymer-
particle composite films utilized to investigate the influence of the particle geom-
etry on the particle distribution.

One of the main challenges of this work comes from the adaptation of the
model, which requires the characterization of dispersions with non-spher-
ical particles. This is mostly due to the orientation angle of the particles
being an unknown variable. Determination of the particle orientation is
achieved by conducting a theoretical study on the hydrodynamics of
plate-like particles, during and after the coating step. This can be
achieved by making a force balance on the particle surface depending on
the fluid movement. While knife coating leading to a Couette flow can be
considered and therefore a simple shear is used to determine the overall
stress on the particle surface. The orientation of the particles is simulated,
and needs to be experimentally validated by knife coating a dispersion
and evaluating the particle angles via 3-D Raman spectroscopy or Cryo-
SEM. Depending on the particle arrangement, the transport properties
can be modeled accordingly.

Using the simulation for spherical particles, the concentration of the spe-
cies at different drying conditions is calculated. By systematically varying
the drying conditions, it is possible to draw new drying regime charts, in
which the positions of the borders are dependent on the particle shape
1,. These new drying regime maps are validated by casting polymer films
using knife coating, consequently drying them and investigating the com-
ponent distribution via Raman spectroscopy. Thus, the working hypothe-
sis can be validated of falsified.
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2 Experimental Methodology

In this chapter, the methods and devices, which are used to obtain the
physical properties of the composites and validate the simulation, are ex-
plained. First, a plate-like particle-polymer system is chosen accordingly
to the measurement capabilities. Then, the system is characterized by
measuring the required transport properties of each component, namely
the viscosity of the polymer solution, the viscosity of the polymer-particle
dispersion and the particle sedimentation rates. Afterwards, the particle
orientation after coating is investigated using Scanning Electron Micros-
copy and 3-D Micro Raman spectroscopy to calculate the diffusion and
sedimentation coefficients accordingly. The data obtained from the mate-
rial system characterization is used in the next chapter to run the simula-
tion.

The validation of the simulation requires drying experiments, which are
conducted by casting the coating dispersion onto thin glass substrates.
By systematically changing the drying rate and initial film height, a segre-
gation of the patrticles at different parts of the film is caused. The resulting
composite dried films are investigated using 3-D Raman spectroscopy.
This measuring technigue allow us to indirectly measure the concentra-
tion of each component in a noninvasive manner. This is done by fitting
the sample spectrum with those of the pure components. Using a calibra-
tion curve, it is possible to convert the Raman intensity ratio into a mass
loading. Thus, making it possible to verify or reject the simulated particle
distribution.

2.1 Characterization of the material system

Polyvinyl alcohol is chosen as the polymer due to its mechanical strength
and the abundance of experimental data obtained from previous
worksl8485l, Glass flakes are selected as the plate-like particles due to
their transparency, which allows being measured using Raman spectros-
copy. Moreover, the flakes are commercially available, and can be pur-
chased with a narrow particle size distribution. The monomodal distribu-
tion allow us to assume a constant particle aspect ratio r, and to use
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state-of-the-art simulation model as a framework, without making major
changes.

The following properties of the material system were determined and are
explained in detail in this chapter.

2.1.1

Polymer solution viscosity. The particle diffusion and sedimenta-
tion are strongly dependent on the medium viscosity. During dry-
ing, the viscosity changes due to the loss of solvent. The concen-
tration dependency on the solution viscosity is determined (see
Section 7.2).

Dispersion viscosity. One of the challenges in describing the dif-
fusion and sedimentation of particles in a liquid mixture is the de-
termination of the particle concentration influence on the
transport properties. A first approach is to use the most common
models available in the literature (Batchelor and Krieger-
Dougherty) and to investigate if the models describe the viscosity
correctly. If the models are proven to be accurate, then it could
be inferred that the other transport properties could also be cal-
culated using these or similar expressions.[86.87]

Patrticle orientation. The viscous resistance acting on the moving
particles is dependent on how the plate-like particles are ori-
ented. If they were orthogonally positioned to the flow direction,
the drag will be at its maximal value. Whereas, if the orientation
is parallel to the flow direction, the drag would be at its lowest
value. The orientation is experimentally determined to allow the
use the of correlations.

Particle sedimentation velocity. The sedimentation rates in differ-
ently concentrated dispersions are measured to determine the
particle mobility and thus the diffusion coefficients properly.

Preparation of polymer solution

The solutions were prepared by slowly adding polyvinyl alcohol (PVA
99 % hydrolyzed, Sigma-Aldrich) with a molecular weight of My, , = 89 —
98 kg mol™1 in distillated water (Sigma-Aldrich) at room temperature. The
polymer dispersion was stirred in small 5 ml flasks (WICOM) for 15 min
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to ensure that the polymer is completely dispersed. This step is done to
avoid the formation of agglomerates and facilitate the dissolution of the
polymer. The temperature was then raised to 70°C and the mixture was
continuously stirred until the PVA was completely dissolved, this can be
determined when the liquid turns transparent. The samples were stored
in a temperature-controlled cabinet until they were used. For the viscosity
measurements, the PVA solution was degassed using an ultrasonic bath
at room temperature until no bubbles were visible. The samples were
used shortly after preparation to avoid gelation or crystallization of the
polymer. The binary polymer concentration interval for the samples was
from 0 to 17 % v/v. For the drying experiments and sedimentation meas-
urements, the polymer concentration remained constant at ¢, =3 %

2.1.2 Preparation of dispersion

Glass Flakes (GF001 and GF001-10 Glassflake Ltd.) composed mostly
of silicon dioxide SiO,were dispersed in aqueous PVA, prepared by using
the methodology described in 2.1.1. The Flakes were slowly added and
left for 24 hours with continuous stirring to avoid the formation of agglom-
erates. Shortly before usage, the samples were degassed in an ultra-
sonic bath at room temperature. The particle concentration interval for the
sedimentation and viscosity measurements was from 0 to 6 % v/v,
whereas for the drying experiments the concentration had a constant
value of ¢¢o =2 % in the wet film and of ¢¢ 4, =40 % in the dry film.
The plate-like particles utilized for the drying experiments (GF001-10) had
an average length of 10 pm and average thickness of 1 pm, which results
in an aspect ratio of r, = 0.10. For the sedimentation measurements, two
particle system were used, the one previously described, and bigger flat-
ter particles (GF001) with an aspect ratio of r, = 0.03.

2.1.3 Viscometry

The measurement of the viscosity was conducted using a cone and plate
rheometer (Physica MCR 101 rheometer Anton Paar). The cone utilized
had a 60 mm diameter and an angle of 3° resulting in a gap width of
h,., = 154 ym at the edge of the plate. To prevent solvent evaporation

gap
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during the measurements, a 3D-printed solvent trap was used. This al-
lows saturation of the atmosphere around the cone, and thus hinders the
evaporation of solvent. All the samples were measured three times and
averaged to assure reproducibility. The plate can be temperature-con-
trolled, and the samples were brought to the measuring temperature be-
fore the experimental investigation. This is done to maintain an isothermal
process. The measured shear rate varied from y =103s"! to y =
103 s71 and back to 1073 s™1, to check for the presence of hysteresis.
Every time a measurement was started, the viscosity of water was deter-
mined to ensure that the calculations for relative viscosity were accurate.
The calculated value of the viscosity was determined by fitting the trend,
or averaging the values, at low shear rates, depending on the rheological
behaviour of the sample.

Figure 2.1. Left: photo of the rheometer used for the zero-shear y = 107351 vis-
cosity measurements. Right: Set-up utilized showing the characteristic dimen-
sions of the cone-plate system, including torque M, plate diameter, cone angle a
and the height of the tip a complementing the frustum.

2.1.4 Zero-shear viscosity

Calculating the diffusion coefficient and sedimentation rate according to
the Stokes-Einstein equation requires the medium viscosity. Depending
on the material system, the viscosity could be dependent on the type of
stress and the deformation rate that it is applied. These types of fluids are
known as non-Newtonian and is the case for polymeric solutions, whose
viscosity is a function of the shear rate y. When the shear rate increases,
the viscosity decreases, which is known as shear thinning.
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For sedimentation, the shear rate corresponds to an order of magnitude
of y = 107% s~ which is considerably lower in comparison to the shear
rates during knife coating or slot die coating, y = 103 s~1.18889 Therefore,
the viscosity needed to describe the diffusion coefficient and sedimenta-
tion rate during drying must be measured near zero shear rate n(y — 0),
also known as the zero-shear viscosity. Throughout this work when the
viscosity is mentioned, it is referring to this value.

2.1.5 Influence of concentration on the viscosity

The viscosity of the dispersion and its dependence on the particle content
is investigated to evaluate if the diffusion and sedimentation of plate-like
particles could be modeled in the same manner as dispersions containing
spherical particles, thus justifying the use of adapted expressions for the
diffusion and sedimentation coefficients. Some of the classic text book
models use the relative viscosity to describe the concentration depend-
ence, which is the viscosity of a dispersion divided by the viscosity of the
pure solvent ng as described in equation ( 2.1).

ne(o) = 120 (21)
U

By subtracting the solvent viscosity from the numerator, the so-called
specific viscosity 7;,, is obtained.

nsp((l)i) = =n(¢)) — 1 (2.2)

n(¢) —ns

n
Moreover, dividing it by the concentration of the solute ¢; results in the
reduced viscosity 7,4, Which is the ratio between the increase of viscosity
and the increase of solute quantity.

n((:bi) —Ns — nsp(d)i) ( 2.3 )
Gins of
The so-called intrinsic viscosity [n] describes the total solvent contribution

of a mixture, it is calculated by approaching the solute concentration ¢;
to zero.

Nrea(P) =
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[77] — (ll)lllrlo nqugzpi) ( 2.4 )

Einstein developed a model for 5, of suspensions as a function of the
volume fraction of the particles ¢, given by expression ( 2.5 ). The
model considers a dispersion of rigid spheres at infinite dilution, which
means that the particles are separated from each other in the fluid and
do not interact. At these conditions, the intrinsic viscosity equals 5/2.

Einstein: N, =1+ 2.5¢, (2.5)

This expression has a good agreement with experimental values for dis-
persions with volume fractions of solids up to 2 %. At higher particle con-
tent, the hydrodynamic interactions have to be considered. Batchelor ex-
tended the modellPl and the resulting expression can be found in
equation ( 2.6).

Batchelor: Ny =1+ 25¢; + 7.60% + 0(p2) (2.6)

According to this expression, interactions of the particles are in an order
of magnitude of ¢2. The limitation of this approach is that the interaction
of the particles is made in pairs, meaning that cases where more particles
interact at the same time or when the spheres are not neutrally charged
are not considered. This could cause deviations of the model. Equation (
2.7 ) is a modified version of the Batchelor's model, which attempts to
quantify interactions at higher particle content, hence the power-law na-
ture of the expression!(s8l,

Modf. Batchelor: ny=0—-¢c)™ (2.7)

Krieger and Dougherty developed another model using expressions sim-
ilar to those of Eilers®d and Mooney®d as a frame work, and adapted
them according to experimental observations. It is displayed in equation
(2.8). The model considers the interactions of two particles in a dumbbell
arrangement, which can rotate in opposite directions due to the space
between them[®¥. One important aspect in the equation is the inclusion of
the maximal packing concentration ¢¢ ,q,. This parameter is important to
add, due to the divergence of the dispersion’s viscosity when approaching
this value. Thus, this model is appropriate when describing concentrated
systems.
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¢ _[U]¢C,max
Krieger-Dougherty: N, = (1 __r¢ ) (2.8)

¢C,max

In Figure 2.2, the experimental relative viscosity of a dispersion of glass
flakes at 40 °C with an aspect ratio of r, = 0.1 and PVA with a concentra-
tion of ¢ = 3 % is shown. Moreover, the experimental data is fitted utiliz-
ing the Krieger-Dougherty and Batchelor’s approach, which both can pre-
dict the trend for the viscosity, fairly well.

8

Modified Batchelor fit
Krieger-Dougherty fit
® Measurement

Relative viscosity [-]

Particle volume fraction [%]

Figure 2.2. Relative viscosity of a 3 % v/v PVA aqueous dispersion as a function
of the plate-like particles volume fraction. The experimental values are fitted using
the modified Batchelor model from equation ( 2.7 ) and the Krieger-Dougherty
model from equation ( 2.8).

To ensure the Krieger-Dougherty model is describing the physics of the
dispersion correctly, [n] and ¢ .., Were chosen as fitting parameters
and later compared. However, the experimentally determined maximal
packing concentration ¢¢ qxexp = 7 % turns out to be considerably lower
than predicted by Chaikin et al.’ (¢ a0 = 52 % see Figure 1.7). The
significant deviation from the literature value can be attributed to the ori-
entation of the particles, which during low shearing could be assumed as
time-dependent. And if the particles have a significantly wide angle of

27



Experimental Methodology

orientation, the packing concentration falls dramatically. Therefore, in this
work the modified Batchelor approach is tested to describe the diffusion
and sedimentation coefficients due to its independence from the maximal
packing concentration.

For the binary aqueous polymer solution, the viscosity was fitted with an
empirical approach due to the complex nature of the polymer chains. The
viscosity of an aqueous PVA solution n, s at T = 40°C as a function of the
binary (hence the superscript ¢?) polymer concentration ¢2 is plotted in
Figure 2.3. Due to the power-law trend of the viscosity, an empirical ex-
pression is chosen to fit the experimental values, as shown in equation (
2.9).

Nps = Aexp(Bdp) ¥ ¢p € [0,13 %]
where, (2.9)
A=238-10"3Pas;B =509

The range over which the expression is defined is not arbitrarily chosen,
it is the diluted zone before the overlapping concentration. The determi-
nation of the overlapping concentration for this material system can be
found in the appendix, in section 7.2.1.
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Figure 2.3. Viscosity of an aqueous polyvinyl alcohol solution at 40 °C as a func-
tion of polymer content. The experimental data is fitted using the expression in
equation (2.9).

2.2 Raman Spectroscopy

The measurement of particle distribution in the dry film is conducted using
confocal micro Raman Spectroscopy. This is a noninvasive measuring
tool, with the prerequisite that the samples must be transparent in the
range of the light source (~500 nm), so that if the sample can be investi-
gated at different points inside of it. Transparency is vital to avoid com-
plete scattering of the light whilst passing through the sample. If the com-
ponent is translucent, there is a small influence of scattering on the
measurement.

Radiated light in a transparent or translucent material is scattered by the
molecules. A photon can excite a molecule into a virtual quantum state,
from this “excited state” the molecules relax again and return to the orig-
inal state; thus, light is emitted at the same wavelength as the outgoing
radiation. The interaction is said to be an elastic collision, also known as
“Rayleigh” scattering. Raman also Krishnan discovered in 1928 that some
inelastic interaction could also take place, in which the molecule could go
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after the excitation to an upper or lower energy state (Raman effect),
meaning the wavelength of the emitted light changes. If the wavelength
is greater, the scattering is called “Stokes-Raman”, otherwise is known
as the “Anti-Stokes-Raman”.

The size of the frequency shift is dependent on the type of the chemical
bond. Furthermore, the intensity of the spectral lines is given by the oc-
cupation of the energy levels. The intensity is dependent on the wave-
length to the power of four. If a mixture from several Raman-active com-
ponents is irradiated with monochromatic light, it is possible to determine
the composition of the mixture by measuring the inelastic collisions.

2.2.1 Experimental Setup

The Raman spectrometer setup used in this work for the concentration
measurements and the 3-D images is depicted in Figure 2.4. The setup
consists of a microscope cross table (Marzhauser, Tango 3D) under an
optical microscope with a 100x oil objective (Neo-Fluar, Zeiss). A diode
pumped solid state (DPSS) laser with a 532 nm wavelength (Torus 532
Laser Quantum) is coupled to the microscope via a glass fiber. The laser
is focussed to the sample through multiple mirrors and an edge filter. The
Raman shifted light, emitted at the same incident angle as the laser light,
passes the edge filter on the light path back, while almost all reflected, or
Rayleigh scattered light is backscattered at the edge filter. The Raman
light is directed via an adjustable pinhole leading into a multimode fiber,
which brings the signal to the Raman unit (Jobin Yvon Labram 8). Inside
the unit, the signal is sent through a 100 pm slit and a grid with a constant
of 600 and culminates in a CCD camera.
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mirror | - o <«~— DPSS-laser (532 nm)
? microscope ‘ :;ir optical fibre ,~=]] — Raman radiation
=) edge ﬁ/lter ‘ = ) ,U Raman spectrometer
MITOT &y —+p¥— = ==

motorized focal

adjustment .
: confocal pinhole
direction t N objective
of motion L nosepiece

cross table 7

Figure 2.4. Schematics of the confocal microscope coupled with the Raman spec-
trometer, showing the path followed by the laser and the Raman signal from the
samplel®8l, The setup is capable of measuring 3-D Raman spectra as described
by Baesch.["3

sample >

The three-dimensional measurement is realized by moving the focal point
using the motorized cross table and the microscope stage. The samples
were prepared using the methodology described in the previous section.
The polymer films were placed facing down on to the cross table and fixed
into place using adhesive tape. The spectral images can be conducted
with a spatial resolution in all directions of 0.5 pm.

The film imaging was performed by moving the focal point in micrometer
sized steps in all three possible directions and measuring the Raman in-
tensity at each given point. All flms were investigated in the center of the
sample. The samples were exposed to the laser for 5 s at every point to
guarantee a sample’s spectrum with low background noise and to com-
pensate for the loss of intensity due to scattering while going deeper into
the film. The investigated film area in the XY plane was 100 x 100 um,
depending on the sample’s thickness the overall studied volume varies.
The resolution in the lateral direction was Ax = Ay = 2.5 ym and in the
horizontal direction Az = 0.5 pm. Due to the processing time, the scan of
a film can take between 24 to 72 hours, depending on the film thickness.
The software (LabSpec5.91) integrated with the spectrometer is automa-
tized and only requires the exposure time and the measurement size as
inputs.
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2.2.2 Spectral data analysis

The Raman intensity of the scattered light I; of a given component in the
focal point is dependent on variables related to the spectrometer setup
and the material physical properties. The intensity is calculated using
equation ( 2.10 ), where the variables dependent on the material are de-
picted in red as it follows, the molar mass M;, the differential scattering

plane %, which contains the information related to the spectral properties

of the observed chemical species and the mass concentration c;. The
setup-dependent variables are marked in blue as it follows; the irradiation
volume V.., the observation angle of the objective Q,,,, the projection
area of the detector opening on the irradiation volume F, the intensity of
the exciting radiation I, and the efficiency of the detector system repre-
sented by R. The advantage while determining the concentration via Ra-
man spectroscopy is the linear concentration dependency of the intensity.
I = %%NAVWQMF*RIO (2.10)
Schabel proposed dividing the intensity of a component i by another in-
tensity of a different component j using the same spectrometer to cancel
the setup variables, leaving only the species dependent as shown in
equation ( 2.11 ).4242] By rearranging the terms, the mass of each com-
ponent can be separated, and the other variables condensed into one
major constant K;; known as the system calibration constant. This expres-
sion leads to a simple relation between Raman intensity and mass load-
ing X;. Schabel utilized this expression to determine one dimensional
measurements of polymer films while drying.[®]

90; ¢

Ii GQ Mi mi

I—j_%i_l(i,%_lqjxi (2.11)
90 1,

The determination of the concentration of a mixture via Raman intensity
is done by weighting the intensity of each pure component in a sum as
written in equation ( 2.12 ). The experimentally obtained intensity is com-
pared with the calculated one in a squared error. Therefore, to determine
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the weighting factors «;, the squared error must be minimized. This meth-
odology has been successfully applied in multiple works with the same
spectrometerl47:51.541,

Lpix = Z Lia; (2.12)

where Y a; =1

The pure component spectra were obtained as follows: The glass flakes
were directly measured as a powder, whereas the PVA spectrum was
obtained by casting an aqueous PVA solution on to a 140 um thick glass
substrate. The coated polymer solution was later dried in a drying channel
coupled with a Raman spectrometer, until no changes in the Raman
spectra along the film were seen. Afterwards, it was put in a heating
chamber for 24 hours to allow any remaining water to leave the film. The
resulting spectra are shown in Figure 2.5.
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Figure 2.5. Comparison of the pure component Raman spectra of water, PVA and
glass flakes, showing the characteristic peaks between 300 and 500 cm™! for the
glass flakes, and between 2500 and 3800 cm ™ for water and PVA.[69

The characteristic peaks for glass (Si0,) are located at wavenumbers be-
tween 300 and 500 cm?, at ~2750 cm* another peak from the residual
glass impurities can be seen. For water, a wide band around 3450 cm-tis
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displayed. In the case of polyvinyl alcohol, the spectral information be-
tween 300 to 1800 cm-! is called the fingerprint area. Most of the peaks
located in this interval come from the saturated bond (C-C) and the alkene
bond (C=C) between two carbon atoms. The characteristic peak located
at 2750 cm-! corresponds to the hydrogen carbon bond. On the right side
of this peak a band like the water band can be seen. It is expected that
not all the water leaves the polymer film during the film casting and drying.
This is because the air around the film has water, and the film unavoidably
takes in water from the atmosphere. That is why the spectrum for the PVA
is considered as dry, because the obtained spectrum contains the mini-
mal amount of water that could be present under the chosen laboratory
conditions.

The spectral evaluation was done at the interval where the characteristic
peaks of glass and PVA are found. For the data analysis, a baseline cor-
rection was carried out for the intensity array, and the intensity was nor-
malized, as depicted in Figure 2.5.

For the calibration constant, different glass flakes-PVA films were pre-
pared by drying at different conditions to induce different particle distribu-
tions at different concentrations. Every film measurement had 400 data
points at different coordinates inside the film and the weighting factors
were determined accordingly. If the volume of the focal point remains con-
stant, the average weighting factors a; could be correlated with the aver-
age mass fraction x; using equation ( 2.13)

L e (2.13)

The volume of the focal point is not equal to the real volume due to optical
deformation given by the change of the refractive index, which is a func-
tion of the system’s composition. The displacement of the focal point can
be corrected using the center of gravity (c.0.g.) and the depth focus
(d.o.f.) correction factors. The calibration procedure as well as the Raman
spectra analysis and the deformation correction are done using existing
software written in Microsoft's Excel Visual Basic. The resulting calibra-
tion curve with the averaged weighting factors is displayed in Figure 2.6.
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Figure 2.6. Calibration curve of the material system PVA and glass flakes. Cali-
bration samples were prepared at different drying conditions to induce different
particle distributions. The obtained calibration constant is (K¢ p = 1.32).16%

2.3 Particle orientation investigation

The experimental determination of the orientation angle was conducted
by coating a silicon wafer with dispersion. The particle concentration ¢, =
1 % is maintained low to facilitate the identification of single particles. The
dispersion was cast using a coating knife (ZUA 2000.100, Zehntner) with
a gap of hy, = 100 pm at y = 10 s~1. The resulting film was later frozen
with liquid nitrogen and cut in half. Afterwards, the cross section was in-
vestigated with an electron microscope to determine how the particles are
arranged.

In Figure 2.7, the cross section of a PVA film is displayed and the glass
particles are marked in red to ease identification. As expected, during the
freezing and cutting of the film some particles were caught in the middle
and could not be separated from the film but remained hanging at the
side, those defects are circled in blue to avoid confusion with particles
that are not aligned. As can be observed, most of the particles remain at
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a horizontal position after coating or slightly tipped on the side. The freez-
ing and cross section analysis were realized with the help of a technician
at the Laboratory of Electron Microscopy (LEM).

Figure 2.7. SEM image of a PVA film with 10 um glass flakes (r, = 0.10) embed-
ded. The particles are marked in red showing how the particles are horizontally
oriented.

The orientation of the particles after drying was investigated in the same
manner to determine if the plates rotate after the coating process. A di-
luted dispersion of plate-like particles in a PVA solution (¢, < 1 %) was
cast and dried. An area of 100 um X 100 um was investigated to test if
the resolution corresponds to the actual size and if the particles’ orienta-
tion remains after drying. In Figure 2.8, the side area of a polymer film
can be seen at two longitudes x = 15 pm and x = 30 pm. After converting
the Raman intensity to concentration, using the method described in the
previous section, the calculated concentration array was arranged in a
matrix, in which their index corresponds to the coordinates of the focal
point. Afterwards, it was plotted using the MATLAB 2018 surface function.
The colour gradient was adjusted by setting yellow when a pure glass
flake (¢ = 100 %) was encountered and purple for pure PVA (¢p =
100 %). At x = 15 pm a horizontally oriented single glass flake can be
seen with size that corresponds to the average particle size (10 um).
Moreover, at x = 30 um more flakes are shown with the same orientation
distribution, experimentally validating that the plate-like particles are ori-
ented horizontally after knife coating and drying.
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Figure 2.8. Cross sections of a dry film. PVA is marked with purple (¢p = 100 %)
and the glass flakes with yellow (¢ = 100 %).[5%

The results are crucial to model the transport properties of the particles
and predicting the particle distribution in dried films. In the following chap-
ter it is shown that the simulations can reproduce the behavior, with most
of the plate-like particles positioned in a horizontal position or are slightly
tipped to one side after the knife coating process.

2.4 Sedimentation measurements

Sedimentation rates for colloidal particles in a dispersion can be deter-
mined by measuring the velocity of a settling front, as depicted in Figure
2.9. If all the particles in the liquid fall at the same rate, there is a change
in the optical properties of the dispersion at the phase boundary. This
means that the separation will cause the dispersion to become clearer at
the top. However, experimental observation showed that during settling
three different regions can be identified: a sediment region with a concen-
tration close to close packing, a free-settling region where the particles
maintain the initial volume fraction as it travels downwards, a transition
region where the particle volume fraction changes smoothly between the
first two. The size of the transition region has an order of magnitude that
corresponds to the inverse of the Péclet number 0(Pe;'), meaning that
at high Pe. the transition turns into a discontinuity. Therefore, it is possible
to measure the settling velocity by following the discontinuity along the
sample’s height.
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Figure 2.9. Graphical representation of homogeneous sedimentation and batch-
settling of particles in a dispersion caused by gravity. Showing the separation of
the components in an orderly manner with the presence of a sedimentation front
and the sediment, transition, and free settling regions respectively.

To maintain the process as described, it is important that the interactions
between particles remain minimal. Because collisions could cause the
formation of agglomerates and increase deviation from Stokes’ formula
(see equation ( 3.1)). This can be avoided by maintaining a low particle
concentration.

Waiting for a stable dispersion to separate by means of gravity can take
along time. For example, a 1 um silicon colloidal particle in water at 20 °C
has a settling velocity of ~1 ym/s and would take about three hours to
move 1 cm downwards. Moreover, the experimental set-up must be iso-
lated and damped to avoid the influence of external forces. Therefore, the
approach chosen for investigating the sedimentation behavior of particles
is by imposing a homogeneous external force that causes the separation
of the particles from the liquid.

To this end, an analytic centrifuge (LUMi Sizer centrifuge, LUM GmbH)
which allows the measurement of light transmission in a liquid is used to
monitor the settling of the plate-like particles. This experimental investi-
gation was conducted at the Institute of Mechanical Process Engineering
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and Mechanics (MVM) supervised by Prof. Nirschl. In Figure 2.10, a
graphical representation of the measurement principle is depicted. During
sedimentation, a clear part in the dispersion appears, changing abruptly
the value of the light transmission. This change moves from left to right
as time passes, until all the particles reach the bottom. By measuring the
displacement of this step, it is possible to calculate the sedimentation
front velocity.

o L I—— Light source ~
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Figure 2.10. Graphical representation of the centrifuge measurement principle of
the LUMi Sizer at MVM. On the top, a sample is being centrifuged while a light
source irradiates it. Underneath the sample is a detector which measures the
change of the light transmission as the particles settle to the bottom of the flask.

Aqueous PVA dispersions were prepared at a constant concentration of
¢p = 3 % and different particle concentrations ranging from ¢, =1 % to
6 % at 40 °C. The centrifuge was operated at 200 rpm, which corresponds
to a sedimentation force equivalent to ~12 times the acceleration of grav-
ity. All the used samples were completely transparent with a sediment at
the bottom after 2 hours. The sedimentation rates were measured in trip-
licate to assure reproducibility. In Figure 2.11, an example of the light
transmission measurement is plotted. There is no formation of a noticea-
ble discontinuity or step. Instead, a slope gets flatter as time passes. Nev-
ertheless, it is still possible to determine the sedimentation rate of the
plates by following the change of the slope.
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Figure 2.11. Light transmission measurement of a 3 % v/v PVA and 5.21 % v/v
glass flakes aqueous dispersion at 40 °C. Showing for this case that instead of a
step a slope is getting flatter as the time passes. This image is copied directly
from the LUMi Sizer centrifuge analysing software at MVM.

In Figure 2.12, the left vertical axis shows the logarithmic sedimentation
velocity distribution calculated from the light transmission rates in Figure
2.11, showing a gaussian distribution with a small standard deviation. On
the right vertical axis, the cumulative distribution is plotted, where the
mean value corresponds to the cumulative distribution at 50 % or
Q°°(U.) = 28 um/s.The mean value of the sedimentation velocity is used
to study the concentration dependence of U.. The complete values of
sedimentation at different plate concentrations and at different cumulative
distributions can be found in the appendix of this work in section 7.4.
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Figure 2.12. Cumulative velocity distribution (right y-axis) and logarithmic velocity
distribution density (left y-axis) as a function of the sedimentation velocity of a 3 %
v/v PVA and 5.21 % v/v glass flakes aqueous dispersion at 12 times the accel-
eration of gravity (12g), a temperature of 40 °C and r, = 0.10. Showing a maxi-
mum corresponding to the cumulative distribution at 50% Q°°(U.) = 28 um/s, at
1g the velocity corresponds to Q3°(U.) = 2.3 um/s. 80% of the measured velocity
falls between 20 um/s and 40 pm/s. The sedimentation rates are calculated from
the light transmission rates in Figure 2.11.

In Figure 2.13, the experimentally obtained sedimentation rates of two
dispersions at different aspect ratios, r, = 0.10 and r, = 0.03, are dis-
played. Both experiments were fitted utilizing the expression shown in
equation ( 2.14).

Uc=Uco(1 =)™ (2.14)

The particles at r,, = 0.03 appear to move faster even though their bigger
surface generates a greater drag than the particles at r, = 0.10. The dif-
ference resides in the particle weight which is dominant in the overall sed-
imentation velocity. At r,, = 0.03 the particles have an equivalent particle
diameter of d; = 10 ym whereas at r,, = 0.10 it is just d; = 2.20 pm. The
parameters to fit are the sedimentation velocity at infinite dilution U, , and
the exponent n. It can be noted that both aspect ratios show a good
agreement with the model. The identity of the exponent as well as its
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dependency with the aspect ratio will be discussed in the following chap-
ter in section 3.1. In this kind of experiments the influence of the polymer
was not investigated.

25
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Figure 2.13. Sedimentation rate of plate-like particles at the acceleration of gravity
(1g)ina3 % v/v PVA aqueous solution system at 40°C as a function of the plates’
concentration. The value from Figure 2.12 is marked in the diagram at 1g. The
used particles had an aspect ratio of ,, = 0.10 (circles) and r, = 0.03 (triangles).
Both experiments are fitted using the modified Batchelor model in equation ( 2.14
), showing a good agreement.

2.5 Drying experiments

Agueous PVA solutions with an initial particle concentration of ¢, = 2 %
were prepared. Thin films were produced by casting the coating disper-
sion onto thin glass substrates using a coating blade (ZUA 200.100,
Zehntner) at different gaps, resulting in wet film heights h, between
100 and 800 pm. Afterwards, the samples were dried using the devices
described in the following subchapters. It is important to mention that the
calculation of the evaporation rate E, at the beginning of the drying pro-
cess is necessary to determine the location of the experiment in the dry-
ing regime map.
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2.5.1 Drying channel

The drying channel used in this work was built and developed by Schabel
et al.29] The set-up is temperature-controlled, allowing isothermal dry-
ing experiments. The air supply can also be temperature-controlled and
has a dew point of —60 °C. It is coupled with the Raman spectrometer
previously described to measure the amount of solvent remaining in a film
during drying at different film heights with a spatial resolution of 2 — 3 pm.

Due to the layout of the tunnel, drying occurs differently depending on the
location of the wet film being studied. In other words, drying is dependent
on the lateral coordinate parallel to the air flow. The side of the film that
first comes in to contact with the air flow will dry faster than other parts of
the film. Once the edge has dried, the mass transfer concentration bound-
ary layer will move in the direction of the air flow increasing the drying
rate on the rest of the film, as described by Schmidt-Hansberg et al.
Scharfer, Schabel.[®dl To accurately calculate the initial drying rate at a
given point in the wet film, the determination of a local mass transfer co-
efficient is needed. Ameell®”l developed a correlation for the local Sher-
wood number Sh, for the overflow of a flat plate as a function of the
Schmidt Sc and Reynolds Re, numbers, the position being investigated x
and an offset x,, as depicted in equation ( 2.15 ). As the drying front ad-
vances, this offset migrates into the film.

0332 5c'/?Re;?

Sh, Ve
_ (X0
|- @)
(2.15)
where,
S R ux
c=—";Re, =—
6S,air x
O 4irSh
ﬁs’fgas — % (2.16)

The value of x is given by the location to be analyzed by means of in situ
Raman spectroscopy. For the drying of an 3 % v/v aqueous PVA wet film
using an air velocity of u = 1 m/s at 40 °C and at x = 56 mm with no offset
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will result in an initial mass transfer coefficient of ﬂ;f;gggnm = 0.008 m/s
with a corresponding local heat transfer coefficient of ay—cgmm =
8.2 W m™2K 1. If the analysis is done at any other point, the migration of
the moving boundary layer needs to be considered 99,

2.5.2 Comb Nozzle Dryer

The Comb Nozzle® dryer is a lab scale device developed to generate
homogeneous drying at high evaporation rates, thus being able to recre-
ate industrial conditions!®l. It consists of impinging jets with a hexagonal
geometry, hence the name. The air supply is preheated and then trans-
ported to the nozzles using an industrial blower, while neighboring jets
remove the humid air. This configuration results in a more uniform heat
transfer coefficient (HTC) distribution. For example, a mean HTC of a =
40 W m~2K~1 has a deviation of 5 %.

Moreover, the range of the HTC depends on the distance between the
sample and the nozzles as well as the volumetric air flow. The operating
range of the dryer utilized in this work was 20 — 80 W m~2K~1, and the
HTC is varied by only adjusting the volumetric flow of the air. The mass
transfer coefficient is calculated by using the Lewis number and Lewis
analogy, shown in equations (2.17 ) and ( 2.18 ) respectively. The Lewis
number compares the thermal diffusion of the gas phase, given by the
heat conductivity 4,4, divided by the molar density gy, and molar heat
capacity ¢,, with the mass diffusion of the solvent in the air & 4.

A
Le=— 9% (2.17)
pgascp,gasss,air
_ a
ﬁS,gas - ﬁgasépLel_n
where, (2.18)

n = 0.33 if the air flow is laminar

n = 0.42 if the air flow is turbulent
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Most of the physical properties in equation ( 2.18 ) are considered to be
those from air, due to the low amount of water present in the gas mixture.
For the drying of a 3 % v/v aqueous PVA wet film using an HTC of a =
30 W m 2K~ at 40 °C and relative humidity of rH = 30 % will result in an
initial mass transfer coefficient of fg ;450 = 0.03m/s.
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3 Simulation model

In the following chapter, the considerations made to describe the mass
transfer during drying of the water—polyvinyl alcohol-silicon oxide particle
system are found. As mentioned in the previous chapter, non-spherical
particles are subject to changes in the orientation when an external force
is applied. This leads to changes in transport properties, such as disper-
sion viscosity, sedimentation rate and diffusion when comparing to
spheres. Furthermore, these properties describe anisotropic systems,
which are direction dependent.

Using the state-of-the-art quasi-binary approach as a framework for the
simulation, some assumptions are made during the different stages of
composite production to simplify the anisotropic behavior of plate-like par-
ticles. Most of the simplifications are made to circumvent the use of a
diffusion tensor and keep the problem one-dimensional. As shown in the
next chapter, these approximations correspond to the experimental ob-
servations.

The particle orientation is described by identifying the forces that apply
and allowing its rotation while coating and drying is simulated. Once the
orientation is determined, changes to the conservation equation are
made. A parameter sweep determines how particle shape, in combination
with the drying conditions affect the particle distribution in the dry film.
Finally, using the particle distribution and maximal packing concentration
as criteria, new drying regime maps for plate-like particles as a function
of sphericity and the drying conditions are drawn.

3.1 Diffusion and sedimentation of plate-like
particles

The movement of a single colloidal particle caused by a gradient in either
the chemical potential or gravity can be described by the approach of
Stokes and Einstein in equation ( 3.1). It is a function of the temperature
T , Boltzmann constant k and the friction caused by the liquid represented
by the drag coefficient &, which is obtained by balancing the forces acting
onto the particle, namely gravity, buoyancy, and viscous forces[®7l.,
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kT
et
(3.1)
_ (pc — Ps)gVe
Uco = =

In Figure 3.1, a spherical and a horizontally oriented plate-like particle are
displayed descending in a fluid, at settling rate of Ué‘o showing the change
in the liquid velocity & around them using normalized streamlines. In the
case of spherical particles, the drag is dependent on the fluid’s viscosity
and the particle size, leading to a drag coefficient §¢ = 6mngR.. For the
plate-like particle, the interaction with the fluid, changes the friction, and
therefore, the drag coefficient.

/U,
1,0

sph
UC’ ,0
0,0

Figure 3.1. Schematic of the fluid velocity u around a sphere and a plate-like par-
ticle at settling velocity U¢ , showing the effects of the geometry via the normalized
streamlines.

For ellipsoids, Perrin developed a set of equations for the drag coefficient
which are additionally dependent on the aspect ratio and patrticle orienta-
tion!®l, He only considered the trivial cases, in which either the particle
has its major axis on a horizontal or vertical position. Analogous to the
Stokes-Einstein equation, the drag coefficient is dependent on the me-
dium viscosity and the particle size, given by the relative size of the sem-
iaxes S; using the lengths of the major b and the minor a axes (see Figure
1.6).
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az—bz 3.2
Perpendicular £, =16-1-1; (3.2)
+ J(2-a2-b%)-S;—-2-a
a* —b* 3.3)
Parallel § =327, (3.
I J(2-a2-3-b2)-S;+2-a
where, 2 VbZ — a2 (3.4)
| = Sopp = ————=garctan| — '
i = oblate obl N P

i = prolate Spr =

2 ln(a+m> (3.5)
N b

In Figure 3.2, the values for the drag and the diffusion coefficient of a
single particle are plotted as a function of the aspect ratio. Even though
the values for spherical particles cannot be calculated using the Perrin’s
set of equations, it can be observed that the values of both horizontal and
vertical coefficients converge at the same point when the aspect ratio ap-
proaches one (a = b). Moreover, the drag coefficient tends to diverge
when the geometry is either infinitely flat , - 0 or infinitely long 7, —» .
Reciprocally, the diffusion coefficient drops at these aspect ratio values
no matter the orientation of the particle. However, there is a maximum for
rod-like particles when they are vertically oriented and for plate-like parti-
cles when they are horizontally oriented, both near complete sphericity,
when the particle geometry is hydrodynamically optimal.
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Figure 3.2. Drag and particle diffusion coefficient plotted as a function of the as-
pect ratio in a 3 % v/v aqueous PVA solution, considering the volume of a sphere
with a 1 um diameter. Both the horizontal and vertical cases are plotted for the
diffusion and drag coefficient.[5%

If a single oblate ellipsoid is oriented in the horizontal position, as depicted
in Figure 3.1, the diffusion coefficient and sedimentation rate can be cal-
culated using expressions (3.1), (3.2) and ( 3.4). If there are different
orientations, a more detailed modelling needs to take place to calculate
the properties of the whole dispersion; meaning a diffusion tensor must
be considered, as follows:

1 1 1
(Ve Vs s
EC'O =T 1/521 1/5—22 1/S(23 (36)
1 1 1
leg &y e

This tensor can be simplified if said particle can either remain horizontal
or vertical, thus leaving only the matrix[100!;
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1/s‘n 0 0
Deg=xT| 0 /e 0 (3.7)
0 0 1/51

In the literature, some considerations are made to maintain a scalar dif-
fusion coefficient by only considering the two trivial orientations and
weighing them in an effective drag coefficient ¢, shown in equation ( 3.9
). This expression describes the mobility of a horizontally oriented partic-
ulate system. The symmetry of the particle makes the movement in the
horizontal plane equal, hence the two in the expression 3.8 [101],

3

Serr =137 (3.9)
L'y
3.2 Rotation of axisymmetric particles

The simulation model used in this work accurately describes particle ori-
entation during coating and drying. This subchapter studies step by step
the possible influences that trigger the rotation of particles to understand
the experimental observations obtained in section 2.3. After the formula-
tion step, particles find themselves in a diluted regime (¢, = 2 %), mean-
ing that the angle of orientation is given by Brownian motion[102-105],
Therefore, particle orientation is random. The angle of orientation during
coating is dependent on the fluid dynamics, which requires a more de-
tailed analysis.

A knife coating process resembles the case of simple sheer at a constant
rate y, assuming a fully developed flow (t > 0) as depicted in Figure 3.3.
A particle is in a fluid with a polar angle ¢ and azimuthal angle 9 relative
to a unitary vector d perpendicular to the particle’s surface. The fluid ve-
locity vector @ has zeros in any direction except in the x direction and is
given by equation ( 3.10).
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U =y-Z (3.10)

Figure 3.3. Graphical representation of a coating process using a coating knife,
showing a fully developed linear velocity profile and the rotation of a particle.

The rotational speed of the particle, represented by the orientation of vec-
tor d is obtained by the cross product of the rate of rotation vector & and
the fluid velocity vector u.

d -

—d=w X1 (3.11)
dt

Expanding this expression using the strain tensor E and the vector Q re-

sults in equation ( 3.12 ), where B is the Bretherton constant which

acknowledges the particle shape as an expression of the aspect ratio
Tp[106,107]_

Sd=txd+p-[E-d(d-d)- (E:dd)-d]

5 <rp2 - 1)
ni+1
The vector Q corresponds to the bottom half of the rotation tensor R,

whereas E is the strain rate tensor. For simple shear the tensors are writ-
ten as follows:

(3.12)
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_ oy 0 10
R = E(-l 0 0) = _gijkﬂk
0 00 (3.13)
/0 1 0
E= g<1 0 0>
0 0O
Parametrizing d using spherical coordinates results in:
d, =sinf - cos¢
dy, =sin@ - sing (3.124)

d, = cos6

Substituting equations ( 3.13 ) and ( 3.14 ) in ( 3.12), two sets of equa-
tions are obtained for the angles 6 and ¢:

ae ;-1\ vy
E:—(;_I_l)-%-sinze-sinmp (3.15)
P
W_ V(2. cos? + sin? 3.16
E_—rz_l_l-(rp-cos 6 + sin ) (3.16)
P

Figure 3.4 depicts the solution for the polar angle ¢ at a shear rate y =
80 s, an aspect ratio of , = 0.10 and with an initial value of ¢, = 45°.
As expected, the solution is periodic, showing that the particle will turn
over fast and stay most of the time in a horizontal position or at a low
angleli%l, Hence the probability for a particle to be in a vertical position
during coating is low. The works from Jeffereyl'%® come to the same con-
clusion. In the literature this phenomenon is widely known as flake align-
ment and has been extensively investigated.110-112] Nevertheless, it is im-
portant to mention that this phenomenon is only seen for oblate particles
(r, < 1), for rod-like particles, the orientation at simple shear oscillates
without any trend.[113]
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Figure 3.4. Polar angle course at a shear rate of 1 s~* and an aspect ratio of r,, =
0.10. A particle is shown demonstrating the orientation, confirming that for most
of the coating time the particle maintains a horizontal position.

After the coating process, there is no longer a velocity gradient in the film
and therefore no mechanical causes for rotation. Due to Brownian motion
it is possible for the particles to rotate. During drying, only the film shrink-
age and the sedimentation of the particles due to gravity, the flow of the
liquid around the particle could cause a change in the particles’ orienta-
tion. Kirchner conducted a study using particulate spray coatings with in-
itial random orientation to verify if the shrinkage of the film has an influ-
ence on the rotation of the particles14. It was widely acknowledged that
particles in spray coatings orient themselves, due to the moving boundary
pushing the particles downwards, and not due to a flow-induced orienta-
tion[113, Kirchner showed that only a quarter of the particles present in the
coating were aligned due to solvent evaporation, concluding that the dry-
ing has an influence on the particles’ alignment, but it is not dominant.

Sedimentation has a different effect on the particle rotation. Whalley and
Mullins[t1¢l theorized and later experimentally validated that plate-like par-
ticles could sediment in both an orderly and random manner, but at high
force fields the plates tend to sediment horizontally. Ardekani et al.[*17]
developed simulations to understand what happens at low force fields.
They determined that plates with an initial random orientation will wobble
at the beginning of the process, but later stabilize their movement to re-
main in a horizontal position. This is not the case for rod-like particles,
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which are subject to constant rotation, generating turbulence while de-
scending(!18-120l The mathematical model in combination with the works
found in the literature, justifies the modeling of the diffusion D.(¢.) and
sedimentation U.(¢.) coefficient as scalars rather than a second-order
tensor.

According to analytical work and the experimental observations on the
orientation of plates shown in section 2.3, the particles will undergo three
changes during processing as follows:

1. During formulation and before coating, the particles are sus-
pended in the liquid and their angle of orientation is determined
by Brownian motion, meaning that the angle distribution will be
random.

2. After the dispersion has been cast onto the substrate via knife
coating, the plates orient themselves in a horizontal position. The
rate at which they align and sync is a function of the shear rate y.

3. During drying, the moving phase boundary aligns the particles
that might still be randomly oriented. The other particles at other
points in the film and those that did not align will orient them-
selves or remain horizontally. This is due to the downward move-
ment which produces high viscous forces.

3.3 Aspect ratio influence on sedimentation

The concentration dependency of diffusion and sedimentation can be
modelled, analogously to the relative viscosity, as a ratio of the dispersion
transport property divided by the same property at infinite dilution U, /U .
In the case of the sedimentation rate and diffusion coefficient this ratio is
known as the sedimentation coefficient K(¢.). The most known model in
the literature to describe concentration dependencies of transport prop-
erties for dispersions is due to Batchelor's modell*?1. This work considers
two non-electrically charged particles that interact in a diluted system.
The Batchelor expression corresponds to series solution, which is given
in equation ( 3.17 ) and is often approximated to the first term. A modified
version is given by equation ( 3.18 ) and is in better concordance with
experimental values at higher concentrations!*?2., It must be noted that at
low concentrations equation ( 3.18 ) reduces to expression 3.16.
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The parameter K, is determined experimentally, for spherical particles
that are randomly distributed the value ranges from —K, = 4.2 — 6.4 ac-
cording to the literature.[123-125] For both spherical and plate-like particles
there is a linear analytic expression developed by He et al.l128] —K, ~
3.8/1,. In Figure 3.5, several measurements of K, from the literature are
plotted as a function of the particle aspect ratio 7,, showing that the He
model does not represent the experimental data. Due to these discrep-
ancies an empirical model based on the potential of two particles from
Weeks et al.['?7l is modified in this work as follows:

1 1
(rp + C)4 (rp + C)Z

-K,(r,) =A+B (3.19)

A=6.18; B=178-10"3 C =5.22-1072

The constants A, B and C of expression ( 3.19 ) are fitted by minimizing
the sum of the squared differences. In this formula A corresponds to the
minimal value of —K, given by the average measurements for spheres, C
gives a threshold value for the aspect ratio at which —K, increases dra-
matically, and B is the rate at which —K, increases after the threshold.
This approach shows a remarkable improvement for the prediction of ex-
perimental values. The results at , = 0.10 and 7, = 0.08 seem to break
the trend, but those values are very close to each other and due to the
different measuring techniques used to determine K,, it should be inter-
preted as a small deviation from different literature sources rather than a
break of the trend.
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Figure 3.5. Particle shape influence on -K,. The literature values from van der
Kooij et al. 11 and Buscall et al. 1?%] are plotted in blue as well as the data pro-
duced in this work, showing the decrease in particle mobility at an increasing flat
geometry. The theoretical model of He et al.l*?% is plotted in red showing a con-
siderable deviation from the experimental values, whereas the fit from equation (
3.19 ) shows a good prediction in comparison.[*28l

In Figure 3.6, the calculated normalized sedimentation velocity (U /U o)
as well as experimental values are plotted as a function of the concentra-
tion and the aspect ratio by utilizing equations ( 3.18 ) and ( 3.19 ). The
model predicts the experimental data found in the literature and obtained
in the present work, even though each experiment had a different liquid.
This confirms that the influence of the viscosity of the medium is not rel-
evant for K,. Due to the good agreement, the simulation model utilizes
the developed expressions for K, instead of the experimental values to
calculate the sedimentation and diffusion coefficient of the particles dur-

ing drying.
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Figure 3.6. Normalized sedimentation velocity measurements plotted as a func-
tion of the concentration at different aspect ratios using equation ( 3.18 ) and (
3.19), showing a good agreement with the experimental values from the literature
and this work.

3.4 Adaptation of the existing simulation model

The simulation approach uses the model derived from the framework of
Baesch et al. [7], changing the parameters that describe the sedimenta-
tion and diffusion of the particles. Using the knowledge obtained in the
previous section, the model was adapted accordingly. Namely the diffu-
sion coefficients of the particles and polymer, as well as the sedimenta-
tion were changed to match the material system. A complete derivation
and non-dimensionalization of the model can be found in the appendix.

The model consists of three coupled partial differential equations (PDE),
in the form of the dynamic diffusion equation with different volume fluxes
I;;s and a moving boundary!*?% as portrayed in Figure 3.7. The boundary
conditions are defined at the top with evaporation of the solvent and at
the bottom as impermeablel*3%, The model only requires the temperature
and the Péclet and sedimentation numbers to calculate the concentration
profiles (see section 7.1). The PDE system is solved using the commer-
cially available software COMSOL Multiphysics 5.5 and the application
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Builder with the partial differential equation general form package and a
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Figure 3.7. Graphical representation of the drying of polymer-particle-composites.
At the top of the film the solvent evaporates; the particles in the bulk sediment
and diffuse, the polymer also diffuses along the film and at the bottom of the film
the substrate is impermeable*?8], The derivation of each flux can be found in the
appendix 7.1.

In Figure 3.8, the volume fraction profiles are plotted at different dimen-
sionless times t = tE,/h, during drying and at different values of Pe. and
Ng, exhibiting the sensitivity of these parameters. Each column has the
concentration of a given component; the particles are plotted on the left,
the solvent in the middle and the polymer on the right, whereas the rows
contain different drying conditions given by the non-dimensional entities.
The initial volume fractions in all the plots are ¢5, = 95 %, ¢po = 3 % and
¢co = 2 %, with the particles’ aspect ratio at r, = 0.10. This component
distribution corresponds to a concentration in the dry film of ¢, 4., = 60 %
and ¢¢ qry = 40 %, the first row of plots shows the concentration profiles
at Ny = 1 and Pe. = 10. It shows that the particles accumulate at the top
of the film displaying a notable gradient, due to the fast evaporation of the
solvent and slow particle diffusion. However, the polymer does not exhibit
the same extreme gradient until T = 0.7, due to its high diffusion
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coefficients which translates into a low Pep, counterbalancing the high
evaporation of the solvent.

The middle row shows the concentration profiles when all the driving
forces are balance, namely Ny = Pe, = 1. During drying, most of the con-
centration profiles remain constant without visible gradients until T = 0.70.
At this point, evaporation and sedimentation processese are not domi-
nant; the particle diffusion velocity does not allow an accumulation at the
top nor the bottom of the film. The increasing viscosity of the PVA-solution
is the main reason why the particles accumulate at the top of the film, and
a concentration gradient can be seen in the last time step.

The bottom row has the same values of dimensionless entities, expressly
Ng = Pe; = 10, but in this case the particles sink to the bottom of the film
at T = 0.10. Although the drying driving force is high, the sedimentation
velocity overcomes the evaporation rate and diffusion of the particles,
thus not allowing the movement of the particles upwards. It must be noted
that the simulation cannot run properly using some combinations of Pe,
and Ng[®71. If it were to obtain an accumulation of polymer (skin formation)
and particles at the top of the film, high Pe. and low Ny numbers should
be given to acquire such a regime. Unfortunately, in those cases the sim-
ulation program does not converge, due to the high diffusion velocity of
the polymer in contrast to the particles Dp s > De.

As in previous work([™, three different particle concentration profiles were
observed: accumulation of the particles at the top when the Péclet num-
ber is high and the sedimentation number is low, mostly constant compo-
nent distribution along the film’s height when Pe; and N are low and at
the same order of magnitude, and accumulation of the particles at the
bottom when both nondimensional entities are at high values. From these
results it is concluded that to trigger accumulation on the top or the bottom
only a difference of one order of magnitude between the nondimensional
numbers is required. In the next section, this threshold for the Péclet and
sedimentation numbers is obtained to establish the boarders in the drying
chart between the observed particle distribution regimes, thus allowing us
to draw new drying regime maps for plate-like particles as a function of
the aspect ratio.
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Figure 3.8. Volume fraction profiles as a function of the normalized film height at
different dimensionless times, the left, middle and right columns correspond to
the concentration profiles of particles, solvent, and polymer, respectively. Calcu-
lations were done with an aspect ratio of r, = 0.10. The first row corresponds to
a Pe; =10 and Ns = 1 and an accumulation of the particles at the film surface
can be observed. The row in the middle was calculated with Pe. = 1 and Ng = 1.
Even at lower Pe numbers a particle accumulation at the surface is obtained due
to an increase of the viscosity. The row at the bottom corresponds to Pe; = 10
and Ng = 10. At this high sedimentation numbers an accumulation at the bottom
of the coating happens almost immediately28],
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3.5 Drying regime maps for plate-like particles

Similar to the works of Cardinal et al.l5¢, the drying regime maps are cal-
culated by systematically trying pair values of Pe. and N and evaluating
the concentration of the particles at the top or the bottom of the film after
half of the maximal simulation time t = t,,,,,/2 (see equation ( 1.9)), as
previously mentioned in section 1.4. If the particle concentration resulting
from the Pe, and N pairs at the top equals 90 % of the maximal packing
concentration ¢¢(Tmax A(Tmax)) = 90 % - d¢.max, then the point corre-
sponds to the border between the Evaporation and Diffusion regimes.
The same principle applies to the Sedimentation-Diffusion regime border
but evaluating the concentration at the bottom ¢ (T 0) =90 % -

¢C,max-

The flow chart in Figure 3.9 explains the numerical method used in the
present work to obtain the Evaporation-Diffusion regime border. The sim-
ulation requires the following input parameters to run: the number of
points n for the Ng and the range [N, N¢"¢] to be evaluated, starting val-
ues for the Péclet-number Pe? and Pel, the system temperature T, initial
component distribution ¢; 5, and the particles’ aspect ratio r, to calculate
the maximal packing concentration ¢ 4, and K,. Afterwards, the soft-
ware solves the coupled PDE system and compares the concentration
value at the top with 90 % - ¢ 4y, Calculating an error €. The routine uses
the secant method to calculate the necessary value of Pe., which would
minimize the value of € by comparing the starting value of the Péclet num-
ber with the tolerance tol = 1073. This tolerance value produces compu-
tation times of three hours with smooth borders for the drying regime
maps. Once the change of the Pe. is lower than the tolerance, the routine
starts with a new N value until the whole range has been evaluated. A
stop condition is integrated in the routine when the binary polymer con-
centration exceeds the overlap concentration ¢5 = 13 %. The routine was
programmed in C++ using the application builder of COMSOL Multiphys-
ics 5.5. The complete program can be found in the appendix.
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Figure 3.9. Numerical method flow chart for the Evaporation-Diffusion regime bor-
der. The input parameters for the program are: the number of points n, the interval
of the drying map [N2, N¢™?], the initial estimation points [Pe, Pet], initial concen-
tration of each component ¢, o, the particle shape r,, maximum packing concen-
tration ¢¢mqx K, and temperature. Using the input parameters, the program
solves the partial differential equation system and verifies if the particle concen-
tration at the top corresponds to 90 % of ¢¢ .4, DY calculating the error ¢. If the
given Pel difference is less than the tolerance, then the program starts again with
the next N& value, if not, a new value for the Pe? is calculated using the secant
method until it reaches convergence. The numerical approach does not change
for the Sedimentation regime border, only the error is calculated with the concen-
tration at the bottom of the film ¢ (4, 0).1228
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In Figure 3.10, the drying regime map is displayed for plate-like particles
with PVA at r,, = 0.10 and 40°C. The chart resembles the spherical coun-
terpart from the work of Cardinal et al.l5¢l, it starts at low sedimentation
numbers with a constant value of the Péclet-number, this diverges when
N approaches unity, and finally the value of the Péclet number descends
at first high and later lower rates. The three different possibilities for the
particles to accumulate are illustrated and marked with their respective
symbol. The regions in the map are defined as follows: when the particles
accumulate at the top of the film is the Evaporation regime (E), when the
particles sink to the substrate is the Sedimentation regime (S), and finally
the region where the particle concentration does not exceed 90 % of
@cmax &t T = Tyay/2 and any place in the film is the Diffusion regime (D).
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Figure 3.10. Drying regime map with initial solvent volume fraction ¢, = 95 %, a
particle volume fraction in the dry film ¢¢ 4, = 33.3 %, and an aspect ratio 7, =
0.10. The three different regimes are illustrated and marked with the correspond-
ing letter; Evaporation regime (E): the particles accumulate at the top, Sedimen-
tation regime (S): the particles accumulate at the bottom, Diffusion regime (D):
the particle concentration does not reach 90 % of ¢ .4, and therefore the parti-
cles remain evenly distributed. The borders between regimes are marked in color
using the critical dimensionless numbers as follows; D-E: regime with Pec ¢, in
red, E-S: regime with Ng . in blue and S-D: regime with the line whose ordinate
intercept corresponds to the Peg ., in green. 228

The main separation of borders is defined with the critical values of Pe,
N and the Péclet sedimentation number Peg, which can be calculated as
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a product of the other two dimensionless numbers as shown in equation
(3.20).
UC,O * h

—0=Pec'NS (320)

Pe. =
*7 Deo

These numbers set the change when evaporation dominates over diffu-
sion Pe¢ .i¢; sedimentation dominates over evaporation Ng ..;;; and sedi-
mentation overcomes diffusion Pes .. Graphically, Pes.; can be de-
scribed as the ordinate intercept of the line from the border between
diffusion and Sedimentation regime at high Ng using equation ( 3.21).

log(Pec) = —log(Ns) + log(PeS,crit) (3.21)

Pec c+i¢ is the limit value when the sedimentation number tends to zero
Ng — 0. On the other hand, there is no explicit border between the Evap-
oration and Sedimentation regimes, they are simply separated by the crit-
ical value of the sedimentation number Ng .., which is calculated by in-
tersecting the two main border lines.

The influence of the aspect ratio was investigated and the resulting drying
regime maps can be found in Figure 3.11. There is a trend for a decreas-
ing aspect ratio, which lowers the Evaporation-Diffusion border, thus ex-
panding the Evaporation regime for a decreasing aspect ratio. Unfortu-
nately, the map at r, = 0.03 could not be fully calculated for the
Sedimentation-Diffusion border with the same conditions as given for the
other two borders, because of numerical issues. Therefore, the tolerance
is lowered to tol = 1072 to achieve convergence. The region in which the
tolerance is lowered is marked with a dashed line.

The exponent K, is the cause of this dramatic change in the position of
the borders, which move downwards with a lower aspect ratio. A lower
aspect ratio at identical particle volume results in the particles getting flat-
ter and flatter. This would mean for the fluid around the particles a greater
viscous resistance to overcome, and thus a greater resistance to flow.
Additionally, when the evaporation rate increases, flatter particles cannot
diffuse fast enough to compensate the gradient, thus expanding the evap-
oration regime at a low r,,. As mentioned in the previous section, certain
numerical values are not possible to simulate for the two main dimension-
less numbers. The same principle applies for the sedimentation coeffi-
cient K(¢.), which at r, = 0.03 is a function raised to the power of ~45,
see Figure 3.5.
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Figure 3.11. Dependence of the drying regime borders on particle aspect ratio.
The lower the aspect ratio 7, the lower the boundaries are located. The borders
were simulated using the data available in the literature and experimentally ob-
tained. The dashed area for an 1, = 0.03 is due to the lower tolerance in the sim-
ulation to obtain convergence.*28]

The increased shift of the borders as a function of the aspect ratio is
shown in Figure 3.12. The border between Evaporation and Diffusion re-
gime corresponds to Pe. ., the implicit border between evaporation and
Sedimentation regime is quantified with Ng ..., and Pes .. defines the
separation between the Diffusion and Sedimentation regime. In the stud-
ies from Cardinal et al.[%l it was concluded that Pe; ., is only dependent
on the initial concentration of the particles. This is also shown by the re-
sults, since all the borders at different r,, overlap at high Ns. The region
log Ng < 1 shows a different trend, because sedimentation driving forces
have not yet fully overcome evaporation and the drag provoked by the flat
geometry. That it is why Ng at ,, > 0.03 needs to be one order of magni-
tude greater than N; ..;¢, in order to follow the same constant trend. How-
ever, for r, = 0.03 we cannot be certain, due to the limitation of the simu-
lation routine.
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Figure 3.12. Influence of the 7, on the critical values of the Pe; and N; for plate-
like particles. Showing an increase of Pec ., (left axis) and a decrease of Ng ,.;;
(right axis) at higher values of r, (see Figure 3.10).[128]

As depicted in Figure 3.12, with an increasing aspect ratio, the critical
Péclet number follows a non-monotonic increasing trend until reaching
complete sphericity. On the other hand, the critical sedimentation number
decreases as particles get rounder. The trend of Pe. .,;, can be explained
by the values of K,, allowing a higher mobility as the aspect ratio of the
plate-like particles increases. A higher mobility implies higher diffusion
coefficients, not allowing the particles to accumulate at the top of the film.
The evaporation rate is approximately the sedimentation of the particles
at z = h(t,) when N; .. is reached, meaning:

Ey = Uc|z=h(t0) =Ucyo- K(‘l’c,o) (3.22)
1 (3.23)

N¢ iz & —————

S,crit K(¢c,o)

Equation 3.24 predicts that if the hindrance coefficient K(¢.) decreases
(aspect ratio decreases), Ns ., Will increase at a constant initial particle
concentration ¢, leading to an expansion of the Evaporation regime.
Similarly for Pe¢ ., this phenomenon is due to the decrease of mobility
at a lower aspect ratio, making it harder for the particles to match the
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speed of the evaporation front and therefore the region to obtain accumu-
lation at the top of the film is extended to higher sedimentation numbers.

Itis important to put the influence of sphericity on the drying regime maps
into context. The influence of the aspect ratio is compared with the influ-
ence of the initial component concentration, which are not dependent on
the physical properties of the material system. In Figure 3.13, drying re-
gime maps are plotted at different values of the initial volume fraction of
the solvent ¢, and the different particle concentration in the dry film
®cary- In the left diagram, ¢c . Was kept constant, while varying ¢g .
The reduction of the solvent leads to the obvious conclusion of the ex-
pansion of the Evaporation regime, due to the greater initial particle con-
centration, thus reducing the evaporation needed to reach ¢ 4. The
change of the initial concentration changes the borders almost in the
same order of magnitude as changing the aspect ratio. On the contrary,
the variation of ¢ 4,, hardly changes the critical dimensionless numbers.
The main reason for the Evaporation regime expansion and the low influ-
ence of the particle concentration lies in the low mobility of the plate-like
particles. This intensifies the effect of the drying driving forces by raising
the evaporation rate E,, allowing the phase boundary to move faster than
the particles can diffuse.
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Figure 3.13. Influence of initial solvent and particle volume fraction in the dry film
on the drying regime maps at r, = 0.10. In the left diagram, the borders were
drawn using a constant particle volume fraction in the dry film of ¢ 4., = 33.3 %
and the initial solvent volume fraction is modified, showing a reduction of the Dif-
fusion regime. This is due to the increase of the particle concentration, making it
easier to fulfill the condition of the Evaporation regime at lower Pe.. On the right,
¢c,ary IS varied with a constant ¢, = 95 %, which hardly produces any shift of
the regime borders due to the low initial concentration ¢ o.128!
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Itis concluded that the influence of particle geometry causes an important
change of the particle distribution in the dry film. The changes of the bor-
ders are so great that one could use the particle shape as parameter to
obtain a desired regime. In Figure 3.14, an example with different exper-
imental points is plotted to show how a drying map can be used for deci-
sion making while designing a drying process or formulating a coating
suspension. The used points are also tabulated in Table 1. In this figure,
the maps for spherical particles and plate-like particles are plotted in red
and green for a temperature of 40 °C. For both cases, the initial solvent
concentration was set to ¢, = 95 % and the dry-film particle concentra-
tion to ¢4y, = 40 %. Likewise, the experimental points are plotted in
color, depending on the aspect ratio of the particles, and are calculated
using the particle diameter d., the initial evaporation rate E,, and the initial
film height h,. Additionally, the experimental points consider a particle
density of p. = 2600 kg/m3, and a density of the polymer solution of
psp = 1060 kg/m3. The particle diameter for the plates is calculated to
match the volume of the sphere counterpart, assuring that any changes
in the regime map only comes from the geometry of the particles.

At the bottom of the map, three different cases with an increasing particle
size are displayed. The initial film height is 100 um and the initial evapo-
ration rate 0.01 um/s. The particle diameters plotted are 0.10, 0.50 and
1 um, which correspond to 0.215, 1.08 and 2.15 um equivalent diameter
for the plates. In this example, increasing the particle size results in mov-
ing up diagonally to the right, due to the increase of the sedimentation
velocity and decrease of the sedimentation coefficient. Similarly, in the
center there are three cases with increasing evaporation rates of 0.01, 0.1
and 1 um/s, a sphere patrticle size of 1 ym and a film height of 100 pm.
These cases show a diagonal increase to the left of the map. Finally, in
the region of log(Ns) = —1.3, the film height is varied to values of 100,
500 and 1000 um, using a particle size of 0.1 um and an evaporation rate
of 0.01 um/s. The increase of the film height leads to an obvious increase
upwards.

In all the cases the plate-like particle points are located on top of the
spherical. As mentioned in the previous sections, the flattening of the par-
ticle while retaining the same volume leads to an increase of the drag:
Decreasing the diffusion coefficient and the sedimentation rate leads to a
locating of the points at higher Péclet numbers and lower sedimentation
numbers in comparison to spheres.
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It can be observed that for this example the plate-like particles are distrib-
uted in the Evaporation and Sedimentation regime, whereas most of the
spheres are in the Diffusion regime. If the location of spherical particles
in a coating were to be located at the top of the film by increasing the
initial film height from 100 um to 1000 um, it would barely be enough to
reach the Evaporation regime. On the contrary, plate-like particles reach
the Evaporation regime by increasing the initial film thickness h, by a fac-
tor of five. Therefore, changing the particle geometry gives another pos-
sibility for designing drying processes.
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Figure 3.14. Drying regime map for spherical particles plotted in red (1, = 1.00)
and plate-like particles plotted in green (r;, = 0.10), showing how the particle size
d¢, the evaporation rate E, and the initial coating film height h, affect how the
particles are going to distribute over the dry film height. Near the bottom center of
the map are three cases at increasing particle size with an evaporation rate of
0.01 um/s, an initial film height of 100 um, and particle diameters of 0.1, 0.5 and
1 pm: The plate-like particles are plotted at the same conditions with an equivalent
diameter to achieve the same volume as their spherical counterparts. At the cen-
ter, three cases at increasing evaporation rates of 0.01,0.10,1.00 um/s with a par-
ticle size of 1 ym and a film height of 100 wm are shown. The remaining three
cases with increasing film height of 100,500, 1000 um with an evaporation rate of
0.01 um/s and a particle size of 0.1 um are shown.
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Table 1. Example points utilized in Figure 3.14, showing the necessary criteria to
calculate Pe, and N from. The same initial viscosity is used for all the given points
with a value of ngp = 1.3- 1072 Pa - s.

dc ™ D¢ Uc,o ho Ey Ng Pec
[wm]  [-] [m?s™] [m?’s™'] [wm] [ms™'] [-] (=]
1.0 1.0 35-100%* 67-100® 100 1.0-107% 2.8-10* 6.7-10°
0.5 1.0 7.0-107"%* 1.7-107® 100 1.0-107® 1.4-10' 1.7-10°
0.1 1.0 35-100® 67-107° 100 1.0-107% 2.8-10° 6.7-10?
2.2 0.1 1.9-107%* 36-10® 100 1.0-10® 5.2-10' 3.6-10°
1.1 0.1 38-107* 9.1-107° 100 1.0-107% 2.6-10' 9.1-107t
0.2 0.1 1.9-107% 36-107° 100  1.0-10® 5.2-.10° 3.6-1072
1.0 1.0 35-107* 6.7-107% 100 1.0-1077 2.8-10%® 6.7-107¢
1.0 1.0 35-107"%* 67-10® 100 1.0-107° 2.8-10° 6.7-1072
2.2 0.1 1.9-107* 3.6-1078 100 1.0-1077 5.2-10% 3.6-107t
2.2 0.1 1.9-107* 3.6-10® 100 1.0-107° 5.2-10° 3.6-1072
0.1 1.0 35-107%® 67-107° 1000 1.0-107® 2.8-10' 6.7-1072
0.1 1.0 35-107"® 67-107° 500 @ 1.0-107® 1.4-10' 6.7-1072
0.2 0.1 1.9-107% 3.6-107° 1000 1.0-107® 5.2-10' 3.6-1072
0.2 0.1 1.9-107 3.6-107° 500  1.0-107® 2.6-10" 3.6-1072
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4 Results and Discussion

In this section, drying experiments are compared with simulation results
from the previous chapter. Utilizing aqueous PVA with silica flake parti-
cles, coatings were cast and subsequently dried. The distribution in the
dry film was determined using 3-D Raman spectroscopy. During data
treatment, a new tool for the morphology investigation was developed. By
combining the single 2-D cross sections, a 3-D construct of the dry film
can be built up. This new approach gives the opportunity to localize single
particles or agglomerates in the film in a non-invasive process. All the
simulated regimes using the proposed approach can be obtained experi-
mentally, thus confirming that plate-like particles also produce similar par-
ticle distributions.

Each drying experiment is localized in the calculated drying regime maps
to confirm if the concentration in the dry film corresponds to the predicted
particle distribution on the chart. Unfortunately, the commercially availa-
ble material systems that can be used for the validation of the charts are
limited, mostly due to the transparency required for Raman spectroscopy,
or the aspect ratio distribution is not monomodal(*31],

The limitations of the simulation model are also addressed in this chapter
and experimentally studied using a fluorinated polymer and graphene ox-
ide composites. As stated in Chapter 3, the decrease in aspect ratio in-
creases the particle viscous drag and with it the Evaporation regime area.
Moreover, the decrease of the initial particle concentration increases the
particle mobility and expands the Diffusion regime. Graphene-based
coating inks used for the functionalization of fuel cell membranes are di-
lute and the particle aspect ratio tends to zero. This material system ex-
ceeds the capabilities of the simulation model and it is therefore experi-
mentally investigated to identify which mechanism is dominant.

4.1 Particle distribution in the dry film

The particle distribution in the dry film was determined using 3-D micro
Raman spectroscopy imaging. To this end the material system is required
to be transparent to minimize light scattering. The polymer-particle pair
used in this work fulfills this requirement and has been extensively studied
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with physical data available. Glass particles can be easily identified in the
Raman spectra due to their transparency and characteristic peaks. More-
over, aqueous PVA solutions are coatable liquids capable of producing
homogeneous wet films and PVA has good mechanical properties reduc-
ing the formation of coating defects like cracks. The samples were dried
using force convection with the devices described in section 2.5. The
coatings were measured in the center to minimize the influence of edge
effects. Due to the time required to make a measurement, the investi-
gated area was limited to 100 x 100 pm?.

One of the main challenges of the experimental validation is the ability to
move along the drying regime map without changing the aspect ratio. Un-
like spheres, changing the particle size of plates also changes their mo-
bility and therefore the borders of the map must be recalculated again. In
other words, while experimentally investigating the drying regimes pre-
dicted in section 3.5, it is only possible to change the drying rate E, and
the initial wet film height h, to modify the dimensionless numbers, without
compromising the aspect ratio. This is due to the limitations of finding
commercially available plates with constant aspect ratio but different par-
ticle size. Moreover, the synthesis of plate-like particles with low aspect
ratio distribution requires high precision machinery and the recuperation
process requires several stepst3l. Therefore, at a given patrticle size ratio
by changing the evaporation rate one is moving along a line. If E, T in-
creases, then Pe. T increases and N | decreases and vice versa, as de-
picted in Figure 4.1. By modifying the film height one can move up and
down in the map, but as previously mentioned, the spectrometer has a
resolution of 2 — 3 pm. This also limits the possibilities to move the ex-
periments into the Diffusion regime.
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log(Ng)

Figure 4.1. Drying regime map showing the limitations of the experimental valida-
tions at a fixed particle aspect ratio r, = 0.1. By increasing the evaporation rate
E,, the experimental points move diagonally upwards and vice versa. Changing
the initial wet film height h, moves the experiments up and down in the chart.

Changing the polymer content could also modify the sedimentation num-
ber by increasing or reducing the viscosity of the liquid via the polymer
content. As mentioned in the previous sections, there is not much of an
influence on the position of the regime borders by changing the ratio be-
tween the solids. Nevertheless, the amount of solvent must remain the
same and by increasing the polymer content the overlap concentration
will be reached faster, resulting in a small change in the dimensionless
numbers.

The spectral information is obtained by systematically moving the focal
point, meaning that the measurements occur in a discrete manner. This
implies that there is the possibility to encounter regions with only particles
and the resulting concentration being higher than the maximal packing
concentration (¢¢ max = 52%). In Figure 4.2 and Figure 4.3, the resulting
3-D images are displayed, showing how the particles are distributed in
the dry film. The diagrams were plotted utilizing the isosurface function in
Matlab and are created by interpolating the values in three dimensions at
a given value of the particle concentration. The structures that appear in
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the figures correspond to a particle concentration of ¢, > 80 %. Due to
the difficulty of observing a 3-D model in a two-dimensional space, a color
gradient is added to identify were the plates are located along the film’s
height, thus allowing us to qualitatively determine the drying regime of the
sample. However, the simulation program did not consider the diffusion
in the horizontal directions x and y, and the concentration of the particles
does not remain completely unchanged along these axes. In the images,
holes can be seen between the particles, due to particle geometry defects
and the formation of agglomerates. The inhomogeneity of the lateral con-
centration profiles poses a problem to accurately determine the resulting
regime. Therefore, to obtain a representative concentration profile, an av-
erage integral concentration ¢_)C,dry(z) is calculated from the Raman
measurements using equation ( 4.1 ). Integration was done numerically
using a 5 um grid. The resulting integration is plotted along the normalized
dry film height h/hg;.,.

L 1M G ary (6,3, 2) dxdy

Pcary(2) ==
Cdry f0100 um f0100 um dxdy

(4.1)

In Figure 4.2 it can be seen that most of the particles are in the upper part
of the sample, showing some “blank” spaces in the upper right corner. It
is important to mention that particles could be in other parts of the film,
but not at a concentration as high as previously mentioned, as can be
seen from the average particle volume fraction. The bottom of the film is
at a volume fraction of 32 % and this increases towards the upper part of
the film, barely exceeding the maximal packing concentration, meaning
that the sample morphology belongs to the description of the Evaporation
regime, showing that using both, 3-D Raman imaging (qualitative) and
average particle concentration (quantitative), the corresponding particle
concentration in the dry film can be identified. In Figure 4.3 another parti-
cle distribution can be seen. In this case the particles appear to be more
packed along the film height but still show the “blank” spaces. The aver-
age concentration corresponds to the 3-D model with the volume fraction
tending to a constant value by serpentizing around the dry film concen-
tration value (¢¢qry = 41%), confirming that the Diffusion regime distri-
bution with plate-like particles can be experimentally obtained.
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Figure 4.2. Left: three-dimensional micro 3D Raman image showing the glass
flakes’ distribution in a dry film qualitatively. The flakes with », = 0.1 are marked
with a colour gradient to indicate their position in the film; PVA and regions with a
low particle concentration (¢, < 80 %) are marked in green. An Evaporation re-
gime example from sample 1 at log(Pe;) = 5.20 and log(Ng) = 0.06 (see Table
2) can be observed.[®, Right: average particle volume fraction extracted from the
leftimage and calculated using equation ( 4.1 ), showing a concentration gradient
from the bottom at 32 %, to the top at 52 %.

Diffusion regime
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Figure 4.3. Left: three-dimensional micro 3D Raman image showing the glass
flakes’ distribution in a dry film qualitatively. The flakes with r,, = 0.1 are marked
with a colour gradient to indicate their position in the film; PVA and regions with a
low particle concentration (¢, < 80 %) are marked in green. A Diffusion regime
example from sample 10 at log(Pe;) = 3.97 and log(Ng) = 0.74 (see Table 2)
can be observed.l®d. Right: average particle volume fraction extracted from the
leftimage and calculated using equation ( 4.1 ), showing an almost homogeneous
distribution of the particles around 41 %.

In Figure 4.4, selected particle concentration profiles in a dry film are plot-
ted as an example of how the different samples were quantitatively
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classified as Evaporation, Sedimentation, or Diffusion regime. The con-
centration gradient along the film height remains visible in the dry film for
the Evaporation and Sedimentation regime experiments. Even though,
the final particle concentration in the dry film does not remain at the sim-
ulation termination condition of ¢, = 90 % - ¢ ma, at the top or the bot-
tom of the film.
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Figure 4.4. Integral average concentration profiles along the normalized film
height h/hg,, showing the three different regimes: Evaporation, Diffusion and
Sedimentation. The sample numbers used in this diagram can be found in Table
2, the numbers are 2 for evaporation, 10 for diffusion, and 8 for sedimentation.6°!

The drying conditions were systematically changed with their correspond-
ing Péclet and sedimentation numbers in order to identify other regimes
of particle profiles and to compare them with the prediction from the sim-
ulations. It is only possible to change the film’s height h, by setting the
gap between the coating knife and the drying rate by changing the air flow

76



Results and Discussion

and with it the HTC in the drying device. A complete collection of these
parameters, as well as the experimentally observed regimes are listed in
Table 2.

Table 2. Coating and drying experiment parameters of glass flakes at r, = 0.1
with their respective regime classification, E for Evaporation, S for Sedimentation
and D for Diffusion. @ Concentration profiles are plotted in Figure 4.2 and Figure
4.3 ® Sample’s morphology can be seen in Figure 4.4.

Sample ho a E, logPe; logNs; Observed
[um] [Wm™2K™] [ummin™?] [-] -1 Regime
1 500 21.05 66 4.82 0.33 E
2ab 500 19.42 157 5.20 0.60 E
3 500 19.44 94 4.97 0.44 E
4 500 14.80 79 490 0.24 E
5 500 4.69 4 3.65 2.63 S
6 500 6.64 6 3.80 2.48 S
7 800 6.64 6 4.01 2.48 S
8¢ 800 13.26 23 4.57 0.73 S
9 500 15.58 26 4.42 0.73 D/S
1040 200 14.96 47 3.97 0.74 D

The criterion to classify the sample as Evaporation or Sedimentation re-
gime is to have a concentration gradient greater than 10 %. In a similar
way, all the samples in Table 2 were classified and plotted in the drying
regime map to confirm the predicted concentration profile. Each point is
labeled according to the observed regime, as seen in Figure 4.5. All ex-
periments were conducted in triplicate to ensure reproducibility. As al-
ready mentioned, no Diffusion regime experiments could be conducted
due to the difficulty of lowering the values of Pe.. It is not enough to lower
the evaporation rate to land in the Diffusion regime. The particle size must
also be adjusted to avoid a higher Ns. The proper acquisition of a Raman
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spectrum of the particles requires that the particle thickness must be at
least 1 um. This made it difficult to find particles having the same aspect
ratio but a lower size from the same manufacturer. Most of the sedimen-
tation experimental points lay in the predicted regime, showing good
agreement with the simulation.
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Figure 4.5. Zoomed-in drying regime map of glass flakes at ,, = 0.1 with all the
evaluated experimental points. The area around the points shows the error in the
calculation of Pe.. The letter near the points denotes the observed regime in the
dry: Evaporation regime E, Diffusion regime D, and Sedimentation regime S.[6%

The particle distribution obtained in Sample 9 was not reproducible. The
Sedimentation regime was obtained twice and the Diffusion regime once,
despite conducting the experiment at the same conditions. Therefore,
Sample 9 is marked with both letters. Sample 10 was found to be in a
completely different regime. This deviation from the simulation can be at-
tributed to the location of the experiments near the Evaporation—-Sedi-
mentation regime border. At this location, the particles can do both, sed-
iment and accumulate at the top of the film. Because of film shrinkage
during drying, the particles come close together and it could appear that
the observed regime is Diffusion. The proposed mechanism for these re-
sults is depicted in Figure 4.6.
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Figure 4.6. Proposed drying mechanism for the drying experiments near the bor-
der between the Evaporation and Sedimentation regime, where the particles tend
to accumulate at the bottom and the top of the film but due to the shrinkage of the
film the particle distribution appears to be in a Diffusion regime.

4.2 Applications and limitations of the model

The accumulation of polymer on the top of the film, or skin formation, is a
configuration that unfortunately cannot be simulated due to the high val-
ues of the corresponding Pe;, which makes the simulation diverge.
Therefore, such cases are not contemplated in this work. But it is experi-
mentally accessible by choosing the drying conditions. Additionally, all the
experimental and theoretical conditions were conducted at constant tem-
peraturel®l, If the drying process is not isothermal, the physical properties
must be given as a function of the temperature, to allow the simulation to
solve for the temperature as another variable.

During the systematic change of simulation input parameters, it was
noted that for initial particle concentrations higher than ¢., = 10% the
simulation does not converge, due to the mobility of the particle tending
to zero. This is because most of the models utilized in the simulation do
not consider interactions between more than three particles nor the ef-
fects of plates colliding at different angles!*34t33l, Thermodynamic
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behavior between the particles and the polymer solution, like dissolution
or crystallization of the particles, or liquid-liquid phase separation are not
considered in the model. It was stated that the particles were not soluble
in the liquid. Nevertheless, there are some particle-solvent systems which
can separate into two phases during drying. The phase separation in pol-
ymeric solutions is dependent on the concentration, temperature, and in-
teraction between components of the material system. More information
about phase separation in polymeric solutions can be found elsewherel>4,

One of the major applications found for plate-like-particle-composites can
be found in graphene components and antibacterial silver nanoplates.
The mayor difference with other composites, e.g. batteries, is the amount
of particles present in the system. Battery slurries for example have more
than 50 % w/w solid particles, whereas a printable graphene ink, used to
increase the selectivity of the membranes in Direct Methanol Fuel Cells
(DMFC) by reducing the passing of methanol, has a particle concentration
of 0.05 g/L (107> % w/w) in the coating. This major difference resides in
the low amount of particles to achieve the functionality of the device. As
displayed in Figure 3.13, the reduction of the initial particle and polymer
concentrations expands the Sedimentation regime due to the inability of
the particles to accumulate on the top of the film before the polymer
chains overlap. This is in competition with the mobility reduction at low
particle aspect ratio. Graphene is defined as long monoatomic sheets,
which will make the aspect ratio tend to zero, r, - 0, and with it the par-
ticle mobility too K, - —o U.-(¢p.) = D:(¢pc) — 0. If the particles are not
able to move, the Evaporation regime spreads out. Hence, a competition
between the infinite dilution and infinite flattening of the particles exists.
Understanding which of these forces is dominant is crucial for the produc-
tion of composite films, like functionalized membranes!4l,

Graphene particles coated onto a membrane form a structure which in-
creases the length of the path for molecules to defuse across the mem-
brane, thus increasing the selectivity of the membrane. 134133 For the
application as a barrier layer, it is important that the particles remain ho-
mogenously distributed with an orderly stacking of the plates, in other
words the concentration must correspond to the Diffusion regime.[14.22
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In the present work®, graphene composites were studied to evaluate the
limitations of the simulation approach. The material system consisted of
an ionomer solution, which would reduce the chemical difference with the
membrane using an entangled version of the ionomer and graphene ox-
ide particles. The ethanol-based ionomer Fumion™ solution 10 % m/v
FSLA1010 was purchased from FumaTech GmbH. Its chemical nature is
similar to Nafion™, having a ramified fluorinated structure. The graphene
particles correspond to graphene oxide flakes obtained by plasma reac-
tors at a concentration of 0.055 g/L produced at the Leibniz Institute for
Plasma Science and Technology in Greifswald. Similar to the experi-
ments in the previous sections, the sedimentation velocity at low concen-
tration was evaluated and coatings were dried.

Sedimentation rates of graphene oxide flakes can be found in Figure 4.7,
at the concentration in the order of magnitude similar to a coating ink. As
expected, almost no difference can be observed at different concentra-
tions. Instead, a trend around a constant value of U, = 0.031 pym/s is
found, which is lower the compared to the glass flakes values (about four
orders of magnitude for the plates at r, = 0.10). This result makes the
sedimentation coefficient tend to unity K(¢.) = 1. This simplifies the par-
ticle’s net volume flux I, to:

d

% + Ucodbc (4.2)
The absence of a particle shape influence on the mass transfer of the
graphene oxide shifts the change of the particle mobility to the viscosity
of the ionomer solution and the particle size. Unfortunately, due to the low
concentration, it is impossible to simulate a drying regime chart for the
graphene flakes, because unless the Péclet number is extremely high
Pe. — oo it is unrealistic to reach 90 % of the total packing concentration.
Hence, diffusional forces will be dominant and the particle distribution will
remain constant along the film’s height.

I = D¢

"The results were obtained during the realization of the AiF Project “GraphenBlocker” in
cooperation with the Leibniz Institute for Plasma Science and Technology (INP) in
Greifswald and the Hydrogen and Fuel Cell Center (ZBT) in Duisburg.
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Figure 4.7. Graphene oxide flakes sedimentation velocity as a function of volume
fraction showing almost no change due to the extreme dilution of the particles.
The measurements were done at the Institute of Mechanical Process Engineering
and Mechanics (MVM).

Determining which phenomenon controls the mass transfer during the
production of compaosites requires drying experiments at industry relevant
conditions. To this end, graphene oxide flakes dispersed in ethanol, with
a concentration of 0.055 g/L, were combined with a 10 % m/v solution of
Fumion™ in a volume ratio of 1:2. Similar to the PVA dispersion, this
coating ink was sonicated to avoid the formation of agglomerates and was
cast onto a thin glass substrate using a coating knife. Subsequently the
coating samples were dried using the Comb Nozzle dryer at T = 20 °C
with a HTC of @ = 20 and 40 W m~2 K. In Figure 4.8, a light optical mi-
croscope image of a coating sample is shown. The image is for an area
of 500 x 500 um?. The image analyzing software can use the contrast to
identify where the graphene flakes are located. From a qualitative point
of view, it would appear that all the flakes are evenly distributed along the
composite. To confirm this claim, the samples were analyzed using 3-D
Raman spectroscopy

82



Results and Discussion

500 pm

wrl 00g

Figure 4.8. Optical microscope pictures of a 500 x 500 um? coated fuel cell mem-
brane with an ink made of graphene oxide flakes and Fumion at a =
40 W m™2K~1 and T = 20 °C, where the image analyzing software identified the
particles marking them in red.

Figure 4.9 shows the pure component spectra of graphene oxide flakes
and the Fumion ionomer. The characteristic fluorine peak can be found
at 720 cm™1. In the literature, the most intense peak for graphite at
~1580 cm™! has been labelled G and the second most intense D at
~1350 cm™!. The intensity of these peaks can be related to the crystal
geometry caused by the carbon atom hybridization (sp?)[138l. On the right
side of the spectrum, a minor peak labelled 2D at ~2700 cm™! can be
seen, which is correlated with the number of the sp? layers. The higher
the 2D peak intensity, the less graphite layers are present!37l, Hence,
when the Raman intensity of 2D is dominant, the presence of graphene
in the sample can be confirmed. A band next to the 2D peak can also be
observed. This is caused by the oxygen functional groups attached to the
edges of the low-layer carbon sheets, which causes a change in the hy-
bridization to sp3[138l. The purity of the graphene sample is calculated
through the intensity ratio between the G and 2D peaks I; /I, 139, which
translates in the number of single carbon layers stacked on top of each
other .
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Figure 4.9. Graphene oxide and Fumion FSL1010 Raman spectral information,
showing the characteristic peaks from graphene oxide (D at 1350 cm™!, G at
1580 cm™1, and 2D at 2700 ¢m™!) and the fluorine peak of the ionomer 720 cm™1.

The coatings were analyzed using the Raman spectrometer as described
in section 2.2.1. As previously mentioned, the extremely low concentra-
tion of the graphene flakes makes it harder to quantify a physical property
as a function of the concentration. That is also the case for the Raman
intensity ratio, which would allow us to convert the Raman measurements
into concentration profiles, as in the PVA and glass flake experiments
described in section 2.2.2. Here, the content of graphene was studied by
the pure intensity ratio to determine if there are any concentration gradi-
ents along the dry film’s height!34. Due to the thickness of the graphene
flakes it is not possible to use the same imaging tool to plot the particles,
which requires the particles to be at least 1 um thick. In Figure 4.10, in-
tensity ratios averaged along the y-axis are plotted and compared at dif-
ferent X-positions in the dry film with an investigated sample area of
100 x 100 pm?2. As in Figure 4.3, the intensity ratio profiles tend to an
average value of ;. = 0.12, showing that the graphene flakes tend to
distribute homogeneously along the dry film’s height.
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Figure 4.10. Averaged intensity ratio of graphene oxide along the ionomer coat-
ing, showing an almost constant value of @;, = 0.12 at different longitudes of the
X axis. The coating was dried at @ = 20 W m™2K~' and T = 20 °C.

Figure 4.11 shows the averaged intensity ratio across the sample area of
two coatings dried at « = 20 Wm™2K~! and a = 40 W m~2K~!. The inten-
sity ratio barely changes across the area. In both coatings some high con-
centrated graphene points can be observed. The sample which was dried
at a higher HTC shows more inhomogeneities than the sample dried at a
lower drying rate. Nevertheless, most of the sample has a homogenous
particle distribution, tending to the same average value of ag. = 0.12.
These findings confirm that the diffusive driving forces are dominant and
the drag forces caused by the particle shape do not control the particle
distribution in dry film. Showing one of the main limitations by using this
simulation approach while designing drying processes. One question yet
to be answered is the critical concentration value, at which the influence
of the concentration and the flatness of the particles is in the same order
of magnitude
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Figure 4.11. 3-D Raman imaging of a Fumion - graphene oxide coating dried at
a=20W m 2K~ (upperimage) and 40 W m~2K~! (lower image) with T = 20 °C,
showing a homogenous distribution in the lateral direction.
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5 Conclusions

5.1 Summary

The objective of this work was to determine the influence of particle shape
on the component distribution in composite coatings. To this end, a sim-
ulation developed from previous works was adapted to describe the mass
transfer of particles while drying and drying regime maps for prediction of
particle distributions in a dry film could also be plotted as a function of the
sphericity of the particles. The study was limited to plate-like particles,
which resemble the geometry of technically relevant materials like gra-
phene. Experimental checking was done stepwise, firstly by choosing a
polymer-particle system that could produce a stable dispersion and a wet
film. Afterwards, the material system was characterized and the viscosity
of the dispersion was investigated to confirm it could be modeled using
rheological expressions similar used to the case for spherical particles.
Once the coating dispersion was characterized, the orientation of the par-
ticles was studied and the causes of rotation identified. Finally, with the
obtained physical information, the simulation routine was changed ac-
cordingly, and new regime maps were drawn. Experimental validation
was conducted by systematically changing the drying conditions to induce
different particle distributions in the dry film and comparing with the pre-
dictions from the drying regime maps.

PVA was chosen as the polymer due to its mechanical properties, which
produce a stable dry film. Also, while it is dissolved in water it creates a
homogeneous wet film. Moreover, there is extensive thermodynamic data
of aqueous PVA solutions, which makes it ideal to limit the necessary
experiments needed to implement the simulation. Glass flakes made
mostly of silicon oxide plates were utilized as plate-like particles due to
their commercial availability at two different sizes and aspect ratios. Ad-
ditionally, its transparency makes them ideal to be identified using Raman
spectroscopy. With the ternary system water-polyvinyl alcohol-glass
flakes it was possible to produce homogeneous wet films to up to a parti-
cle volume fraction of ¢ = 6 % and a binary polymer concentration of
¢5 = 13 %, which corresponds to the overlap concentration. Additionally,
with the chosen composite, Raman active dry films could be generated,
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which made it possible to quantitatively investigate the distribution of the
single components.

The zero shear viscosity of the dispersion was investigated at different
particle concentrations ranging from ¢, =0.5% to ¢, = 6% and at a
fixed polymer content of ¢, = 3 %. The results were fitted utilizing the
Batchelor and Krieger-Dougherty expressions to verify if the existing
models for spherical particles could be adapted. The fit for both systems
showed a fair concordance with the experimental data, with the Krieger-
Dougherty model having more accuracy at low particle concentration.
However, due to its dependence on the maximum particle concentration,
which changes depending on the orientation of the particles, it was de-
cided to use Batchelor-like fits, that are only dependent on the volume
fraction.

Sedimentation experiments were conducted to adapt the concentration
dependency expressions used in the simulation model. To this end the
settling velocity was measured using analytical centrifuge. The sedimen-
tation rates were subsequently fitted utilizing the modified Batchelor ex-
pression for the sedimentation of hard spheres showing an excellent
agreement (see Figure 2.13). This allowed us to correlate the exponent
K, from equation ( 3.18 ) with the aspect ratio 7,, by proposing an expres-
sion based on the potential between two particles. This expression was
later used to predict the normalized sedimentation rates from particles in
different mediums and at different aspect ratios. The proposed model has
a remarkable agreement with the experimental data, as shown in Figure
3.6. These findings are crucial for the automation of the simulation rou-
tine, because it is only necessary to determine the aspect ratio to describe
the sedimentation and diffusion of plate-like particles.

Orientation of plate-like particles during coating and drying was investi-
gated. Experimentally the orientation was investigated by preparing dis-
persions, coating them and determining the angle of the particles, in the
wet film using Cryo-SEM experiments, and in the dry film with 3-D micro
Raman spectroscopy. Theoretically the orientation was investigated by
identifying the forces applied to the particles while processing composite
films. It was experimentally found that directly after coating the particles
are oriented mostly horizontally or lightly crooked. In the dry film this ori-
entation remains, showing that the sedimentation and drying processes
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do not significantly alter the angle of the particles. By theoretical studies
from literature, the observed phenomena were explained as follows: dur-
ing the formulation and before the coating step, the particles are randomly
oriented, the coating step produces a simple shear stress that changes
the angle and tends to a parallel alignment with the substrate, once drying
commences the particles that are on the surface tend to align to the mov-
ing boundary, and the particles in the bulk keep an orientation that pro-
duces the largest resistance, in this case horizontal. These observations
justify the modelling of the sedimentation velocity and diffusion coefficient
of the particles as a scalar quantity rather than a tensor, which greatly
simplifies the adaptation of the simulation.

Concentration profiles were obtained from the simulation as a function of
the dimensionless Péclet and sedimentation nhumbers. The model pre-
dicts that when the Pe, is high and Ns is low the particles tend to accu-
mulate at the top of the surface. If the Péclet and sedimentation numbers
are low, the particles will mostly remain homogenously distributed, with
low accumulation on the surface of the film due to an increase in the vis-
cosity via solvent evaporation. Finally, if both Pe. and Ng are high, the
particles tend to sink to the bottom of the film, having a polymer rich layer
on top of the film at the later stages of drying. The model is capable of
predicting concentration distributions similar to the drying regimes of the
particles. New drying regime maps were obtained by systematically
changing Ns to obtain a value of Pe. at which the concentration of the
particles reaches 90 % of the maximum packing concentration at the top
or the bottom of the film. The shift of the regime borders as a function of
the aspect ratio was investigated, showing a considerable movement
from the spherical prediction. The shift was compared with the depend-
ency of the initial concentration on the Evaporation-Diffusion regime bor-
ders, showing that changing the aspect ratio from 7, = 0.1 to r, = 0.03
causes as much change as modifying the initial solvent concentration
5 %, thus confirming that particle shape is an important parameter to be
considered while predicting component distributions in dry films.

Drying experiments were conducted to verify the simulation results using
the selected material system. Plates with an aspect ratio of r,, = 0.10 were

chosen due to the confidence in the simulated. The 3-D Raman imaging
tool showed a reconstructed depiction of the composite film morphology,
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which allowed us to qualitatively identify a particle distribution in the dry
film, which concorded with the average concentration of the particles
along the film height. Most of the experiments with an experimentally
identified Sedimentation regime were found to be accurately predicted by
the drying regime maps. The Evaporation regime particle distribution ex-
periments were located near the border between the Sedimentation and
Evaporation zones, given by the critical value of the Sedimentation nhum-
ber Ng, implying that to achieve the desired particle concentration in a dry
film the drying conditions must be set at least one order of magnitude
away from the borders. Moreover, a Diffusion regime particle distribution
was also identified in the Sedimentation part of the map, the mechanism
for this inaccuracy was graphically summarized in Figure 4.6. It proposed
that at this point the particles could move to the extremes of the film hav-
ing a polymer rich layer in the middle, but due to the film shrinkage it
appeared that the particles were evenly distributed in the film.

Limitations of the simulation model were also addressed, namely the ef-
fects of an infinite dilution ¢, — 0 and of infinitely flat particles with r,, -

0. As previously stated, an increase in the solvent concentration will in-
crease the diffusion driving forces expanding the Diffusion regime. On the
other hand, a decrease in the aspect ratio will increase the viscous re-
sistance and with it the particle mobility drops, thus the particles will ac-
cumulate faster at lower values of the evaporation rate, expanding the
drying regime. For certain industrially relevant material systems both phe-
nomena are present, that is the case for coating inks which require little
amount of thin particles for their functionality. It is important for these sys-
tems to analyze which case is dominant. To that end composites made
of graphene oxide flakes were investigated. It was found that the effect of
an infinite dilution on the particle distribution in the dry film is stronger than
the influence of the particle shape, making the particle distribution in the
dry film homogeneous.

Adaptation of the model worked in a good manner to predict the particle
distributions that are found for the spherical particle composites. Moreo-
ver, the generalization of the particle mobility as a function of the particle
shape allowed automating the simulation for plate-like particles. One of
the main challenges with the validation is the availability of plates with
different particle sizes, without compromising the aspect ratio.
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Nevertheless, the present work shows the importance of the particle
shape while simulating component distributions and how the drying re-
gime borders can be changed by using different particle geometries.
Therefore, the particle shape plays an important role while designing dry-
ing processes.

5.2 Outlook

One question that has yet to be answered is the effect of time-dependent
rotation on the particle distribution while settling or diffusing, as will be the
case for rod-like particles. Rods do not align after a coating process!1l
and tend to form vortices while falling in a viscous fluid[118.140.141] Thijs
could affect the final structure of a composite film. As stated in this work,
the position and orientation of the particles is crucial for the quality and
functionality of composites, as in the production of composites made of
carbon nanotubes'#2, glass fibers!43 or gold particles144145],

It has been assumed that there is no particle size distribution, and the
effects of the interactions between particles with different sizes are negli-
gible. In the literature there are already some theoretical and experi-
mental studies by Routh et al. to address this issuell46.147], |In these works,
one more equation is added to describe the mass transfer in a system
with a bimodal particle size distribution. Additionally, one other term
needs to be added which can describe the stratification of the particles.
Stratification is a spontaneous effect due to entropic contributions which
causes particles to separate according to particle sizel'48l. This strategy
could also be implemented for rod-like particles by adding a set of equa-
tions for each possible angle of orientation and terms to describe the tur-
bulence generated by rotation. Unfortunately, the implementation of a
time-dependent orientation and turbulence into the simulation model
could increase the computation time considerably.

Other approaches made by Howard and Fortini simulate the bimodal case
discretely [149-151 meaning that the dynamics of the particles are calcu-
lated individually. This approach has the advantage of requiring less
physical information about the particles and the medium but requires
longer computational times, depending on the number of particles. Equa-
tion ( 5.1) shows the simplified discrete simulation model. Here, instead
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of modeling the concentration by means of conservation equations, the
model opts for calculating the position of the particles using a force bal-
ance. The velocity vector of the it particle dr;/dt is a function of the sub-
strate’s surface energy and the distance of the particle to the substrate
£, the random movement given by the Brownian forces fZ, the potential

energy between the it particle and the rest ﬁ-”, and the buoyancy caused
by the moving phase boundary due to drying and surface tension LE Ad-
ditionally, the drag caused by the fluid is included as a resistance.

= A1) (52

Figure 5.1 shows graphically how this method could be applied for a bi-
modal particle size distribution. Figure 5.2 shows a graphical representa-
tion of the driving forces according to their position along the film’s height
h(t). Using a quasi-binary approach, the concentration of the polymer
and moving phase boundary caused by solvent evaporation will be cal-
culated using a polymer-related coordinate system, whereas the particle
concentration will be obtained by computing the position of the particles.
There are also extensive investigations using the discrete approach, but
not many with either a polymer dissolved or a non-spherical geometry!14%-
1541 Nevertheless, adapting this approach for rod-like particles or poly-
mer-bimodal particle composites could result in the best course of action
to advance this work.”

" The proposed approached was included in a project proposal for the German Research
Foundation (Deutsche Forschungsgemeinschaft, DFG)
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Figure 5.2. Graphical representation of the driving forces acting on the particle
depending on its position along the film’s height. Substrate energy and the inter-
facial force act on the systems borders, whereas the Brownian and potential
forces have an effect in the bulk.

The numerical solution of differential equation ( 5.1) can be easily exe-
cuted with the Euler method, because the equation is explicit. The only
challenges are determination of the distance between all the particles for
the potential force contribution. This can massively increase the compu-
ting times, and the appropriate time step. It is important to keep in mind
that stratification as a function of the drying conditions summarized by the
Péclet number can be nullified if the concentration of colloidal particles is
high enough to undermine diffusion. In other words, the Péclet number
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does not take into consideration the effects produced by the collective
particles hindering their movement.

The experimental validation of rod particle simulations approach has
fewer challenges than for the plate-like particles. PS particles are com-
mercially available at different sizes and in combination with polyvinyl al-
cohol they produce a Raman active composite, thus being able to be in-
vestigated via spectroscopy. Additionally, PS spherical particles could be
processed to synthesize prolate particles!*s%, extending the validation ca-
pabilities of the material system. Figure 5.3 shows a 3-D Raman image
from a polymer-bimodal composite film made of PVA with a volume frac-
tion in the dry film of ¢ 4,, = 80 % and PS particles at equal volume frac-
tions of ¢¢ sary = crary = 10 %. The two different particles, with diam-
eters of 3 um and 1um, can be identified. This diagram corresponds to
the top of a coating sample with a height of 14 pm. The sharpness of the
image allows us to determine which particle size tends to go to the surface
during drying, allowing us to experimentally determine stratification of the
particles in the dry film.
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Figure 5.3. 3-D Raman imaging of a composite film made of PVA and PS dried at
30°C and 30 Wm™2K 1. Two different PS particles with different particle diame-
ters of 3 um and 1 um were used. The image shows that Raman spectroscopy is
a good tool to qualitatively determine the component distribution of different par-
ticle sizes and investigate the stratification of bimodal systems.

94



Conclusions

In the experimental work done by Routh et al.l!4l the level of the stratifi-
cation of colloidal particles in pure solvent was correlated with the drying
conditions by means of the Péclet-Number, defined for bimodal particles
as followed

Peg; = \/Pe,Peg (5.2)

The finding showed that the concentration of the large particles at the top
of the film was at its maximum when the Peg; remained at the unity. How-
ever, industry relevant conditions are found to be at an order of magnitude
of 0(Peg;) = 103 and in the presence of a polymer binder.

For colloidal particles with an average diameter lower than < 1 um, it is
not possible to qualitatively determine the position of the particles as
shown in Figure 5.3, due to the spectrometer resolution (2 — 3 pm). Nev-
ertheless, using particles with different chemical composition allows the
ex situ identification of stratification in dry film. In a preliminary experiment
PMMA and PS particles with an average diameter of 500 nm and 140 nm
respectively we mixed with water and PVA, coated and dried at different
heat transfer coefficients a = 30,40,50 W m~2 K~1. The concentration
profiles of each particle system are plotted in Figure 5.4. At 30 and 40
W m? K1 it can be observed that the small and large particles are evenly
distributed along the film height showing almost no change in the concen-
tration. Nevertheless, at 50 W m? K~1 an accumulation of the large parti-
cles can be seen, even though the Péclet number exceeds unity,
Pegi(a =50 W m? K~1) = 7353.

These preliminary results show the importance of the influence of the pol-
ymer binder, which affects the mobility of the particles during drying, hin-
dering their movement as the viscosity of the medium increases.

95



Conclusions

> 0
35 35 30
4 s
4
{ i
: } {
30 : 30 4 { ;
£ i 25 i
7 { .
§ / i
25+ H 25 i !
. :
i { 20 s
— 3 1 $
E - -L :
b
=204 : 204 y ¢
£ - ]
b= ; ! i
2 Jl 15 i
£ I :
= 15 15 1 i
> s
o J 4
[a] | }
. :
10 4 :
! i
104 10 1 é
1 +
| i
i -+-PMMA !
1 54 i
5 5 \ -+-PS H
| i
| :
i {
0 : - - 0 : — 4 : —
0 5 10 15 20 0 5 10 15 20 o0 5 10 15 20
Volume fraction [%)]

Volume fraction [%)] Volume fraction [%]
Figure 5.4. Concentration of the particles as a function of the film height, the films
were dried by three different HTC (a = 30,40,50 W m~2K~1). The small PS par-
ticles are plotted in blue, and the large PMMA particles are plotted in red. On the
far-right diagram a concentration gradient for the large particles can be observed.
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6.1 List of Figures

Figure 1.1 Graphical representation of different configurations of
polymer-plate-like particle composites based on the component’s
interactions. Phase separated when the particle-particle interactions are
strong, and the polymer interacts with cumulus of particles. Intercalated
when the polymer can interact with individual particles, but the particles
can still interact. Exfoliated when there are almost no interactions
between PartiCles. ..o 3
Figure 1.2. Graphical representation of the polymer coordinate approach
showing the boundary conditions and the change to the fix coordinate ¢.

Figure 1.3. Diffusion coefficient of 1 um spherical particles in water at

T = 20 °C as a function of the volume fraction using equation ( 1.6 ),
showing the infinitely diluted value DC, 0 at ¢C — 0 from Stokes-
Einstein, and the divergency of the diffusion coefficient at close packing
PC = PO, MAX . oo 8
Figure 1.4. Drying regime map for spherical particles with no binder
(blue) and with a dissolved polymer (red), showing the three drying
regimes: Evaporation: particles on top, Diffusion: particles evenly
distributed and Sedimentation: particles at the bottom. Extracted and
adapted from Cardinal et al. Francis and Baesch et al. Scharfer,
Schabel.[8.68.69] || i 11
Figure 1.5. Specific viscosity of a polymeric dispersion as a function of
the polymer content, showing the diluted regime where the polymer-
particle and particle-solvent interaction are the same, and the
concentrated regime where the polymer chains are entangled and there
is No relative particle MOVEMENL. ...........cevvvviiiiiiiiiieeieeeeeeeeeeeeeeeeeeeeeeeeaeans 13
Figure 1.6. Classification of particle geometry according to the aspect
ratio rp. Oblate at rp < 1, spherical at rp = 1, and prolate if rp > 1....16
Figure 1.7. Maximal packing concentration ¢C, max as a function of the
aspect ratio rp for plate-like particles at low angles. Extracted and
adapted from Chaikin et al.l/...........cccoooiiiiiie e 17
Figure 1.8. Graphical description of an anisotropic and isotropic
material, showing the difference of the diffusion process at different
directions (parallel and perpendicular). ........ccocciiiiiiieiiiiiiiiiee s 18
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Figure 1.9. Graphical summary of the sequence of the production of
polymer-particle composite films utilized to investigate the influence of
the particle geometry on the particle distribution. ..............c.cccoeeen. 20
Figure 2.1. Left: photo of the rheometer used for the zero-shear y =

10 — 3s — 1 viscosity measurements. Right: Set-up utilized showing the
characteristic dimensions of the cone-plate system, including torque M,
plate diameter, cone angle a and the height of the tip a complementing
TNE FIUSTUML. 1o e e 24
Figure 2.2. Relative viscosity of a 3 % v/v PVA aqueous dispersion as a
function of the plate-like particles volume fraction. The experimental
values are fitted using the modified Batchelor model from equation ( 2.7
) and the Krieger-Dougherty model from equation (2.8 ).....cccceeeeeennnn. 27
Figure 2.3. Viscosity of an aqueous polyvinyl alcohol solution at 40 °C as
a function of polymer content. The experimental data is fitted using the
expression in equation (2.9 ). ... 29
Figure 2.4. Schematics of the confocal microscope coupled with the
Raman spectrometer, showing the path followed by the laser and the
Raman signal from the samplel®8l. The setup is capable of measuring 3-
D Raman spectra as described by Baesch et al., Scharfer, Schabel.[”!

Figure 2.5. Comparison of the pure component Raman spectra of water,
PVA and glass flakes, showing the characteristic peaks between 300
and 500 cm — 1 for the glass flakes, and between 2500 and 3800 cm — 1
for water and PVALIST ... 33
Figure 2.6. Calibration curve of the material system PVA and glass
flakes. Calibration samples were prepared at different drying conditions
to induce different particle distributions. The obtained calibration
constant is (KC,P = 1.32).169 ..., 35
Figure 2.7. SEM image of a PVA film with 10 um glass flakes (rp =
0.10) embedded. The particles are marked in red showing how the

particles are horizontally oriented. ...........coooveiiiiiieiiii e 36
Figure 2.8. Cross sections of a dry film. PVA is marked with purple
(¢P = 100 %) and the glass flakes with yellow (¢C = 100 %).[9.......... 37

Figure 2.9. Graphical representation of homogeneous sedimentation
and batchsettling of particles in a dispersion caused by gravity. Showing
the separation of the components in an orderly manner with the
presence of a sedimentation front and the sediment, transition, and free
settling regions resSPectivVely. ... 38
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Figure 2.10. Graphical representation of the centrifuge measurement
principle of the LUMi Sizer at MVM. On the top, a sample is being
centrifuged while a light source irradiates it. Underneath the sample is a
detector which measures the change of the light transmission as the
particles settle to the bottom of the flask. ........cccccceeiiiiii e, 39
Figure 2.11. Light transmission measurement of a 3 % v/v PVA and
5.21 % v /v glass flakes agueous dispersion at 40 °C. Showing for this
case that instead of a step a slope is getting flatter as the time passes.
This image is copied directly from the LUMi Sizer centrifuge analysing
SOftWAIE @t MVIM. ... 40
Figure 2.12. Cumulative velocity distribution (right y-axis) and
logarithmic velocity distribution density (left y-axis) as a function of the
sedimentation velocity of a 3 % v/v PVA and 5.21 % v/v glass flakes
aqueous dispersion at 12 times the acceleration of gravity (12g), a
temperature of 40 °C and rp = 0.10. Showing a maximum corresponding
to the cumulative distribution at 50% Q50UC = 28 um/s, at 1g the
velocity corresponds to Q50UC = 2.3 um/s. 80% of the measured
velocity falls between 20 um/s and 40 ym/s. The sedimentation rates
are calculated from the light transmission rates in Figure 2.11. ............ 41
Figure 2.13. Sedimentation rate of plate-like particles at the acceleration
of gravity (1g) in a 3 % v/v PVA aqueous solution system at 40°C as a
function of the plates’ concentration. The value from Figure 2.12 is
marked in the diagram at 1g. The used particles had an aspect ratio of
rp = 0.10 (circles) and rp = 0.03 (triangles). Both experiments are fitted
using the modified Batchelor model in equation ( 2.14 ), showing a good
=0 | (=TT 0 1= o | PO TSP PPPTPTR 42
Figure 3.1. Schematic of the fluid velocity u around a sphere and a
plate-like particle at settling velocity UC, 0 showing the effects of the
geometry via the normalized streamlings. .........ccccceeveiiiiiiiiiiiiieseseeeeennn 47
Figure 3.2. Drag and particle diffusion coefficient plotted as a function of
the aspect ratio in a 3 % v/v aqueous PVA solution, considering the
volume of a sphere with a 1 pym diameter. Both the horizontal and
vertical cases are plotted for the diffusion and drag coefficient.[®9........ 49
Figure 3.3. Graphical representation of a coating process using a
coating knife, showing a fully developed linear velocity profile and the
rotation of @ PartiCle. ............ooiii i 51
Figure 3.4. Polar angle course at a shear rate of 1 s — 1 and an aspect
ratio of rp = 0.10. A particle is shown demonstrating the orientation,
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confirming that for most of the coating time the particle maintains a
horizontal POSItION. ... 53
Figure 3.5. Particle shape influence on -K2. The literature values from
van der Kooij et al. [101 and Buscall et al. 123 are plotted in blue as well
as the data produced in this work, showing the decrease in particle
mobility at an increasing flat geometry. The theoretical model of He et
al.'2él is plotted in red showing a considerable deviation from the
experimental values, whereas the fit from equation ( 3.18 ) shows a
good prediction in comparison.128 ... 56
Figure 3.6. Normalized sedimentation velocity measurements plotted as
a function of the concentration at different aspect ratios using equation (
3.17) and ( 3.18 ), showing a good agreement with the experimental
values from the literature and this WOrk............cccccoiiiiiii e, 57
Figure 3.7. Graphical representation of the drying of polymer-particle-
composites. At the top of the film the solvent evaporates; the particles in
the bulk sediment and diffuse, the polymer also diffuses along the film
and at the bottom of the film the substrate is impermeablel*?8l, The
derivation of each flux can be found in the appendix 6.1. ...........cc..c.... 58
Figure 3.8. Volume fraction profiles as a function of the normalized film
height at different dimensionless times, the left, middle and right
columns correspond to the concentration profiles of particles, solvent,
and polymer, respectively. Calculations were done with an aspect ratio
of rp = 0.10. The first row corresponds to a PeC = 10 and NS = 1 and
an accumulation of the patrticles at the film surface can be observed.
The row in the middle was calculated with PeC = 1 and NS = 1. Even at
lower Pe numbers a particle accumulation at the surface is obtained due
to an increase of the viscosity. The row at the bottom corresponds to
PeC =10 and NS = 10. At this high sedimentation numbers an
accumulation at the bottom of the coating happens almost
ImmediatelyI28l, ... ... ..o 60
Figure 3.9. Numerical method flow chart for the Evaporation-Diffusion
regime border. The input parameters for the program are: the number of
points n, the interval of the drying map NS0, NSend, the initial estimation
points [PeCO0, PeC1], initial concentration of each component ¢i, 0, the
particle shape rp, maximum packing concentration ¢C, max, K2 and
temperature. Using the input parameters, the program solves the partial
differential equation system and verifies if the particle concentration at
the top corresponds to 90 % of ¢C, max by calculating the error ¢. If the
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given PeCn difference is less than the tolerance, then the program starts
again with the next NSi value, if not, a new value for the PeCn is
calculated using the secant method until it reaches convergence. The
numerical approach does not change for the Sedimentation regime
border, only the error is calculated with the concentration at the bottom
of the film @pCtmax, 0.1028] ... ..o 62
Figure 3.10. Drying regime map with initial solvent volume fraction

¢S,0 = 95 %, a particle volume fraction in the dry film ¢C,dry = 33.3 %,
and an aspect ratio rp = 0.10. The three different regimes are illustrated
and marked with the corresponding letter; Evaporation regime (E): the
particles accumulate at the top, Sedimentation regime (S): the particles
accumulate at the bottom, Diffusion regime (D): the particle
concentration does not reach 90 % of ¢C, max and therefore the
particles remain evenly distributed. The borders between regimes are
marked in color using the critical dimensionless numbers as follows; D-
E: regime with PeC, crit in red, E-S: regime with NS, crit in blue and S-
D: regime with the line whose ordinate intercept corresponds to the

PeS, crit, in green.IZ8l 63
Figure 3.11. Dependence of the drying regime borders on particle
aspect ratio. The lower the aspect ratio rp, the lower the boundaries are
located. The borders were simulated using the data available in the
literature and experimentally obtained. The dashed area for an rp =
0.03 is due to the lower tolerance in the simulation to obtain
CONVEIGENCE.IZBL ettt nneas 65
Figure 3.12. Influence of the rp on the critical values of the PeC and NS
for plate-like particles. Showing an increase of PeC, crit (left axis) and a
decrease of NS, crit (right axis) at higher values of rp (see Figure
B.10).E28L et 66
Figure 3.13. Influence of initial solvent and particle volume fraction in the
dry film on the drying regime maps at rp = 0.10. In the left diagram, the
borders were drawn using a constant particle volume fraction in the dry
film of ¢C, dry = 33.3 % and the initial solvent volume fraction is
modified, showing a reduction of the Diffusion regime. This is due to the
increase of the particle concentration, making it easier to fulfill the
condition of the Evaporation regime at lower PeC. On the right, ¢C, dry
is varied with a constant ¢S, 0 = 95 %, which hardly produces any shift
of the regime borders due to the low initial concentration ¢, 0.11281......67
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Figure 3.14. Drying regime map for spherical particles plotted in red

(rp = 1.00) and plate-like particles plotted in green (rp = 0.10), showing
how the patrticle size dC, the evaporation rate E0 and the initial coating
film height h0 affect how the particles are going to distribute over the dry
film height. Near the bottom center of the map are three cases at
increasing particle size with an evaporation rate of 0.01 pm/s, an initial
film height of 100 um, and particle diameters of 0.1, 0.5 and 1 ym: The
plate-like particles are plotted at the same conditions with an equivalent
diameter to achieve the same volume as their spherical counterparts. At
the center, three cases at increasing evaporation rates of

0.01,0.10, 1.00 um/s with a particle size of 1 um and a film height of

100 wm are shown. The remaining three cases with increasing film
height of 100,500, 1000 um with an evaporation rate of 0.01 pm/s and a
particle size of 0.1 pum are SNOWN. ......ceevvviiviiiiiiiieeeeeeeeeeeeeeee e eeeaaaeees 69
Figure 4.1. Drying regime map showing the limitations of the
experimental validations at a fixed particle aspect ratio rp = 0.1. By
increasing the evaporation rate EO, the experimental points move
diagonally upwards and vice versa. Changing the initial wet film height
h0 moves the experiments up and down in the chart.................c.ooeee 73
Figure 4.2. Left: three-dimensional micro 3D Raman image showing the
glass flakes’ distribution in a dry film qualitatively. The flakes with rp =
0.1 are marked with a colour gradient to indicate their position in the
film; PVA and regions with a low particle concentration (¢C < 80 %) are
marked in green. An Evaporation regime example from sample 1 at
logPeC = 5.20 and logNS = 0.06 (see Table 2) can be observed.®,
Right: average particle volume fraction extracted from the left image and
calculated using equation ( 4.1 ), showing a concentration gradient from
the bottom at 32 %, to the top at 52 %0......uveeeieeeiiiiiiieeeee e 75
Figure 4.3. Left: three-dimensional micro 3D Raman image showing the
glass flakes’ distribution in a dry film qualitatively. The flakes with rp =
0.1 are marked with a colour gradient to indicate their position in the
film; PVA and regions with a low particle concentration (¢C < 80 %) are
marked in green. A Diffusion regime example from sample 10 at

logPeC = 3.97 and logNS = 0.74 (see Table 2) can be observed.9.
Right: average particle volume fraction extracted from the left image and
calculated using equation ( 4.1 ), showing an almost homogeneous
distribution of the particles around 41 %.......cccceeeiiieiieiiiieieinieee e 75
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Figure 4.4. Integral average concentration profiles along the normalized
film height h/hdry, showing the three different regimes: Evaporation,
Diffusion and Sedimentation. The sample numbers used in this diagram
can be found in Table 2, the numbers are 2 for evaporation, 10 for
diffusion, and 8 for sedimentation.[®................cooeii i 76
Figure 4.5. Zoomed-in drying regime map of glass flakes at rp =

0.1 with all the evaluated experimental points. The area around the
points shows the error in the calculation of PeC. The letter near the
points denotes the observed regime in the dry: Evaporation regime E,
Diffusion regime D, and Sedimentation regime S.69...................cccooe.. 78
Figure 4.6. Proposed drying mechanism for the drying experiments near
the border between the Evaporation and Sedimentation regime, where
the particles tend to accumulate at the bottom and the top of the film but
due to the shrinkage of the film the particle distribution appears to be in
A DIffUSION FEOIME. ...uuiiiiiiii s 79
Figure 4.7. Graphene oxide flakes sedimentation velocity as a function
of volume fraction showing almost no change due to the extreme
dilution of the particles. The measurements were done at the Institute of
Mechanical Process Engineering and Mechanics (MVM). .........cccc...... 82
Figure 4.8. Optical microscope pictures of a 500 x 500 um2 coated fuel
cell membrane with an ink made of graphene oxide flakes and Fumion
ata =40Wm—2K —1 and T = 20 °C, where the image analyzing
software identified the particles marking them inred. ...........cccceeeinnnnn. 83
Figure 4.9. Graphene oxide and Fumion FSL1010 Raman spectral
information, showing the characteristic peaks from graphene oxide (D at
1350 cm — 1, G at 1580 cm — 1, and 2D at 2700 cm — 1) and the fluorine
peak of the ionomMer 720 cm — 1. ...ooovviiiiiiiiieieeeeeeeeeeeeeeeeeeeeee e 84
Figure 4.10. Averaged intensity ratio of graphene oxide along the
ionomer coating, showing an almost constant value of aGr = 0.12 at
different longitudes of the X axis. The coating was dried at a =

200Wm —2K —1 @and T = 20 °C. c..uuvueeeeeeiiiiieee e 85
Figure 4.11. 3-D Raman imaging of a Fumion - graphene oxide coating
dried at @ = 20 W m — 2K — 1 (upper image) and 40 W m — 2K — 1
(lower image) with T = 20 °C, showing a homogenous distribution in the
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Figure 5.1. Graphical summary of a quasi-binary approach using
discrete simulations for the particles and the polymer coordinate method
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Figure 5.2. Graphical representation of the driving forces acting on the
particle depending on its position along the film’s height. Substrate
energy and the interfacial force act on the systems borders, whereas the
Brownian and potential forces have an effect in the bulk. ..................... 93
Figure 5.3. 3-D Raman imaging of a composite film made of PVA and
PS dried at 30 °C and 30 Wm — 2K — 1. Two different PS particles with
different particle diameters of 3 ym and 1 ym were used. The image
shows that Raman spectroscopy is a good tool to qualitatively determine
the component distribution of different particle sizes and investigate the
stratification of bimodal SYSteMS..........ccoiiiiiiiie e 94
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the films were dried by three different HTC (« = 30,40,50 W m — 2K —
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particles are plotted in red. On the far-right diagram a concentration

gradient for the large particles can be observed. ..........ccccceeiiiiiiiiiiinnn. 96
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7 Appendix

7.1 Adaptation of the state of the art simulation

The simulation of the mass transfer process begins shortly after the coat-
ing process, where all the plate-like particles are already aligned with the
substrate. Using the same approach used and developed by Baesch et
al.[?l the system is considered quasi binary. That means the interactions
between particles and the polymer solution are separated from the inter-
actions between polymer and solvent.

The average volume velocity of the ternary system u"* is obtained as the
sum of all velocities of each individual component V; - n;, as shown in
equation ( 7.1 ). The sum can be grouped in the binary term marked in
red and the contributions of the particles.

uV’t=‘75'Tis+17p'ﬁp+[7€'ﬁC=ub't+]75'ﬁc (7.1)

The conservation equation of the drying corresponds to the dynamic dif-
fusion equation.
a¢; d
=g (7.2)
ot 0z
The sedimentation and diffusion coefficients are included as it follows with
the diffusions coefficient also considering the mass dependence and the
maximal packing concentration.

. 0 a¢ .
nc=_a_Z[Dc(¢c)'a_ZC+Uc(¢c)'Cc (7.3)
The molar flux for the binary polymer-solvent system derives from the
Fick’s law.
aeP

3b — —_
nl - DP,S(XS) aZ (74)

wherei =S, P

The binary concentration can be converted to ternary with the following
relation.
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5'
~ L
&b —

o1 — ¢ (7.5)

where i =S,P

Analog to the equation ( 7.1 ) the total ternary flux can also be divided in
binary and the contribution of the particles

n, =0l +¢é -V ne (7.6)
Substituting the relation ( 7.5) in ( 7.4 ) results in the ternary conservation
equations for the polymer and the solvent
ac; LG 0¢¢
1—¢c 0z (1—¢¢)? 0z

n; = —Dp s(Xs) - < ) 6 Ve e (7.7)

where i =S, P

Considering no significant changes in the volume the conservation equa-
tion can be written in terms of the volume fraction by multiplying by the
specific volume V;, as it follows

at = 97 ¢ " oz doe oz T Ueo(n)

K(¢e) - ¢c]

ap;, 0 1 09y i 0
6¢; Z[ ps(X. s)( ¢+¢—%>+¢i'rc]

(7.8)

—¢c 0z (A—¢c)? 0
where i =S, P

The initial concentration is assumed to be homogeneous along the film.
The boundary conditions are the evaporation at the top of the film, and
the impermeable substrate at the bottom. The shrinkage due to solvent
leaving the film produces an advection term at the phase boundary h(t)
on the total mass flux of each component as shown in (7.9)

flilz:h(t) =ji+¢é- UEvap =ji+é¢- [75 : flEvap ( 7.9 )

Solving for the diffusion term and writing it as volume flux
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Jji = flilz:h(t) =G ‘75 ' ﬁEvap ( 7.10 )
Fi = I71 ' 7;lilz:h(lt) - ¢i : ]75 : 7;lEvap ( 7.11 )

The boundary conditions in terms of the volume flux are

VE>0:Tl,0=0 (7.12)
ilz=h(t) ¢L N Evap (7.13)

where i = P,C
Vi>0: I“S|z=h(t) = (1 _¢S) '175 'flEvap (7-14)

The evaporation of the solvent is modeled with a viscous limit layer at the
phase boundary using the integrated expression ( 7.15 ) for 7c"* [20]

flgvap = ﬁgas : .Bs,air -In <11+S~EZ‘)> ( 7.15 )
Vs

where, fs 4 is the mass transfer coefficient from the phase boundary to
the top of the limit layer. The gas molar density is psand $3(T) is the tem-
perature-dependent solvent concentration at the phase boundary, it is
considered the same concentration as in thermodynamic equilibrium, and
¥¢° is the solvent concentration in the incoming air. In this work it is as-
sumed that the air is completely dry.

The concentration at the phase boundary is modeled according to the
Raoult's law 35(T) = as - ps(T)/pro: With the solvent activity from the
Flory-Huggins solution theory['5¢l, The concentration dependence of the
binary interaction parameter yp s can be obtained from sorption and de-
sorption measurements at defined thermodynamic conditions[*57.1581, For
PVA-Water the interaction parameter was studied by Jeck et al.[84

Inag = (1 —¢p) + dp + xps - (Pp)?
Xps = 5.9340 — 5.4556 - ($2)00725

(7.16)

The film thickness is obtained from the mass balance at the phase bound-
ary. It is supposed that the drying occurs only at the top of the film and
the film shrinkage is one dimensional.
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dh A .

—r=—E=-0 RV (7.17)
The nondimensionalization of the system, is done with the characteristic
length hy and time t¢pq, = ho/E,. The initial drying rate is calculated using
the expression ( 7.18).

. A 1—-9¢ 7.1

Ey = ﬁgas Vs - ﬁs,air -In <1X753g)) ( ° )
Vs

This leads to the inclusion of the Péclet and Sedimentation numbers into

the equation system, and thus the dimensionless equation system ( 7.19

) and ( 7.20 ). The change on the drag coefficient is acknowledged

through the binary relative viscosity 7,.;(¢5) based on the initial polymer

concentration.

%_a_n_g[ K@) dlz(bc) bcl dbe
ot 0z 0Z|Pec  Mrer(dp) doc 0z (7.19)
+ Ny - K(‘Ibc) ® ]
nrel(d)P)

fori=S,P

d¢; _ 0 dp(d’s)'( 1 _6¢i+ ¢ 9
ot 9zl Pep bc 0z (1—¢po)? 0z

)+¢l rc] (7.20)

The zero-shear viscosity’s concentration dependency of the aqueous
PVA can be found on the experimental section of this work. It is important
to notice that dimensionless evaporation rate E in equation ( 7.21 ) does
not require the mass transfer coefficient to be calculated, making it inde-
pendent of the air velocity.

dh E In (%)
e Y S Sk LA (7.21)
dt E, | ( ySo(T)>
n(—-2s0~
1-y¢°
The dimensionless boundary conditions are as it follows,
Z=0V71>0 =0 (7.22)
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B ~ 1— AL
Z=h(tr)VT>0 FS:—( ¢s) - Vs - 7is (7.23)
Ey
7=h(t)V1> 0;_f(;:r;') - b, - I7SE. nver (7.24)
=C, :

The simulation is carried out with the initial concentration, temperature,
aspect ratio, Pe. and Ng as input parameters. The Péclet number for the
polymer Pe, is obtained from the Pe. and the diffusion ratio polymer-sol-
vent / particle-polymer solution.

D
Pe, = Pe, - <D ) (7.25)

S,P,0
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7.2 Viscosity curves
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Figure 7.1. Viscosity of aqueous PVA solutions at T = 40 °C and different volume
fractions as a function the shear rate.
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Figure 7.2. Viscosity of 3% v/v aqueous PVA plate-like particle dispersions at T =

40 °C and different volume fractions as a function the shear rate.
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7.2.1 Determination of the overlap concentration

The overlap concentration at 40 °C for the binary PVA aqueous solution
is determined by measuring the viscosity at different polymer volume frac-
tions ¢f. The transition for [n]¢¢ overiap iS Obtained by fitting the points
and adding measurements to one side or the other until the coefficient of
determination r2? reaches a maximum on the diluted and concentrated
regimes.

1000 -

-

o

o
1

Specific viscosity (ng,) [-]
S
al

Polymer content ([n]65) [-]

Figure 7.3. Determination of the overlap concentration for aqueous PVA at T =
40°C.
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7.3 Diffusion coefficient for PVA-water

The PVA diffusion coefficient in water were determined using drying ex-

periments and measuring the concentration in wet film via IMRS as de-

scribed by Siebel et al.#Y The automatize program to obtain the spectral
information can be found in Section 7.7

A+ BX;

Dp,s = exp <_ 1+ cxs>

28,73
60,44
2,632

107 5 T T T T T T T T T T

=
<
o
1
1

10-11 __.

Diffusion coefficient [m?/s]

N
<
N

T T T T T T T T T
0.0 0.5 1.0 15 2.0 25 3.0
Water loading [g/9]

Figure 7.4. Diffusion coefficient of PVA in water as a function of the water loading
at 40°C. The experimental data is fitted using equation ( 1.1).
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7.4 Sedimentation rate measurements at 12g
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Figure 7.5.Cumulative velocity distribution and logarithmic velocity distribution
density as a function of the sedimentation velocity of a 3% v/v PVA glass flakes
aqueous dispersion at 40 °C. The measurements were obtained at Institute of
Mechanical Process Engineering and Mechanics (MVM).
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Figure 7.6.Cumulative velocity distribution and logarithmic velocity distribution
density as a function of the sedimentation velocity of a 3% v/v PVA glass flakes
aqueous dispersion at 40 °C. The measurements were obtained at Institute of
Mechanical Process Engineering and Mechanics (MVM).
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Figure 7.7.Cumulative velocity distribution and logarithmic velocity distribution
density as a function of the sedimentation velocity of a 3% v/v PVA glass flakes
aqueous dispersion at 40 °C. The measurements were obtained at Institute of

Mechanical Process Engineering and Mechanics (MVM).
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7.5 COMSOL automatized script
//Initialization with number of points

int n = 500;
int it = 0;

//Variable declaration

double Pe S[] = new double[n];
double N S[] = new double[n];

//Sedimentation number interval

N S[0] = le-4;
= le4d;

double M[][] = new double[n] [2];
for (int 1 = 0; 1 <= n-1; ++1i) {

N S[i] = Math.pow (10,
Math.loglO(N_S[0])+i*((Math.loglO(N_S[n-1])-
Math.loglO(N _S[0]))/(n-1)));

}

double error;
double[] [] phi x;
int it max = 100;

double tol

le-4;

double x n[] = new double[it max+3];

x n[0] = model.param().evaluate ("Pec");
x n[l] = 1.0003*x n[0];

double f n[] = new double[it max+3];
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phi x = evaluateToDoubleArrayZD(model.result () .numer-
ical ("max1l™));

//Initialization

)

model.param() .set ("Ns", N _S[0]);
model.param() .set ("Pec", x n[0]);

model.study ("stdl"™) .run () ;

phi x = evaluateToDoubleArray?D(model.result () .numer-

ical ("max1™));

f n[0] = phi x[0] [0]-model.param() .evalu-
ate("phi C m")*0.9;

model.param() .set ("Pec", x n[1l]);

model.study ("stdl") .run() ;

phi x = evaluateToDoubleArrayZD(model.result () .numer-
ical ("maxl1l™));

f n[1] = phi x[0] [0]-model.param() .evalu-
ate("phi C m")*0.9;

x n[2] Math.abs (x_n[1]-f n[1]*((x n[1]-
x_n[0]1)/(£f_n[l]-f n[01)));

error = Math.abs((x n[2]-x n[1])/x n[1]);
//Main iteration loop
for (int a = 0; a <= n-1; ++a) {

if (a > 0) {
model.param() .set ("Ns", N _S[a]);

x n[0] = x n[it-2];

model.param() .set ("Pec", x n[0]);
model.study ("stdl") .run () ;

phi x = evaluateToDoubleArray2D (model.re-
sult () .numerical ("max1l"));
f n[0] = phi x[0] [0] -model.param() .evalu-

ate("phi C m")*0.9;
x n[l] = x n[it-1];
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model.param() .set ("Pec", x n[l]);
model.study ("stdl"™) .run () ;

phi x = evaluateToDoubleArray2D (model.re-
sult () .numerical ("max1l"));
f n[l] = phi x[0] [0]-model.param() .evalu-

ate("phi C m")*0.9;

x nl[2] = Math.abs(x n[1]-f n[1]*((x n[1]-

x_n[0])/(f_n[1]-f_n[01)));

}

//Main iteration loop
do {

model.param() .set ("Pec", x n[it-1]);
model.study ("stdl") .run () ;

phi x = evaluateToDoubleArray2D (model.re-
sult () .numerical ("max1l")) ;
f nfit-1] = phi x[0] [0]-model.param() .evalu-

ate("phi C m")*0.9;

x nl[it] = Math.abs(x n[it-1]-f n[it-1]1*((x n[it-
11-x n[it-2])/(f n[it-1]-f n[it-2])));

error = Math.abs((x n[it]-x n[it-1])/x nl[it-1]);
it = 1it+1;

} while (it < it max && error > tol);

Pe S[a] = x n[it-1];

for (int 1 = 0; i <= n-1; ++1i) {

M[i][1] = Math.loglO(Pe S[i]);
M[i][0] = Math.loglO(N S[i]);
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}
String[][] stringMatrix = toString (M) ;

//the path of the output-excel-file with the results
writeExcelFile("path", stringMatrix);
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7.6 MATLAB imaging script

tic
clear all
clf
clc

PS=importdata(''); % Component 1
PVA=importdata(''); % Component 2

W PS=interp(PS(:,1),4);

I PS=interp(PS(:,2),4);

I PVA=interp (PVA(:,2),4);

I PS=sgolayfilt(I_PsS,3,21);

I PVA=sgolayfilt (I PVA, 3,21);

x_2=find (abs (W_PS-2500)==min (abs (W_PS-2500))) ;
x_1=find (abs (W_PS-3650)==min (abs (W_PS-3650))) ;

n I(:,1)=I PS-min(I_PS);
n I(:,1)=n I(:,1)/max(n I(:,1));

n I(:,2)=I PVA-min(I_PVA);
n I(:,2)=n I(:,2)/max(n I(:,2));

[fileID, pathname]=uigetfile('.txt', 'Wahlen Sie ein 3D
Mapping') ;
A=importdata ([pathname, fileID]) ;

’

(2:end, 2);
(2:end, 1) ;
=A(2:end, 3)
y=unique (Y) ;
x=unique (X) ;
z=unique (Z) ;

Y=A
X=A
Z .

’

W=A(1l,4:end);
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for i=1l:length (y)

mean index=find(A(2:end,1)==y (1))’

I mean(:,1i)=mean (A (mean_index,4:end));
end

parfor i=2:length(A(l:end, 3))
I(:,i-1)=sgolayfilt(interp(A(i,4:end),4),3,21);
I(:,1i-1)=medfiltl(I(:,1i-1),7);

end

plot (mean(I'));

ylabel ('Intensitat [a.u.]")

xlabel ('"Raman Shift [1/cm]")
[xi,yi] = getpts;

xi=round (x1i) ;
textprogressbar ('Fortschritt: ');
for j=l:1length(I(1,:))

clear m b
m(1l)=(I(xi(1)
b(1)=I(1,3)-m

,J)-I(1,3))/ (xi(1)-1);
(1)

for i=l:length(xi)-1
m(i)=(I(xi(i+1),3)-I(xi(i),3))/(xi(i+1)-xi(1));
b(i)=I(xi(i+1),3)m(i)*xi(i+1);

end

m(end+1)=(I(end,j)-I(xi(end),j))/ (length(I(:,1))~-
xi(end));
b (end+1)

I~

I(end,j)-m(end)*length(I(:,1));
y basis(l:xi(1),J)=(1l:xi(1))*m(1l)+b(1);
for i=l:length(xi)-1

y_ba-

Sis(xi (1) :xi(i+1),7)=(xi(i) :xi(i+1))*m(i)+b(i);
end
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y_ba-

sis(xi(end) :length(I(:,1)),3)=(xi(end):length(I(:,1))
) *m (end) +b (end) ;

I basis(:,3)=I(:,])-y basis(:,]);

textprogressbar (floor (j/ (length (I (1,:))-1)*100));

end

textprogressbar ('fertig!");

parfor i=l:length(I(1,:))
nIm(:,1)=I(x 1:x 2,1)
nIm(:,1)=n I m(:,1)/max

end

parfor i=l:length(I(1,:))

a=fmincon (@ (alpha)error2f (alpha(l),x 1,x 2, [al-
pha(2),al-
pha(3)],n I m(:,1i),n I),[0.5,18*4,12*4],([],T[]1,I[1,[1,I
0,-20*4,-20*4]1,[1,20%4,20*4]);

a r(:,i)=a;

[eqf (1) ,I _fit(:,1)]=er-
ror2f(a(l),x 1,x 2,[a(2),a(3)],n I m(:,1),n I);
end

omega=a r(l,:)./(l-a r(l,:));
X PS=omega/1.89; % Calibration constant here

X_PS=X _PS';

n X=zeros (length(X PS),1);
n X=X PS-min (X PS);

n X=n X/max(n X);

Kor=A(2:end,1:3);

for i=l:length (x)
for j=1l:length(y)
for k=1l:length(z)
index=find(Kor (:,1)==x(1i) &
Kor (:,2)==y(3j) & Kor(:,3)==z(k));
K m(k,j,1i)=X PS(index);
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n K(k,j,1i)=n X (index);
end
end
end

clf

surface(y,z,K m(:,:,13))
colorbar

shading interp

colormap (jet)

axis equal

xlabel ("X [pm]"')

ylabel ('Z [um]")

toc

function [eqgf,I fit]=er-
ror2f(a,x 1,x 2,shift,I n m,I n r)
shift=round(shift);
I fit=a*I n r(x l+shift(l):x 2+shift(1l),1)+(1-
a)*I n r(x l+shift(2):x 2+shift(2),2);
I fit=I fit-min(I fit);
I_fit=I_fit/max(I_fit);

epsilon=abs (I _fit-I n m);

eqf=sum(epsilon) "2;
end
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7.7 Visual Basic Script (VBS) for the in situ Raman
measurements

'=== Skript flr Trocknungsversuche von Max ===
! adaptiert von 3D.vbs von Victor 2020/01
! Last modified: 10.01.2020

'=== START ===

Option Explicit
]

'=== VARIABLE DECLARATIONS ===

'-—- filesystem related variables

Dim dataPath, dataFolderName ' data basefolder
/ data folder name

Dim folderList, filelList ' sortable lists
Dim fso, f, file ' file system ob-
jects

Dim folder

Dim isCreateFolder

Const MB OK = 0

Const MB ICONERROR = 60

'-—- config related values

Dim configPath

Dim abortFile

Dim zMin, zMax, zIncrement ' z positions
from config file

Dim tExposure

Dim isAutoAbort ' abort according
to intensity drop?

Dim strRun

Dim tWait ' delay between
depth scans

Dim zPrecision

Dim dteWait

'-—- settings related variables

Dim workingDistance
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Dim nIMax ' amount of tol-
erable pixel errors in single spectrum

Dim tDiffMin ' min. time dif-
ference for new folder

Dim numberIntensityMax ' number of past
intensities to consider for auto abort

Dim IFactor ' factor for in-

tensity abort
'-—- spectrum related variables

Dim ScanCnt ' depth scan
counter

Dim ScanCntOffset ' depth scan off-
set if existing experiment is continued

'-—- other

Dim Param ' uninitialized

variable for empty paramter list in LabSpec.Exec
'-—- return values --> NECESSARY?

Dim SafeSucc 'Return_Safe

Dim SuccVal

'—=—= SETTINGS ===

]

dataPath = "D:\56 Gracia\00 Victor\00 Trocknungsver-
suche" ' basefolder For data

configPath = "D:\56 Gracia\00 Victor\LabSpec-Parame-
ter.cfg"

abortFile = "D:\56 Gracia\00 Victor\LabSpec-Ab-
bruch.cfg"

tDiffMin = 3 ' min. time dif-

ference from last depth scan for new folder in
minutes

workingDistance = 180 ' in um, specific
for microscope objective

nIMax = 3 ' amount of tol-

erable pixel errors in spectrum

numpberIntensityMax = 5 ' amount of past

max. intensities to consider for auto abort

IFactor = 0.3 ' factor for in-

tensity abort

zPrecision = 1 ' precision of

z position
Al
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'=== SUBROUTINES ===
]
'=== create formatted date time (YYYY-MM-DD HH-MM-SS)
from current system value

" ———

Function getFormattedDateTimeNow
Dim dateNow, year, month, day, hour, minute, sec-
ond
dateNow = Now ()
year = DatePart ("yyyy", dateNow)
month = Right ("00" & DatePart("m", dateNow), 2)
day = Right ("00" & DatePart ("d", dateNow), 2)
hour = Right ("00" & DatePart ("h", dateNow), 2)
minute = Right ("00" & DatePart("n", dateNow), 2)
second = Right ("00" & DatePart("s", dateNow), 2)
getFormattedDateTimeNow = year & "-" & month & "-
" & day & " " & hour & "-" & minute & "-" & second
End Function

Function getFormattedDateTime (dateTime)
Dim dateNow, year, month, day, hour, minute, sec-
ond
dateNow = dateTime
year = DatePart ("yyyy", dateNow)
month = Right ("00" & DatePart("m", dateNow),
day = Right ("00" & DatePart ("d", dateNow), 2)
hour = Right ("00" & DatePart ("h", dateNow), 2)
minute = Right ("00" & DatePart("n", dateNow), 2)

2)

second = Right ("00" & DatePart("s", dateNow), 2)
getFormattedDateTime = year & "-" & month & "-" &
day & " " & hour & "-" & minute & "-" & second

End Function
'=== wait for motor (piezo) movement to finish

| [——

Private Sub MotorMove (Motor, Schritt)
Dim ret
ret = 1
ret = LabSpec.MoveMotor (Motor, Schritt, 1, 0)
Do While ret <> 0
ret = LabSpec.GetMotorStatus (Motor, 0)
Loop
End Sub
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'=== display complete arraylist (for debug)

| [ —

Private Sub printList (list)
Dim message, element
message = ""
For Each element in list
message = message & vbCrlf & element
Next
LabSpec.Message message, MB OK
End Sub
Private Sub printArray(array)
Dim message
message = ""
Dim 1,7
For i = 0 To UBound(array, 1)
message = message & i & ":"
For j = 0 To UBound(array, 2)

message = message & vbTab & array(i,J)

Next

message = message & vbCrlf
Next
LabSpec.Message message, MB OK

End Sub
'=== transpose txt file

| [—

Function FileToArray(filePath)
Dim file
Dim strRawData
Dim rowsRaw
Dim iRow, iColumn
Dim nRows, nColumns
Dim strRowArray
Dim strDataArray ()

Const FoReading = 1
Const FoWriting = 2

'-—- read file to string

Set file = fso.OpenTextFile(filePath, FoReading,

False)
Do While file.AtEndOfStream <> True
strRawData = file.ReadAll
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Loop
file.Close

'-—- ensure that file is not empty

If Trim(strRawData) <> "" Then
rowsRaw = Split (strRawData, vbNewLine)
nColumns = UBound(Split (rowsRaw(0), vbTab)) +

End If '--- exception handling for empty files
not given

'--- set array dimensions

If rowsRaw (UBound (rowsRaw)) = "" Then
ReDim strDataArray (UBound(rowsRaw) - 1, nCol-
umns - 1)
Else

ReDim strDataArray (UBound (rowsRaw), nColumns
- 1)
End If
'--- convert string to array
For iRow = 0 To UBound (rowsRaw)
If rowsRaw (iRow) = "" Then
'-—- stop at blank line at EOF
Exit For
End If
strRowArray = Split (rowsRaw (iRow), vbTab)
For iColumn 0 To nColumns - 1
strDataArray (iRow, iColumn) =
strRowArray (iColumn)
Next
Next

FileToArray = strDataArray
End Function
'=== transpose string array and write it to file

Sub ArrayTransposedToFile (filePath, strDataArray)
Dim file
Dim strRawRow
Dim 1,7
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Const FoWriting = 2

Set file = fso.OpenTextFile(filePath, FoWriting,

True)

strRawRow = ""

—-—— dimension 2 was columns will be rows
For i = 0 To UBound(strDataArray, 2)

'-—— dimension 1 was rows will be columns
For j = 0 To UBound(strDataArray, 1)

If j = UBound(strDataArray,
strRawRow = strRawRow &
strDataArray(j, i)
Else
strRawRow = strRawRow &
strDataArray(j,1i) & vbTab
End If
Next
file.WritelLine (strRawRow)
Next
file.Close
End Sub
'=== subroutine for single depth scan

1) Then

Sub DepthScan (tExposure, zMin, zMax, zIncrement,

ScanCnt)
'--- acquisition related variables
Dim isFirstSpectrum
Dim currentDateTime

Dim SpectrumID ' Spectrum Nummer

Dim zPosTarget, zPosCurrent
Dim i

Dim ProfileID

Dim fileName, fileNameNew

'-—- intensity cutoff related variables

Dim DataArray ()
ten Messspektrum
Dim IMaxCurrent

' Intensitae-

Dim maxIntensityList, maxIntensityListSorted
Set maxIntensitylList = CreateObject ("System.Col-

lections.ArrayList")
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Dim Datalist
'-—-- data management
Dim strDataArray

Dim dateModified
'-—- timer (use integral timer2 instead)
Dim lastTime, currentTime

Dim times|()

Dim timeAverage

'———timer2

Dim lastTime2, currentTime?2

Dim time?2

Dim timeAverage?2

Dim nSpectra

isFirstSpectrum = True
zPosTarget = zMin
nSpectra = 0

currentDateTime = getFormattedDateTimeNow

'-——timer2 start
lastTime2 = Timer

Do While zPosTarget =< zMax
'-——timerl start (use integral timer2 in-
stead)
' lastTime = Timer

'-—— move to desired z position

MotorMove "Z", zPosTarget

'--- get actual z-position (due to piezo
clipping at +-171 um / rounded to precision given in
settings)

zPosCurrent = Round (LabSpec.GetMotorPosi-
tion("z", 1), zPrecision)

'-—- Acquire Spectrum
LabSpec.Acq 0, tExposure, 1, 0, O
nSpectra = nSpectra + 1

Do
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SpectrumID = LabSpec.GetAcgID() ' Wait
until Spectrum is ready (acquisition is done)
Loop Until SpectrumID > 0

If isFirstSpectrum = True Then
'-—- Create a profile With the first
Spectrum
ProfileID = LabSpec.Profile (0, 0, Spec-
trumID, zPosCurrent, "mm", "Tiefe") ' Mode (0: cre-
ate, 1: add), ProfileID (only when mode:create),
SpectrumID, extra dimension value, Unit, Label

isFirstSpectrum = False
Else
'-—- add spectrum to existing profile
ProfileID = LabSpec.Profile(l, ProfilelD,
SpectrumID, zPosCurrent, "mm", "Tiefe")
End If

LabSpec.Exec ProfileID, 0, Param !
Show Profile

'-—- save spectra (in z loop, in order to re-
tain data if depth scan was aborted in LabSpec)

fileName = dataPath & "\" & dataFolderName &
"\" & currentDateTime & " " & "Tiefenscan " &
Right ("00" & ScanCnt, 3)

SafeSucc = LabSpec.Save (ProfileID, fileName &
".tvf"’ "tvf")

SafeSucc = LabSpec.Save (ProfileID, fileName &
"otxt", "txt")

'-——- auto abort due to intensity cutoff
If isAutoAbort = "JA" Then
'-—- current spectral intensity data to
array
SuccVal = LabSpec.GetValue (SpectrumlD,
"Data", DataArray)
' LabSpec.Message "SuccVal: " & SuccVal ,
MB_NON BLOCKING+MB OK
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'-—- transform array to ArraylList object
for easy sorting

Set DatalList = CreateObject ("System.Col-
lections.ArrayList")

For i = 0 To UBound(DataArray)

DatalList.Add DataArray (i)

Next

DatalList.Sort ()

DatalList.Reverse ()

'-—- extract n'th highest element
IMaxCurrent = Datalist (nIMax)

If maxIntensityList.Count > 0 Then

'-—- create a copy of past intensity
list for sorting

Set maxIntensityListSorted = Cre-
ateObject ("System.Collections.ArrayList")

maxIntensityListSorted.AddRange (max-—
IntensityList)

maxIntensityListSorted.Sort ()

maxIntensityListSorted.Reverse ()

' printList maxIntensityListSorted

If IMaxCurrent < IFactor * maxInten-
sityListSorted(0) Then
MotorMove "Z", zMin
' LabSpec.Message "STOP due to
intensity cutoff", MB OK
Exit Do
End If
End If

'-— add nIMax'th highest Value to list
maxIntensityList.Add DataList (nIMax)

If maxIntensityList.Count > numberInten-
sityMax Then

LabSpec.Message "deleted one ele-
ment", MB OK

maxIntensityList.Remove (maxInten-
sityList.Item(0))
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End If
End If

'-—- Abort individual depth scan manually
If fso.FileExists (abortFile) Then
fso.DeleteFile abortFile
Exit Do
End If

--- timerl end (use integral timer2 instead)
currentTime = Timer
If zPosTarget = zMin Then
ReDim times (0)
' Else
ReDim Preserve times (UBound(times)+1)
' End If
times (UBound (times)) = currentTime -
lastTime

zPosTarget = zPosTarget + zIncrement
Loop

currentTime?2 = Timer

time2 = currentTime?2 - lastTime2

'timeAverage?2 = time2 / (CLng((zMax - zMin) /
zIncrement) + 1)

timeAverage2 = time2 / (CLng((zPosTarget - zMin)
/ zIncrement) + 1)
timeAverage2 = time2 / CLng(nSpectra)

'-—- rename to DatelLastModified (MoveFile does
NOT change the actual DatelastModified)
dateModified = fso.GetFile(fileName &
".tvf") .DateLastModified
fileNameNew = dataPath & "\" & dataFolderName &

"\" & getFormattedDateTime (dateModified) & " " &
"Tiefenscan " & Right ("00" & ScanCnt, 3)
fso.MoveFile fileName & ".txt", fileNameNew &
"Ltxt"
fso.MoveFile fileName & ".tvf", fileNameNew &
"LotvE"
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--- calculate average measurement time per spec-
trum (use integral timer2 instead)

' For 1 = 0 To UBound (times)
' timeAverage = timeAverage + times (i)
' Next
' timeAverage = timeAverage / (UBound (times) + 1)

'-—- transpose data in file
strDataArray = FileToArray(fileNameNew & ".txt")

strDataArray (0, 0) = Replace (FormatNumber (timeAv-
eragezlzl_ll O/ O) /"/"/"-")

ArrayTransposedToFile fileNameNew & ".txt",
strDataArray
End Sub

A\l

'=== MAIN PROGRAM ===

-—- check if data folder empty or last depth scan
older than tDiffMin minutes, if yes create new
folder, otherwise continue using last folder
Set fso = CreateObject ("Scripting.FileSystemObject")
If fso.GetFolder (dataPath) .SubFolders.Count = 0 Then
isCreateFolder = True
Else
Set folderList = CreateObject ("System.Collec-
tions.ArrayList")

For Each folder In fso.GetFolder (dataPath) .Sub-
Folders
folderList.Add folder.Name
Next
folderList.Sort ()
folderList.Reverse ()

If fso.GetFolder (dataPath & "\" & folder-
List (0)) .Files.Count = 0 Then
isCreateFolder = True
Else
'-—- get all files in existing subfolder and
set depth scan offset accordingly
Set filelist = CreateObject ("System.Collec-
tions.ArrayList")
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For Each file In fso.GetFolder (dataPath & "\"

& folderList (0)) .Files

If Right(file.Name, 4) = ".txt"
fileList.Add file.Name
End If

Next
fileList.Sort ()
filelList.Reverse ()

'-—- extract date from folder name
Dim year, month, day, hour, minute,
year = Mid(fileList (0), 1, 4)

month = Mid(fileList (0), 6, 2)
day = Mid(fileList (0), 9, 2)
hour = Mid(fileList(0), 12, 2)
minute = Mid(fileList (0), 15, 2)
second = Mid(fileList (0), 18, 2)
Dim fileDate
fileDate = CDate(day & "." & month
year & " " & hour & ":" & minute & ":" & se
If DateDiff("n", fileDate, Now()) >=
Then
isCreateFolder = True
Else
dataFolderName = folderList (0)
ScanCntOffset =
CLng (Left (Right (fileList (0), 7), 3))
isCreateFolder = False
End If
End If
End If

If isCreateFolder True Then
'-—— Create folder for measurement data
dataFolderName = getFormattedDateTimeNow
Set f = fso.CreateFolder (dataPath & "\"

FolderName)

End If

Then

second

& ll." &
cond)

tDiffMin

& data-
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'-—- read config for first time (in order to get zMax
BEFORE first scan execution)

Set file = fso.OpenTextFile (configPath, 1) ' 1: read
only

strRun = file.ReadLine

tExposure = CDbl (Replace(file.ReadLine, ".", ","))
zMin = CDbl (Replace(file.ReadLine, ".", ","))

zMax = CDbl (Replace(file.ReadLine, ".", ","))
zIncrement = CDbl (Replace(file.ReadLine, ".", ", ™))
tWait = CDbl (Replace(file.ReadLine, ".", ", ™))

isAutoAbort = file.ReadLine
file.close

'-—- safety feature works only if zStart
face between glass substrate and film)
If zMax > workingDistance Then

LabSpec.Message "zMax too large",MB OK + MB ICON-
ERROR
Else

'-—- loop through individual depth scans (999
limit due to 3 digit filename numeration)

For ScanCnt = 1 To (999 - ScanCntOffset)

'--- read config (after depth scan because
this way STOP and DELAY changes during scan will be
considered before next scan)

Set file = fso.OpenTextFile(configPath, 1) !
1: read only

strRun = file.ReadLine

'-—- apparently decimal symbol must be ",",
so conversion is optional at current setup

0 (inter-

tExposure = CDbl (Replace(file.ReadLine, ".",
","))

zMin = CDbl (Replace(file.ReadLine, ".", ", ™))

zMax = CDbl (Replace(file.ReadLine, ".", ","))

zIncrement = CDbl (Replace(file.ReadLine, ".",
'l,'l))

tWait = CDbl (Replace(file.ReadLine, ".",

isAutoAbort = file.ReadLine
file.Close

'-—- perform depth scan
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DepthScan tExposure, zMin, zMax, zIncrement,
(ScanCnt + ScanCntOffset)

'-—- read config (after depth scan because
this way STOP and DELAY changes during scan will be
considered before next scan)

Set file = fso.OpenTextFile (configPath, 1) !
1: read only

strRun = file.ReadLine

'-—- apparently decimal symbol must be ",",
so conversion is optional at current setup

tExposure = CDbl (Replace(file.ReadLine, ".",
","))

zMin = CDbl (Replace(file.ReadLine, ".", ", "))

zMax = CDbl (Replace(file.ReadLine, ".", ","))

zIncrement = CDbl (Replace(file.ReadLine, ".",
","))

tWait = CDbl (Replace(file.ReadLine, ".",

isAutoAbort = file.ReadLine
file.Close

'-—- check for stop command

If strRun = "STOP" Then
MotorMove "Z", O
Exit For

End If

'-—— wailt for next measurement
dteWait = Timer + tWait
Do Until (Timer > dteWait)
Loop
Next
End If
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