ABSTRACT

ISLAM, MD DIDARUL. Template-free Scalable Fabrication of Linearly Periodic
Microstructures. (Under the direction of Dr. Jong Eun Ryu).

Periodic micro/nano-scale structured surfaces from nature have inspired numerous
scientific studies to adapt design and construction from such ordered surfaces for various
applications, including superhydrophobic (SHPo) drag-reduction. However, one primary concern
of practical applications of such periodic microstructures remains the scalability of conventional
microfabrication technologies. This study demonstrated a simple template-free scalable
manufacturing technique to fabricate linearly periodic microstructures by controlling the ribbing
defects in the forward roll coating. Viscoelastic composite coating materials were designed using
carbon nanotubes (CNTs) and polydimethylsiloxane (PDMS) to obtain the desired ribbing
geometry. The ribbing behaviors during the roll coating were controlled with process parameters
that resulted in variable periodicity of the microstructures with a spacing of 114 — 700 um. The
ribbing patterns showed a transition from the linear alignment to a random structure as the
instability driving force (i.e., the capillary number) increased. Those nanocomposite surfaces with
the ribbing microstructures showed a high Wenzel roughness factor (r) that ranges from 1.6 to 3.6,
which resulted in water contact angles of 128° to 158°, respectively. The bottom of a 3D printed
model boat was coated with the nanocomposite film featured with the linearly-aligned
microstructures to demonstrate the hydrodynamic friction reduction. The 3D printed boat showed
7 — 8% faster speed than the boat with a flat PDMS film when towed in a static water pool. In
addition, the boat with the microstructured coating showed an 11.9% increased loading capacity
by weight. On the other hand, the CNT-PDMS composite materials showed the reinforcement in

mechanical properties as the cohesive failure occurs at 7 N force, whereas the bare-PDMS fails at



3.6 N. In addition, CNT-PDMS films showed electric conductivity, where the sheet resistance
reduces from 747.84 to 22.66 o/o with 0.3 — 1.5 vol% of CNTSs addition. The increased electrical
conductivity enables the potentiality of plastron regeneration capabilities in the SHPo drag-

reduction.
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CHAPTER 1 : Introduction

1.1 Motivation

Regarding micro/nano-scale structures, nature has been far ahead of human-developed
technology. With applications that include superhydrophobicity [1,2], self-cleaning [3], anti-
icing [3], anti-biofouling [4], biological sensors [4], and radiative cooling [4], mimicking nature's
micro/nano-scale structures are becoming integral to current research endeavors. These
micro/nano-scale structures have provided biological systems with unique functionalities for
millions of years [5-7]. For example, Namib Desert Beetles use the superhydrophobic-
superhydrophilic micropatterned skin to harvest water from fog [8-10]. Plants such as lotus
utilize leaf microstructures to influence wetting behavior and enable self-cleaning [8,11]. Sharks'
unique skin morphology augments the near-wall vorticity during turbulent flow. This
augmentation reduces the skin-friction and enables sharks to be one of the most efficient
swimming species in the ocean [12-14]. These drag-reducing microstructures are of particular
interest to the scientific community. Thus, researchers have focused on periodic microstructures
aligned in the flow direction, similar to sharkskin. In prior modeling and experimentation,
researchers have decreased drag by using different variations of linear periodic microstructures.
For example, Xu et al. developed a series of linear micro-trenches demonstrating a maximum
drag reduction of approximately 30% in high Reynolds number applications [15]. Additionally,
Park et al. studied the impact of grating parameters on drag reduction and demonstrated a max
drag reduction of 75% [16].

Lithography is one of the standard manufacturing processes for superhydrophobic
periodic microstructures [15-17]. However, one primary limitation of this method is that the size

of the superhydrophobic (SHPo) surface is limited by the substrate size, which in the case of a



silicon substrate, ranges from 10 to 30 cm. This is far smaller than actual boats that are larger in
magnitude ranging from several meters to hundreds of meters. The photolithography process is
impractical to manufacture large-area substrates due to high cost and low throughput.
Nanoimprint lithography utilizing a polydimethylsiloxane (PDMS) stamp has been utilized to
replicate the hydrophobic micropattern of a lotus leaf [18]. Although a high water contact angle
was achieved, the method cannot still be utilized on a large scale. Other related technologies
such as micro-coining, bio-pattern imprinting, laser cutting, and 3-dimensional (3D) printing also
have critical limitations as these methods are time-consuming, expensive, and complex,
compromising the scalability [19-23]. Therefore, creating a scalable manufacturing process to
produce SHPo micro-grating structures is necessary for practical drag reduction applications.
The challenge of scalable manufacturing of micro-trench structures has motivated the
authors to consider a more insightful look into a common roll-coating defect known as ribbing
(Figure 1.1), where spatially periodic patterns appear transverse to the roll-coating direction [24—
27]. During the roll-coating process, a positive pressure gradient is developed in the downstream
meniscus of the coating fluid [28]. The flow becomes unstable when the pressure gradient
exceeds a critical value, and a finger-like growth is observed [29,30]. The ribbing instability is
undesirable in general roll coating applications, such as painting [31,32], polymer thin films
[33,34], and flexography printing [35,36]. However, carefully controlling these ribbing patterns

could assist in replicating periodic microstructures obtained by the traditional methods.
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Ribbing formation

Figure 1.1 Schematic of the ribbing formation phenomenon on a two-roll coater.

The ribbing behavior of Newtonian and non-Newtonian fluids has been studied through
experimental and computational models aiming to minimize roll-coating defects [24-27,37]. It
was found that the ribbing periodicity or wavelength (Az;pping) and amplitude have a strong
relationship with material properties as well as process parameters, including the surface energy
y, viscosity #, roller radius R, roller gap d, and roller speed U [29,38-40]. For a Newtonian fluid,
the onset condition of the ribbing instability was found describable by two dimensionless
parameters: the capillary number Ca = nU/y and the geometric factor R/d. The critical capillary
number Ca* showed a linear proportionality with the geometric factor R/d for Newtonian fluids
[25,27,30,41-43].

On the other hand, the critical capillary number for non-Newtonian fluids is much lower
than for Newtonian fluids [42]. However, unlike Newtonian fluids, the theoretical prediction of
the Ca™ in viscoelastic fluids is not available. There remains a lack of understanding of how the

ribbing occurs in coating applications. Lopez et al. controlled the elasticity with the



concentration of polymer molecules in a Newtonian fluid (Glycerol/Water) and showed similar
trends in the Ca™ and the normal stress parallel to the flow as the polymer concentration
increases [42]. The results imply that the elastic nature of the viscoelastic fluid increases the
stress in the flow direction by restricting the flow and causes ribbing instability at a slower roller
speed, i.e., a lower capillary number. According to computational simulations, Zevallos et al.
showed that at any given Ca; there is a critical Weissenberg number Wi above which the flow
becomes unstable [28]. Most research on non-Newtonian elastic fluid has focused on identifying
the critical capillary numbers or threshold conditions to initiate the instabilities. However, the
fluid propagation and ribbing formation beyond the onset conditions are yet to be explored [44—
46].

An in-depth investigation of the physical properties of the roll-coating pastes and how it
influences the ribbing instabilities in a roll-coating process can achieve scalable manufacturing
of periodic micro-patterns surface. Unlike the roll coating applications, this study focuses on
investigating beyond the onset conditions and carefully controlling the process parameters to
manufacture periodic microstructures by controlling the instabilities. One phenomenon observed
for most coating materials is that ribbing patterns tend to flatten when the roller stops, as the
surface tension dominates over viscosity. However, to manufacture periodic microstructures,
retaining the deformed shape when the rollers stop is necessary. The surface flattening can be
avoided by tailoring the coating liquid's viscoelastic properties. One method to engineer the
viscoelasticity of the polymers is nanoparticle addition [47—-49]. The desired materials will
behave only like a fluid above the yield stress but act solid when the stress is unloaded. Previous

studies suggest that the inclusions' volume fraction and geometry influence the composite's



rheological properties. Notably, composites with cylindrical or high aspect ratio nanoparticles
are more likely to possess yield stress than spherical particles [50,51].

In this study, an in-depth investigation of the roll-coating parameters to manufacture
linear periodic microstructures is conducted. First, the ribbing formation of PDMS (Sylgard 184,
Dow Corning) in a forward roll coating for various process parameters was investigated. The
finger-like ribbing was observed during the roll coating. However, when the rollers stopped, the
liquid surface flattened due to the surface tension. Thus, a viscoelastic composite paste was
formulated by adding cylindrical nanoparticles (carbon nanotubes, CNTs) to PDMS. This helped
to achieve a yield behavior and avoid surface tension-driven flattening. Finally, utilizing the
composite paste, linearly periodic microstructures were manufactured by the roll-coating
process. The physical properties of the coating paste and computational fluid dynamics (CFD)
analysis of the roll coating parameters helped to successfully manipulate the ribbing instabilities
to manufacture periodic microstructures. The manufactured samples were then applied to a
miniature boat to measure the drag reduction and load testing. In addition, the mechanical and
electrical properties of the CNT-PDMS composite were also evaluated for multifunctionality and
robustness.
1.2 Research Objectives

This research aims to establish a scalable roll-coating process for SHPo surfaces that
provide hydrodynamic drag reduction (DR). The recent first success of obtaining DR in field
conditions indicates that the microstructure on the SHPo surface should be a periodic pattern of
micro-trenches [15]. However, manufacturing scalability and cost are the main barriers to
realizing a regular microstructure over a large area necessary for real-world applications. To

break the barrier, we propose manufacturing micro-gratings by utilizing an inherent instability in



viscoelastic polymer films, known as ribbing instability, during roll coating. To this end, there

are three research objectives we want to achieve.

1. Develop a CFD model to predict the ribbing pattern and critical parameters defining the
coating paste properties.

2. To test the hypothesis that the ribbing pattern, a linear 3D microstructure occurred in the
roll-coating process for polymers. Validate the CFD model using the experimental
results.

3. To establish the fundamental knowledge that relates the roll-coating process parameters
to the ribbing patterns or micro-grating geometries.

4. Fabricate micro-grating geometries utilizing the roll-coating process and evaluate surface

robustness, superhydrophobicity, and drag reduction capability through experiments.

1.3 Research Planning

The first step of the research will focus on manufacturing composite coating pastes by
adding nanoparticles to the polymer. The prepared materials' physical properties, such as storage
modulus, loss modulus, and surface energy, will be next investigated experimentally concerning
particle concentration and geometry. The coating pastes will be utilized in the roll-coating
process to investigate the ribbing phenomenon by varying the process parameters such as roller
speed and distance. Finally, multiple imaging techniques will analyze the ribbing patterns,
including Scanning electron microscope (SEM) and laser confocal microscope. The experiment

will be conducted in a feedback loop assisted by a CFD model to fine-tune the materials



composition and process parameters to achieve desired morphology of the roll-coated surface

(Figure 1.2).
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Figure 1.2 Schematic of the planning of the research.

1.4 Dissertation Outline

The dissertation first consists of a literature review related to surface wettability,
conventional manufacturing techniques of superhydrophobic structure, and applications in
frictional drag reduction. Next, the ribbing instabilities were discussed for Newtonian and non-
Newtonian materials. The coating materials' physical properties, such as the surface energy and
rheological analysis, are discussed in the next chapter. Next, the collected materials data was
utilized to build a computational fluid dynamic model of forward roll coating. The simulation
was conducted for PDMS first, next was validated by experimental results, and critical process
parameters related to the properties of the material were evaluated. The periodic micro-grating
structures fabrication was discussed next, including the fabrication of linear, semi-linear, and

leaf-vein-shaped samples. The hydrophobicity and surface morphology of the samples were



evaluated. Finally, the fabricated samples were put into practical drag-reduction

experimentations. The samples were also tested for multifunctionality. In the final section, the

summary of the study and future tasks are discussed. Figure 1.3 shows the critical research tasks

in sequential order.

1. Coating Materials Formulation

Coating-Paste formulation
Surface Energy analysis
Rheological analysis
Summary

2. CFD-assisted study of Ribbing formation

CFD simulation

Ribbing formation for Pure
PDMS

Ribbing formation for
Composite

High-speed imaging
Pattern classifications
Summary

3. Periodic micro-grating structure fabricatio

Design of experiments

Ribbing pattern generation
using composite paste

Pattern Classifications
Linear Samples

Leaf-vein shaped Samples
Water contact angle

Laser Confocal
measurements

Summary

4. Applications

Mechanical characterization
Electrical Conductivity

Drag-reduction testing
experiment

Biofouling experiment
Summary

Figure 1.3 Outline of the Dissertation




CHAPTER 2 : Literature Review
2.1 Drag Reduction by Periodic Microstructures
2.1.1 Periodic Micro-/Nano-structures in Nature

Biological systems have optimized their complex hierarchy of structured structures over
billions of years of evolution and natural selection to achieve maximum performance in
responding to and adjusting to changing environmental conditions. With applications that include
superhydrophobicity [1,2], self-cleaning [3], anti-icing [3], anti-biofouling [4], biological sensors
[4], and radiative cooling [4], mimicking nature's micro/nano-scale structures are becoming
integral to current research endeavors. Plant leaves have a unique wettability or water repellency
on their surfaces. Water droplets cannot stick firmly to the surface of plants with repellent leaves
(or petals), forcing them to bounce off or roll away, eliminating dirt particles from the leaves or
petals on a regular basis. The "lotus effect” or "self-cleaning” is the name for this feature. This
non-wetting ability is caused by micro- and nanoscale hierarchical roughness in the form of
cilium-like nanostructures placed on top of randomly dispersed micro-papillae, as illustrated in
Figure 2.1a [52].

The petal effect refers to how some plants (such as roses) can keep a water droplet from
rolling off their petals and keep it spherical even when the petal is turned upside down (Figure
2.1b). Micropapillae with manifolds on the top form red rose petals. The petals of the Chinese
Kafir Lily are made up of tessellated hexagons with an average side length of 75 um and strip
width of 780 nm in each hexagon, whereas the petals of the sunflower are made up of parallel
lines with an average diameter of 15 pm and a helix width of 2.5 um on each line. Water droplets
are projected to penetrate the petal's larger-scale grooves, producing the Cassie-impregnating

wetness regime and causing water droplet sticking [53].



Figure 2.1d shows the gecko foot, which comprises hundreds of nanoscale spatula (200
500 nm in diameter) that are broken into innumerable well-aligned tiny keratinous hairs termed
setae (30 — 130 um in length and 5 pm in diameter). The spatulas bend when they touch any
surface, allowing molecular contact across broad regions and transforming weak van der Waals
interactions into massive attractive forces that allow the gecko to climb vertical walls or over
ceilings [53]. Cicada has a photonic structure giving them anti-reflection capabilities (Figure
2.1c). Its wings have ordered hexagonal close-packed arrays of pillars with a spacing of about
190 nm. The height of the pillars is about 400 nm with a bottom diameter of 80 — 150 nm. The
effective refractive index can be estimated at any depth based on the air and bulk materials
refractive index, which gives a gradient of refractive index, giving an anti-reflection surface [54].

Gao et al. used soft lithography and low-surface-energy fluoroalkyl silane modification to
create artificial mosquito eye mimics with superhydrophobic and antifogging capabilities [54]. A
stamp was created by replicating a sparsely packed circular hexagonal microstructure on PDMS,
then modifying it with self-assembled fluoroalkyl silane and hot pressing it onto a monolayer of
silica nanospheres, resulting in homogenous compound eye-like nipple structures (Figure 2.1e).
Fog is an alternative water source in the Namib Desert [55]. Darkling beetles (Tenebrionidae)
use this to harvest fog water, and they use several techniques to do it (Figure 2.1f) [55]. Some
dig sand trenches, while others utilize their bodies as fog collectors, adopting the classic fog-
basking posture. On the ridges of the sand dunes, two Onymacris beetle species have been
recorded fog-basking. These beetles have smooth elytra surfaces, but another species with
bumpy elytra is said to have specialized adaptations that aid in fog-basking water collection. A
study of the elytra of beetles in the genus Stenocara [54] revealed how fog water creates huge

droplets on a beaded surface. Water delivered by the fog rests on the hydrophilic peaks of the
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beetle's smooth bumps on the elytra and forms fast-growing droplets that roll down towards the

head once large enough to move against the wind [54].

Figure 2.1 (a) Images of Superhydrophobic lotus leaf along with magnification SEM images
(inset image is a water droplet) [52]. (b) SEM image of the surface of a red rose petal (inset
image shows the rose and water droplet on the surface when flat, and when upside down) [52].
(c) Photograph of cicada with SEM micrograph image [52]. (d) Photo of tokay gecko and its foot
with adhesive lamellae's microstructures and spatula [52]. (e) Photograph of antifogging
mosquito eyes and SEM image [52]. (f) Namib beetle and their superhydrophobic-

superhydrophilic skin [55]

With advancements in the fabrication of superhydrophobic surfaces on diverse metal
substrates, these periodic micro/nano-structures have inspired scientists to produce
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functionalized metal surfaces with exceptionally low surface energy and are slowly finding their
way into industries and everyday life (Figure 2.2) [56]. The high surface-to-volume ratio of a
microfluidic device, for example, has a major impact on flow behavior, resulting in significant
pressure loss. In order to efficiently decrease pressure loss, superhydrophobic coatings are
applied to microfluidic devices or microchannels [57]. It is widely known that ice and snow
formation reduces the efficiency of solar cells and wind turbines operating in harsh
circumstances [58], and the problem of removing ice from surfaces has received much attention.
There are two types of procedures for removing ice from surfaces: active and passive. Active
methods include heat treatments, mechanical scraping, and the use of de-icing chemical
compounds. After ice development, the active approach removes the ice from the surfaces, which
requires a lot of work. On the other hand, the passive technigque inhibits ice production or ice
adhesion to surfaces even when icing occurs. Because of the decreased ice adhesion strength, the
passive approach may successfully remove ice from surfaces with minimal energy consumption,
resulting in energy savings. The passive technique based on a superhydrophobic surface can limit
ice adhesion to the surface and avoid ice formation. When an airplane travels through freezing
temperature zones, icing occurs, and ice adheres to the plane's surface, posing a danger of
catastrophic failure [59]. The features of the superhydrophobic surface can be used to reduce
drag in laminar or turbulent flows. For example, pressure loss via tubes or channels with
superhydrophobic surfaces may be successfully decreased, and the convective heat transfer
coefficient can be enhanced to some extent, ascribed to fluid velocity acceleration [60]. Other
industries might benefit from the superhydrophobic surface. For example, ice slurry may be used
as a secondary-loop refrigerant, which can be used as a heat transfer fluid and energy storage

medium in an air conditioning system to save energy. The ice slurry can be made with a
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generation system that has a superhydrophobic surface, which means the ice slurry particles are
less likely to stick to the surface or obstruct the tubes. As a result, the superhydrophobic surface

might be helpful in the production of ice slurry [60].
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Figure 2.2 The applications of superhydrophobic surfaces [56].

2.1.2 Wettability and Superhydrophobicity

To understand the wetting behavior of a surface and the effect of periodic
micro/nanostructures, we pay attention to several well-known wetting models. When a liquid
droplet comes into touch with a solid surface, most of the time, this surface interaction results in
the droplet spreading on the solid surface and forming a spherical cap somewhat bent by gravity.
The liquid-surface contact determines the extent to which the droplet spreads on the surface.
These interactions and their outcomes are described by wetting theory (Figure 2.3). Molecules in

a liquid droplet are held together by intermolecular forces, which are balanced in all possible
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spatial directions for molecules in the droplet's core. In the outer ridges of the droplet, however, a
greater number of molecules are positioned towards the center of the droplet than towards the
edge, resulting in a net force drawing the outer molecules towards the droplet's center. As a
result, energy input is required to transport a molecule from the droplet's center to the less bound
outside region, overcoming the corresponding potential energy gap. Furthermore, because the
droplet is in touch with a surrounding vapor, solid, or other liquid, molecules inside the droplet
are subjected to external forces, which alter the work required for displacement. The work
required for displacement per unit surface is specified as the interfacial surface tension (y), which
defines a liquid's tendency to reduce its surface area.

Young used a three-phase model and assumed a droplet small enough for gravity to be

negligible to derive a relationship between the contact angle (6,) of a droplet on a smooth
surface and the surface tensions of the liquid-vapor (yy,), liquid-solid (y,;), and solid vapor (ys4)
interfaces [61].

VYsg~Vsl
cos by, = *‘;T (2.1)

However, when there is a roughness on the solid surface, Young’s equation no longer
holds. The surface roughness alters the wetting behavior of liquid on the surface. Wenzel was
able to correlate the apparent CA (6,,) (Figure 2.3b)of the droplet on the structured surface to
Young’s contact angle (6,) the droplet would have an unstructured solid of the same material by
introducing a roughness parameter (r), which is defined as the ratio of actual surface area to the
projected area of the surface [61].

cosBy, =1 *cosb, (2.2)

Curved surface area

Projected surface area
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The Wenzel model considers the liquid completely wets the surface. However, if the
surface is not completedly, that is partially resting air pockets trapped in the structure beneath the
liquid and sitting on the apex of the surface topography without piercing it (Figure 2.3c). The air
pockets limit the liquid-solid contact area and dramatically raise the surface's contact angle.
Cassie and Baxter [61] devised the following model to determine the apparent contact angle (67)
in 1944 (Figure 2.3c) [61].

cosfO; = fgxcosf, + fo — 1 (2.3)

fs = fraction of solid surface

1 - fs= fraction of Air

It may be established that surface roughness and morphology significantly impact surface
wettability. The Kao diagram (Figure 2.3d) depicts the link between the Young contact angle
(representing surface tension) and the apparent contact angle in terms of membrane surface
wettability state (Wenzel/Cassie-Baxter) [62]. Surface roughness amplifies the hydrophobicity of

hydrophobic surfaces or the hydrophilicity of hydrophilic surfaces, as seen in the Kao diagram.
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Figure 2.3 The wetting models of (a) Young’s, (b) Wenzel, and (c) Cassie-Baxter [61]. (d) The
Kao diagram [62].
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2.1.3 Frictional Drag Reduction by Superhydrophobic Surface

There have been several methods introduced to reduce the frictional drag in ship
propulsion, including air lubrication, which is a method of reducing drag (frictional resistance)
between the ship's hull and seawater by creating a bubbly flow or gas blanket, which has energy-
saving effects in terms in ship's fuel consumption depending on various loading, operation
conditions, vessel design, and adaptation of the type of air lubrication method for the vessel.
Figure 2.4a shows a Mitsubishi air lubrication system [63]. However, to implement such
methods still, an energy source is required, often offsetting the reduction in frictional drag.

An alternative solution to this method is utilizing a superhydrophobic surface to entrap an
air layer similar to the Cassie-Baxter state mentioned in the previous section to initiate the slip
length necessary for effective frictional drag reduction. A visual representation of the frictional
drag reduction is presented in Figure 2.4b-c [64]. The authors incorporated Poly(methyl
methacrylate (PMMA) powder, nanoscale silica, and tetrahydrofuran (THF, solvent) to prepare a
solution that was then sprayed on the model using a spray cannon (jet nozzle diameter = 0.6 mm)
at 350 kPa at a distance of 25 cm, which resulted in a boat with the superhydrophobic surface. A
reference boat was utilized of the same dimension without any coating. The vessels' engine
power supply ranged from 0.3 to 0.75 W, and before coating, the vessels were verified for speed
and supplied with the same butteries. The vessels were released and sailed for 20 meters in a
water tank, with the average velocity used to determine the drag-reducing impact. As shown in
Figure 2.4c, the superhydrophobic model outperformed the bare vessel. The authors observed a
silver mirror-like shiny surface underneath the boat, indicating an air layer primarily responsible

for the reduced drag. When the superhydrophobic surface was submerged in water, air pockets
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formed, isolating water from the substrate. Water would not infiltrate into the asperities due to

surface tension.
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Figure 2.4 (a) Mitsubishi air lubrication system [63]. (b) The sailing experiment of a boat coated
with superhydrophobic coating and a reference boat without any coating [64]. (c) The velocity of

the bare/coated model boats with respect to the power supply [64].

Many geometries and flow conditions have been investigated over the years, both
numerically and experimentally. Although theoretical studies consistently suggested effective
drag-reduction for both laminar and turbulent flows, experimental studies were often
contradictory due to consistent measurement techniques and deteriorated plastrons [15]. Wide

varieties of geometries were considered to manufacture the SHPo surfaces, including regular
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structures such as micro-grates [65-67] and random structures[68—71] (Figure 2.5). Park et al.
conducted a thorough comparative review of most available experimental studies data [72]. It
was observed that SHPo surfaces with longitudinal micro-trenches structures resulted in drag-
reduction most consistently (Figure 2.6). In contrast, random roughness surfaces produced
inconsistent results, and in some cases, the drag increased. The arbitrary roughness surfaces have
a roughness scale below 10 um which would lead small slip length (<1 um) inadequte for
effective drag reduction. Although in some cases a high value of drag-reduction was reported
with random roughness samples, but this could be due to the overgrown plastorn size which
exceeds the theoretical values calculated based on samples roughness scale.

This is also important to mention that large water contact angles on SHPo surfaces alone
are inadequate for effective drag reduction; instead, producing large slip-length and maintaining
plastron persistently is the key to successful drag reduction, as discussed in references [17,73].
The micro-trenches structured SHPo surfaces resulting in considerable slip length consistently.
For example, Park et al. studied the impact of grating parameters from a pitch of 50 — 100 um
and gas-fraction of 30 — 95% and demonstrated a maximum drag reduction of 75% [16].
Additionally, Xu et al. showed a maximum drag reduction of approximately 30 — 40% in high
Reynolds number applications by utilizing micro-trench structures with 50 — 200 um pitch and

90% gas-fraction [15].
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Figure 2.5 Parameters that affect liquid flow over a SHPo surface are defined as
follows: (a) Velocity distribution on a SHPo surface, displaying a slip velocity (us) and an
effective slip length. (b) Water on a vertically structured roughness, exhibiting the air-water
interface on or in the roughness parts. (c) Water on a random roughness, defining the average
roughness height (ka) and average roughness pitch (Pa), which is the same as the average
roughness width (wa), along with the average wetted roughness height (ha) and average interface

width (sa) with the subscript 0, 1, 2, and wet [74].
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Figure 2.6 Experimental studies on the SHPo drag reduction in turbulent flows presented with

geometry and effective drag-reduction (DR%) [74].

2.1.4 Current Manufacturing Methods

Lithography is one of the standard manufacturing processes for superhydrophobic periodic
microstructures[15-17]. Photolithography is a method of putting a design onto a substrate using
light. All photolithography processes follow this principle. The photoresist is first applied to the
substrate. While putting on the pattern mask, the substrate is subjected to electromagnetic
radiation, which alters the molecular structure and causes a change in the solubility of the
substance [53]. Etching is done after the exposure. The substrate is then dipped into a developer
solution. Aqueous developer solutions dissolve regions of the photoresist exposed to light.
However, one primary limitation of this method is that the size of the SHPo surface is limited by
the substrate size, which in the case of a silicon substrate, ranges from 10 to 30 cm. This is far

smaller than actual boats that are larger in magnitude ranging from several meters to hundreds of
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meters. The photolithography process is impractical to manufacture large-area substrates due to
high cost and low throughput.

Nanoimprint lithography (NIL) utilizing a Polydimethylsiloxane (PDMS) stamp has been
utilized to replicate the hydrophobic micropattern of a lotus leaf [18]. NIL is a simple method for
pattern transfer. To transfer the design, a mold (stamp) is first built with surface relief
characteristics and then pushed against a polymer substrate. Figure 2.7b shows a schematic of the
process. A sacrificial resist film is often used as a mask to etch the underlying substrate or film.
Because of its potential for nanoscale manufacturing, NIL has sparked much interest, including
superhydrophobic surfaces. Although a high water contact angle can be achieved, the method
cannot still be utilized on a large scale.

Other related technologies, such as superhydrophobic-spray coating (Figure 2.7c), micro-
coining, bio-pattern imprinting, laser cutting, and 3D printing, also have critical limitations as
these methods are time-consuming, expensive, and complex, compromising the scalability [19—
23]. Therefore, creating a scalable manufacturing process to produce SHPo micro-grating

structures is necessary for practical drag reduction applications.
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2.2 Ribbing Instabilities
2.2.1 Interfacial Forces in Ribbing

The ribbing instabilities were introduced in the introduction of this report. Ribbing is
defined as generating spatially periodic patterns in a roll-coating process [24-27]. The patterns
are usually observed transverse to the coating direction. During the roll-coating process, a
positive pressure gradient is developed in the downstream meniscus of the coating fluid [28].
The flow becomes unstable when the pressure gradient exceeds a critical value, and a finger-like
growth is observed [29,30]. Fields et al. discussed several other mechanisms of potential
instabilities, as shown in Figure 2.8 [29]. When a tiny layer of liquid is sucked between two glass
plates (Figure 2.8a), or the plates are dragged apart (Figure 2.8b), the separation is caused by a
crack extending inwards from the plates' sides. The fracture front is smooth and straight if the
separation rate is slow and the fluid viscosity is low. However, when the rate (or viscosity) rises,
the crack front breaks down into a finger-like structure, with the fingers racing ahead of the main
separation front. The smooth, straight lines become more prominent at these greater speeds. The
same phenomenon occurs when a viscous-adhesive connection fails in tension, like when an
adhesive strip like the Scotch tape is pulled off a smooth surface (Figure 2.8d). The fracture or
separation-front is smooth and stable at low peeling speeds: any changes in form are dampened
by the adhesive's surface tension; nevertheless, at greater peeling velocities, the front becomes

finger-like.
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Figure 2.8 The unstable growth of voids or cracks can be studied by (a) pulling fluid from
between glass plates, (b) pulling or wedging the plates apart, (¢) moving a roller over a glass

plate, and (d) peeling adhesive tapes from glass plates [29].

The driving forces involved in the ribbing phenomenon are explained in Figure 2.9 [29,77].

The flow velocity can be estimated as,

— () (e
Vo = (1277) (dx)o (2.4)
where d is the film thickness or distance between the plates, the fluid's viscosity is #, and dp/dx is
dp

the pressure gradient in the flow direction. Now the pressure potential is estimated as a (E)

where a is the amplitude of the perturbation (Figure 2.9a). Now, if the radius of the curvature is
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R and the surface tension of the liquid y, the restraining force or the stabilizing force will be %.
The following conditions have to be fulfilled to initiate the instabilities,

—a (d—p) >r (2.5)

Next, the maximum restraining force is calculated. Assuming the crack front is assumed to

into sinusoidal shape, the fluid front is defined as follows,

X = a*sin (2/1ﬂ) (2.6)
The maximum radius of curvature would be as follows.

2

1 d?x 41a
RS am s 2 (2.7)

If a finger has to grow, the following condition has to be fulfilled,

(B) >=%* (2.8)

Now replacing the values with equation 2.4 gives the following wavelength conditions for

instabilities,

1

n>m(SL) 2.9)

3nv,

The form of the perturbation is extremely near to a sine wave when the amplitude is
modest; hence the analysis described above is assumed to be correct based on Fields et al.
However, when the perturbation evolves into fingers, however, the flow fields or diffusion fields
are drastically altered: instead of being virtually parallel to the x-axis, the velocity or flux vectors
now radiate out from the tips of the fingers (Figure 2.9b). Without more evidence, the spacing of
these well-developed fingers is not equal to the wavelength of the fastest-growing disturbance,
initiating both tip-splitting and tip-coalition. Grillet et al. observed that liquids' elasticity

increases the tip-splitting phenomena in ribbing instabilities [78].
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Figure 2.9 (a) Schematic diagram showing the relationship between the pressure gradient at the
advancing front and surface energy. (b) Schematic of the velocity and pressure gradient

component radiating outward in the z-direction, tip splitting, and tip coalescence [77].

2.2.2 Ribbing of Newtonian vs. Non-Newtonian Materials

Experimental and computational models have been used to investigate Newtonian and
non-Newtonian fluids' ribbing behavior to reduce roll-coating flaws [24-27,37]. Ribbing
periodicity or wavelength (Ag;pping) and amplitude have been discovered to have a strong link

with material qualities and process factors such as surface energy y, viscosity 7, roller radius R,
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roller gap d, and roller speed U [29,38-40]. The beginning condition of the ribbing instability in
a Newtonian fluid was discovered to be described by two dimensionless parameters: the capillary
number Ca = n = U/y and the geometric factor R/d. For Newtonian fluids, the critical capillary
number Ca* exhibited a linear relationship with the geometric factor R/d [25,27,30,41-43].

Non-Newtonian fluids, on the other hand, have a significantly lower critical capillary
number than Newtonian fluids [42]. The theoretical prediction of the Ca* in the viscoelastic
fluid, unlike the Newtonian fluid, is not possible. There is still a mystery about how ribbing
happens in coating treatments. The concentration of polymer molecules regulated the elasticity
of a Newtonian fluid (Glycerol/Water), and similar trends in the Ca*, and normal stress parallel
to the flow were seen as the polymer concentration increased [42]. The findings suggest that the
viscoelastic fluid's behavior produces ribbing instability at reduced roller speeds, implying that
the viscoelastic fluid's behavior raises stress in the flow direction by limiting flow. According to
Zevallos et al., there is a threshold Weissenberg number Wi over which the flow becomes
unstable at any given Ca [28]. Most non-Newtonian fluids research has been determining the
critical capillary number values or threshold conditions that cause instability. However, beyond
the beginning circumstances, fluid propagation and ribbing creation have yet to be investigated
[44-46].

Grillet et al. explored the effect of elasticity on the stability of air-fluid interfaces during
fluid displacement flow for both a viscous Newtonian fluid and an ideal elastic fluid [78]. The
stability of coating flows was investigated on an eccentric cylinder shape (Figure 2.10a). Three
types of phenomena are described when it comes to Boger fluids. The authors discovered some
novel characteristics in classic fingering instabilities in elastic displacement flows. One of them

is a very significant elastic instability of forward roll coating, which may be directly linked to the
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elasticity of the coating fluid and seems to exist even in the absence of diverging channel walls.
As demonstrated in Figure 2.10b, the critical capillary numbers (Ca*) are lower for elastic fluids.
In addition, the Newtonian fluid mostly shows a linearly spaced ribbing (Figure 2.10c), whereas
when the materials have elasticity shows dramatic tree-branch-shaped ribbing (Figure 2.10d).

(@) Eccentric cylinder Roll coging____ (c) Newtonian (d/R = 0.00125) (d) Non-Newtonian (d/R = 0.00125)

// £
/ Ribbing
[ wavelength, A .
-

(b)
')Eﬁ - -@- - Newtonian fluid
8_ 3 Elastic fluid E (Elasticity parameter)
2 A 0.19 .
€ i 0.47
2 .l x 0.62
E a |—0— 0.96
E_
©
O 1
©
L
s}

Figure 2.10 (a) Eccentric cylinder coating apparatus. (b) Comparison of the critical capillary
number (Ca*) in the forward roll coating geometry versus the dimensionless gap ratio (d/R) from
the experimental measurements for a range of fluids with varying elasticity. (c) Eccentric
cylinder forward roll coating instabilities for Newtonian fluids (d) Roll coating instabilities in

non-Newtonian fluids [78].
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CHAPTER 3 : Coating Paste Formulation

3.1 Background

The coating paste was formulated using different nanoparticle inclusion with aspect ratios
and volume fractions to tune the viscoelastic properties of the materials. The surface energy of
the materials was also determined, which is necessary to understand the surface tension-driven
flattening when the rollers come to a stop.
3.2 Experimental Methods
3.2.1 Coating Paste Formulation

A nanocomposite paste was synthesized using a polydimethylsiloxane elastomer Kit.
PDMS Sylgard 184 (S184) and PDMS Sylgard 186 (S186) from Dow chemicals were utilized as
the base materials. The multi-walled carbon nanotube (CNT, 6-9 nm diameter and 100-200 pm
length) and spherical silicon oxide nanoparticles (SiO2, ~50 nm diameter) were introduced as the
inclusion of various vol%. The PDMS and nanoparticles were initially mixed utilizing a
universal planetary mixer for 10 minutes (Figure 3.1). Next, the hardener was introduced to the
PDMS with a 10:1 ratio. This mixture was then mixed further in a high-shear three-roll milling
machine. The roller distances were gradually reduced, and the materials were passed through
multiple times to ensure adequate dispersion and homogenization of the nanoparticles. The vol%

of the inclusions varied to achieve composite pastes with tailored rheological properties.
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Figure 3.1 (a) Coating paste formulation (b) Processed CNT-PDMS with varying vol% (c) CNT

distribution in PDMS.

3.2.2 Surface Energy Measurement

Several surface energy theories have been developed based on the contact angle and &
measurements. Fowke's model [79] and the Owens-Wendt model [80,81] were utilized in this
study. Fowke's model combines the Young and Young-Dupree equations and separates liquid

and solid surface energy as polar and non-polar components as equation (3.1).

cos 1 1 1
yi( 29+1) — (Vld) /Z(st)l/z n (ylp) /Z(Vsp) /2 3.1)

Here y{* and y? are liquid non-polar(dispersive) and polar components, respectively.
Whereas y& and y? are the solid non-polar and polar components. The Owens-Wendt model,
also known as the extended Fowke's model, incorporates the Good's equation, thus resulting in

equation (3.2).
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Three reference liquids with known surface energy values, as mentioned in Table 1.1
(e.g., water, diiodomethane (99%), and ethylene glycol (99%)), were utilized to measure the
contact angle on a flat-surfaced test sample. The results were fitted into equations (3.1) and (3.2)
to evaluate the surface energy of the test material by Fowke's model and Owens-Wendt's model.
The test samples were prepared by a compression molding method, as shown in Figure 6.3 The
CNT-PDMS-hardener compositions were mixed well in the Thinky-mixer and the three-roll-
mill. The resulted composition was placed between two polyimide sheets and compression-
molded under 1-ton pressure with a 0.5 mm spacer. The polyimide sheet with the CNT-PDMS
composite was next heat-cured at 120°C for 20 minutes. The polyimide sheet was quickly
removed as the polymer crosslinked, resulting in a flat circular-shaped composite sample with
uniform thickness. The surface roughness of these test samples was measured using a laser

confocal microscope that accounts for surface roughness in the surface energy measurement

calculation.

Table 1.1 Polar and dispersive surface energy components of the test liquids [82]

Test liquid v, (MmI/m?) yF (mdim?) Y (md/m?)

water (W) 72.8 51.0 21.8
diiodomethane (DIM) 50.8 0.0 50.8
ethylene glycol (EG) 48.0 19.0 29.0

3.2.3 Rheology
Dynamic oscillatory rheological experiments were conducted on a Discovery Hybrid-3

rheometer (TA Instruments) and performed in triplicate. Creep experiments were also conducted
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to confirm yield stress values. All experiments were performed using an 8 mm cross-hatched
parallel plate geometry kept at 25°C using a Peltier plate. Since the samples were high modulus
pastes, the samples were loaded in excess via spatula or by a gloved hand. The rheometer head
was brought down to an 1100 um trim gap, then brought to 1000 um after trimming. Since the
sample would eject in a shear deformation, no pre-shearing was performed, and the test was
performed right away, as viscometric parameters did not change with time after loading.

The samples' linear viscoelastic region (LVE) and yield stress were determined using a
strain sweep at 1 rad/s. Frequency sweeps were performed from 0.1 — 100 rad/s at an oscillatory
strain of 0.1% in the LVE region. The yield stress was determined by evaluating the maximum of
elastic stress, which is a product of elastic modulus and strain, with respect to strain. The stress
associated with strain is yield stress, according to Walls et al. [83]. A creep test was performed
on a 10% w/w sample to confirm the yield stress measurements.

3.3 Results and Discussion
3.3.1 Surface Energy of the Materials

As discussed prior, the dynamics between surface energy and viscosity of the fluid, often
described as a capillary number in roll coating, have a crucial role in ribbing instability. The
surface energy (y) of PDMS has been well-studied [84,85]. The dispersive component of surface
energy was measured at 17.5 — 21.7 mJ m™ by several methods such as pendant drop, polymer
melt, and liquid contact angle measurements approach [84,85]. The polar component was
negligible compared to the dispersive component, as the value ranged from 0.8 — 2.3 mJ m. The
surface energy of multi-wall CNTs was also measured by the Washburn, Wilhelmy, and SEM
contact angle measurements [86-89]. The dispersive component of the surface energy of CNTs

of 90 — 99% purity was 23 — 37 mJ m2, whereas the polar part was 0 — 16.1 mJ m [86-89].
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Despite the availability of references with PDMS and CNTs surface energy data, the CNT-
PDMS composite has not been studied previously. In this study, three reference liquids, water,
diiodomethane (DIM), and ethylene glycol (EG), are used to measure contact angles in several
flat samples of the composite materials. The data were fitted in Owens-Wendt model equation
3.1 and equation 3.2, and the apparent surface energy was evaluated (Table 1.2 and Figure 3.2).
The addition of CNTs showed minimal impact on the surface energy of the PDMS. The polar

component (/) for each test material was low, 0.07 —0.17 mJ m™, and the dispersive

component (y&) was dominant in all cases. The total surface energy (y,) for PDMS (S184), 1.79
vol% CNT, and 6.13 vol% CNT, was found 23.23, 21.85, and 23.2 mJ m, respectively, based
on the Owens-Wendt model. The surface energy of the PDMS was found to be in good
agreement with the prior studies validating the experimental method [84,85]. The results provide
further understanding for the next phase of this study. As the surface energy of the composite
appears to be dominated by the PDMS, the only scope to tune to dynamics between viscous force
and surface energy would rely on tuning the viscoelastic properties as observed in the prior
section. The surface energy of S186 with nanoparticles showed slightly lower total surface

energy (17.9-18.2 mJ/m?) as observed in Figure 3.2b.
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Table 1.2 Surface energy measurement based on the Owens-Wendt model

P y,(cosf +1 d P — P d
Material ~ Test liquid Contact yid A Ve ~ Ve , Ye= Ve jyt
angle, 0 i 2(],{1) 2 (mJm?) (mI/m?) (mJ/m?)
PDMS DIM 67.48 0.00 4.93
(S184) EG 93.28 0.81 4.20 23.06 0.17 23.23
Water 116.52 1.53 4.32
1.65 vol% DIM 69.04 0.00 4.84
CNT - EG 94.75 0.81 4.09 21.78 0.07 21.85
S184 Water 115.40 1.53 4.45
5.68 vol% DIM 66.65 0.00 4.98
CNT - EG 93.33 0.81 4.2 23.12 0.1 23.22
S186 Water 114.87 1.53 4.52
PDMS DIM 78.2 0.00 4.29
(S186) EG 84.1 0.81 491 18.49 0.35 18.83
Water 109.4 1.53 5.21
0.88 vol% DIM 79.35 0.00 4.22
CNT - EG 85.08 0.81 4.84 17.1 1.19 18.29
S186 Water 104.00 1.53 5.91
6.92 vol% DIM 73.4 0.00 4.58
SiO2 - EG 97.68 0.81 3.86 17.47 0.44 17.91
S186 Water 106.03 1.53 5.64
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Figure 3.2 (a) The test materials are analyzed for contact angle for various reference liquids, and
the result in data are fitted in the Owens-Wendt model. (b) The surface energy components of the

materials are based on the fitting.

3.3.2 Rheological Properties

The viscoelastic properties of the coating pastes are investigated first, which were later
utilized in CFD analysis and helped determine the desirable properties of the coating paste.
Figure 3.3a shows the storage modulus and oscillation stress concerning the strain %. The
horizontal part of the storage modulus is associated with the LVE. Materials with lower elastic
modulus and longer LVE are more fluid in nature, whereas the shorter LVE and higher elastic
modulus mean more solid-like behavior. For example, S186 showed LVE of 2% oscillation
strain, whereas S186-0.33 vol% CNT and S186-0.88 vol% CNT showed LVE of 0.8% and 0.3%
oscillation strain. The LVE region's storage modulus for the materials were 9.44x10*, 4.9x1073,
and 1.3x10! Pa consecutively, meaning S186 is the most fluidic and S186-0.88vol%CNT the
most solid-like materials. The materials' oscillation stress increased linearly until the LVE region

for all the materials.
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Figure 3.3b is next obtained by running a frequency sweep in the LVE region (0.03%
strain) to obtain storage modulus and loss modulus concerning the angular frequency. Here we
observe that the S184 shows a storage modulus of 1.83x10° —7.99x10 Pa, whereas the loss
modulus is 5.31x107 — 2.61x107 Pa. As the loss modulus was observed to be higher than the
storage modulus, the S184 behaves like a liquid. In contrast, all CNT inclusion materials showed
higher storage modulus than loss modulus. The domination of storage modulus means the CNT-
PDMS composites are more elastic in nature and behave as a solid compared to S184. The elastic
(G") and viscous modulus (G") also reveal a frequency-dependent behavior with G" dominating
G' indicative of viscoelastic material. When carbon nanotubes (CNTSs) are incorporated into the
PDMS, the elastic and viscous moduli increase by several orders of magnitude (Figure 3.3b).
The elastic modulus becomes larger than the viscous modulus, and both are independent of
frequency, characteristic of three-dimensional sample spanning networks [91,92]. Such
microstructure formation via physical interlocking between the CNTs and PDMS has been
suggested before, suppressing the molecular motions of the polymer chains [93,94].

Figure 3.3c shows the complex viscosity vs. angular frequency data where the CNTloaded
samples exhibit a power-law behavior concerning frequency. The absence of a Newtonian
regime is consistent with microstructure formation [95]. All samples show a significantly
enhanced value compared to PDMS-alone; more importantly, we observe a slope approximating
-1, suggestive of the presence of yield stress. Huang et al. measured similar trends in this type of
system, with high modulus and yield stress values attributed to nanotube clusters which jam and
cause internal percolation within the polymer matrix [96].

Next, the yield stress is confirmed and measured by plotting the elastic stress vs. the strain

% data (Figure 3.4a), whereas the peak of the elastic stress provides the yield stress value. We
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have used the elastic stress approach to measure the yield stress in this plot [92,97]. The yield
stress prevents the paste from flowing until specific stress is met, beneficial as surface features
can be preserved post-processing. The yield stress of the materials is plotted in Figure 3.4b. Note
that S184 did not show yield stress, whereas with CNT inclusion of 0.54, 0.82, 1.09, 1.37, 1.93,
and 5.68 vol% incurred yield stress of 2012, 2414, 3318, 5341, 9431, 68679 Pa. The S186
showed yield stress of 8325 Pa, whereas CNT inclusion of 0.33, 0.88 vol% introduces 22804,
588637 Pa yield stress, and S186-6.92 vol% SiO2 shows yield stress of 80782 Pa. Overall, the
S186 materials showed higher yield stress than S184 materials, and the cylindrical CNTs showed
higher yield stress compared to spherical SiOz inclusion for a similar vol%. In addition to the
moduli increase, the physical interlocking of the nanoparticles in the PDMS matrix results in
yield stress, which increases with loading. This was also confirmed in the subsequent experiment
that PDMS could not retain the ribbing shape due to lack of yield behavior, whereas CNT-PDMS
samples prevent surface-tension-driven flattening.
3.4 Conclusion

The surface energy was observed to have a minimal impact on the inclusion vol% of the
particles. The S186 has consistently lower surface energy (17.9-18.2 mJ/m?) in comparison to
S184 composites surface energy (21.85-23.23 mJ/m?). However, the viscosity of the materials
significantly changes as we include nanoparticles. The nanoparticle's addition physically
interlocks the polymer, resulting in the materials' yielding behavior. The yield stress was
observed to be depending on the geometry and volume fraction of the inclusion. The yield stress
is necessary for potential shape retention when the rollers come to a stop to retain the ribbing

patterns.
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Figure 3.3 (a) Storage Modulus (G') and oscillation stress vs. oscillation strain (%) to identify

the linear viscoelastic region (LVE). (b) Storage Modulus (G'), and loss modulus (G ) vs.

angular frequency (rad/s). (c) Complex Viscosity (n*) vs. angular frequency.
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CHAPTER 4 : Computational Fluid Dynamic Study of Ribbing formation

4.1 Background

Most materials utilized for the roll-coating applications are non-Newtonian, as the
material's properties depend on the shear rate. However, the roll-coating machines lack the
ability to measure the shear rate and other critical properties as the roll-coating happens. Thus,
we introduce a CFD model that will assist in predicting the critical process parameters necessary
to investigate the material's behavior as the roll-coating occurs.
4.2 Experimental Methods
4.2.1 CFD Simulation

Simulations of the roll coating process are performed using the commercial
computational fluid dynamics software FLOW-3D based on the volume of fluid (VOF) method.
The schematic of the simulation configuration with boundary conditions is shown in Figure 4.1.
The fluid flow inlet is considered a pressure boundary condition with fluid-fraction of 1, whereas
an outflow boundary condition is used at the outlet. All other boundaries are assumed symmetric.
The gravity and non-inertial references, surface tension, viscosity, and turbulence physics
modules are utilized in the simulation. The PDMS (Sylgard-184) and 1.93 vol% CNT-PDMS are
modeled based on the surface energy and viscosity measured experimentally in this research. The
unsplit-Lagrangian model was used for the volume of fluid advection scheme, which exhibits
good accuracy in tracking sharp interfaces in complex three-dimensional motions. The fluid flow
was solved using Navier Stokes momentum and continuity equations. A minimum time step of
10716 sec and a maximum time step of 107" sec is considered with a 5% volume-fraction cleanup
to minimize computation time. FLOW-3D POST was utilized to the analyzing the simulation

results.

40



)

C Outflow BC
© ™

(b)

\ -

Pressure BC
Fluid fraction =1

Figure 4.1 Schematic of the CFD simulation configuration of the two-roll coater in (a)
3D (b) 2D (c) The fluid-flow mesh boundary conditions. Here O, P, and W stand for outflow,

pressure, and wall boundary.

4.3 Results and Discussion

A fundamental limitation in prior studies related to roll-coating of non-Newtonian
materials was defining the process parameters during the roll coating, such as the capillary
number Ca*, shear rate (y) and wall shear stress (z,,) [98,99]. The shear rate-dependent
viscoelastic behavior of the coating materials is usually obtained by a rheometer. However, the
roll-coating instruments are not intrinsically viscometric, as they do not have the necessary
sensors. Thus, the exact viscosity of the coating paste during the roll-coating process is unknown
as the associated shear rate is also unknown. Estimating the capillary number relies on either
assuming a constant viscosity or estimating the shear rate based on the velocity of the rollers
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[77], which results in inaccurate Ca. Accurate measurement of the shear rate can be obtained by
finite element analysis to determine the fluid velocity profile gradient during the roll-coating
process [98,99]. In this section, a CFD simulation was conducted to develop an effective method
to determine the unknown process parameters, including the pressure gradient in the fluid flow
direction (dp/dx), fluid flow velocities (Vx), shear rate (y), and wall shear stress (t,,) related to
the roll coating process parameters such as rollers speed (U) and rollers distance (d). Both rollers
were kept at the same speed for each simulation (Uy = Uy). These parameters were later studied
along with the experimental results for further understanding.

The ribbing formation was observed in the CFD simulation of roll-coating under various
process conditions, as observed in Figure 4.2a. First, a 3D simulation was conducted at a fixed
roller speed of U = 40 rad s for different roller distances (d). A dimensionless parameter (R/d)
was defined, where R is the roller radius. The ribbing wavelength (Ag;pping) is defined by the
distance between each riblet's peak. Ag;pping IS initially observed to be equally spaced for each
condition and reduces from 7.9 to 3.3 mm as R/d increases from 63.5 to 84.67. However, as the
R/d further increases to 101.6, the periodicity becomes irregular as Ag;pping Observed between
1.6 — 2.5 mm. Finally, with an R/d of 127, the ribbing patterns show further distortion and
ARibbing iNCreases to 5 mm. An additional phenomenon known as the filamentation phenomenon
is also observed in the 3D simulation [100]. Here on each of the riblets, a septum forms, which
gets perforated as the rollers move and the fluid is further stretched. The holes get more
prominent as the rollers keep rotating, and eventually, the septum breaks leaving micro-peaks on
the ribbed patterns [100].

The surface tension-driven 3D model in FLOW-3D is highly computationally demanding.

As a remedy, further investigation on the pressure gradient, shear rate, and shear stress during the
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roll-coating is conducted in two-dimension. The cross-sectional view of the fluid at the roller's
interface is shown in Figure 4.3. The pressure gradient (dp/dx) and fluid velocity (Vy) are
observed along the x-axis (a-b direction). As the rollers start to rotate, a pressure differential is
generated, as observed in Figure 4.4a, with high pressure on the upstream, which drives the fluid
flow. The pressure differential increases with an increase in R/d. The higher-pressure differential
also causes a higher Vxin the a-b direction. The Vs also plotted against y/d in the c-d direction
(Figure 4.4b), where y is the coordinates in the y-direction and d is the roller distance. The
maximum velocity of the PDMS is observed at the center of the fluid flow, x/d = 0.5 (Figure
4.4b). The shear rate was next calculated as the velocity gradient (dVy/dx) and presented in
Figure 4.4c. The maximum shear occurs at the roller's wall and the higher R/d results in the
higher shear rate. Next, a parametric study is conducted for roller speed (U) of 30, 50, 80, and
100 rpm with R/d of 31.75, 36.28, 42.33, 50.8, and 63.5. The resulting dp/dx, y, and t,, are
plotted in Figures 4.4d, 4.4e, and 4.4f. Each of these parameters increases with an increase in
roller speed and R/d. The effect of R/d was more dramatic at higher roller speed. For example,
the dp/dx increases only from 0.79 to 4.14 MPa m™ at 30 rpm but increases from 2.84 to 13.86
MPa m™ at 100 rpm. Similarly, at R/d of 31.75, the dp/dx increases from 0.79 to 2.84 MPa m™* as
the roller speed increases from 30 to 100 rpm, respectively, whereas the same increase in speed
causes dp/dx to escalate from 4.13 to 13.86, respectively. In summary, the CFD analysis
established a method to determine some key parameters that were not able to examine in prior
studies due to the limitation of the experimental tools. The dp/dx, y, and t,, observed in the CFD

simulation results is utilized to analyze the experimental results in the following sections.
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Figure 4.2 (a) Ribbing instabilities in Flow-3D (b) CFD results compared with experiments.
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Figure 4.3 Schematic of the fluid cross-section of the CFD model.
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Figure 4.4 (a) Absolute pressure and fluid velocity at the direction of fluid flow (x-x direction)

for R/d = 31.75, 36.29, 42.33, 50.8, and 63.5 at a roller speed of 10 rpm. (b) The fluid velocity

profile in the x-x direction. (c) Shear rate (y) generated due to the velocity gradient at the x-x

direction. (d-f) Pressure gradient (dp/dx) in the flow direction, y, and 7, in various roller speeds

(30, 50, 80, and 100 rpm at R/d of 31.75, 36.29, 42.33, 50.8, and 63.5)

A parametric study was conducted for PDMS as the coating liquid to understand the

ribbing behavior related to the process parameters. A distinct ribbing phenomenon is observed

upon rotation of the rollers, identical to what was observed in the CFD simulation in Figure 4.2a.

Some of the ribbing images are shown in Figure 4.5a-h. The ribbing wavelength (Az;pping) IS

investigated concerning the rollers speed (U) and the dimensionless geometric parameter R/d.

For any given R/d, an increase in roller speed results in a decrease of Ag;pping (Figure 4.6a). A

more dramatic reduction in wavelength is observed with the rise of R/d for any specific speed.

For example, at R/d 31.75, the wavelength decreases from 7.03 to 6.47 mm with a 30 — 100 rpm
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roller speed. At 30 rpm speed, the wavelength reduces from 7.03 mm to 3.52 mm as the R/d
increases from 31.75 to 63.5, respectively. At a higher R/d (> 63.5), the linear ribbing periodicity
started to be non-uniform (Figure 4.5h), similar to what was observed in the CFD simulation

(Figure 4.2a).

R/d = 42.33 R/d=50.80 R/d=63.50 R/d=284.67
P T——

S P i ST Ty e—

Figure 4.5 (a-h) Ribbing instability of PDMS under various process conditions. (i) PDMS

flattens after a few seconds.

The ribbing pattern of the PDMS is only observed when the rollers are rotating. As soon
as the rollers stop, the ribbing patterns flatten in a few seconds due to the surface tension (Figure
4.5i). As observed in Figure 3.3c, the PDMS behaves like a fluid with nearly constant viscosity
(about 5.2 Pa.s) from a shear rate of 0.1 to 100 s™. This fluid-like behavior allows the surface
tension force to flatten the ribbing patterns quickly.

Next, the calculated dp/dx, y, and t,, from the CFD simulations is plotted against the
experimental wavelengths (Figures 4.6b, 4.6¢, and 4.6d). As also supported by the earlier studies
[28], the dp/dx was closely related to the ribbing wavelengths. A higher dp/dx associated with

more instabilities resulted in shorter wavelengths. In addition, higher y and t,, also resulted in
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shorter ribbing wavelengths. A statistical analysis of the Ag;pping individually with respect to

logio(dp/dx), logio(y), and logio(z,,) shows a co-relation factor of — 0.836, — 0.81, and — 0.823,

respectively, proving a strong relationship between these parameters. In addition, a linear fitting

between these parameters also shows R-square values of 0.68, 0.64, and 0.66 consecutively for

the equations shown in Figures 4.6b, 4.6¢, and 4.6d. A lack of fitting analysis for the linear

fitting results in a p-value of 0.056, 0.243, and 0.25. This demonstrates that the fittings are

significant with 95% confidence (p-value>0.05).
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Figure 4.6 (a) Experimental data of PDMS ribbing wavelengths vs. various process conditions.

(b-d) The experimental wavelengths of PDMS are plotted against dp/dx, y, and t,, calculated

from the CFD analysis.
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4.4 Conclusions

In summary, there were two crucial findings from the roll-coating of the PDMS. The
wavelength decreases with an increase in roller speed or R/d, whereas the reduction is more
evident with the rise of R/d. The dp/dx primarily drives the wavelength formation. The PDMS
cannot retain the ribbing patterns when the rollers stop as the materials behave as a fluid. This
draws interest in synthesizing coating materials that will behave as a solid when at rest,
preventing surface tension-driven flattening; but acting as fluid during the roll-coating allowing
the ribbing formation to occur. Flow-3D simulations showed the controllable ribbing
phenomenon. The experimental results validated the simulation. PDMS (Sylgard 184) shows
ribbing formation but cannot retain the shape due to surface tension-driven flattening. The
wavelength reduces with increased roller speed and reduced roller distance. The wavelength is
more heavily affected by roller distance compared to speed. Critical parameters defining the
instabilities and fluid properties such as dp/dx, y, and t,, was successfully evaluated based on
Flow-3D. The experimental ribbing wavelength strongly co-relates with these parameters. We
have successfully demonstrated an effective method to predict these critical parameters by the

simulation, which the conventional rollers cannot measure as they are not viscometric.
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CHAPTER 5 : Periodic Micro-grating structure Fabrication

5.1 Background

Based on the learning from the CFD model and roll-coating of PDMS, a parametric
analysis was conducted for CNT-PDMS composite paste. A wide variety of coating paste with
different inclusion of vol% was utilized for roll-coating to first study the pattern generation.
Finally, after narrowing down the process parameters, final samples were fabricated that
contained the periodic microstructures.
5.2 Experimental Methods
5.2.1 Forward Roll Coating

A two-roll coating machine was utilized to fabricate the samples and analyze the ribbing
behavior (Figure 5.1). Each with a radius (R) of 25.4 mm, the rollers run with independent
motors that can control the angular speed from 0 to 120 rpm. To transfer the composite film after
roll-coating, a removable polyimide sleeve was inserted on roller #1. The coating materials were
inserted between two rollers and were introduced to different process conditions by controlling
the roller velocities U1, Uy, and the roller distance of d. Finally, the micro-structure composite
film was oven-cured at 125°C for 25 minutes. An example of a roll-coated sample with linearly
periodic microstructure is observed in Figure 5.1d-e, and leaf-vein patterns observed in Figure

5.1g-h showing both ribbing and filamentation phenomena.
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Figure 5.1 (a) Two roll coating machines. (b) Forward roll coating of composite paste;
(c) Fabricated sample after heat-cure. (d-e) SEM image showing the micro-trench formation and
the peak-formations due to filamentation on a linearly periodic sample. (f-g) SEM images show

high aspect-ratio patterns similar to veins of a leaf, as the R/d crosses a critical value.

5.2.2 Surface Morphology Characterization
The surface roughness and waviness of the samples were characterized by a non-

contacting laser scanning confocal microscope (Keyence VK-X1100, 0.5 nm height resolution,
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and 1 nm width resolution). Several roughness descriptors, such as the Wenzel roughness factor
(), the density of peaks (Spd), and arithmetic mean wavelength (1), were evaluated from the
laser confocal data. The surface morphology was also investigated with a high-resolution
scanning electron microscope (FEI Verios 460 L). Figure 5.2a shows the linearly spaced patterns
with both ribbing and filamentation. Multiple horizontal and vertical lines were drawn with the
multifile analyzer to evaluate the laser confocal data. Each of the lines shows wavy patterns, as
observed in Figure 5.2c. However, the lines were next smoothened to quantify the periodicity.

The reported values are the average periodicity.
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Figure 5.2 (a) 3D images of the samples by a confocal laser microscope. (b) Top view of the
scanned surface with horizontal and vertical lines (lines not drawn to scale) to estimate the
periodicity of the samples. (c) Topography of a sample horizontal line showing the waviness of

the surface.
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5.2.3 Contact Angle Measurement

Contact angle measurements were conducted with a Ramé-hart goniometer (model 250)
at ambient temperature (22 — 25°C). A water droplet of 2 ulL was carefully deposited onto the
sample surface, and the syringe was withdrawn immediately. The water droplet images were
captured in 5 different sample locations by a charge-coupled device camera and a 150 W fiber
optic illuminator. Finally, the water contact angle was measured using the low-bond
axisymmetric drop shape analysis plugin provided by the ImageJ software [101].
5.2.4 High-speed Imaging

A Photron SA-X2 high-speed Camera was utilized to observe the roll-coating process
with a Sigma 1800 mm macro lens. The images were collected at 200 frames per second (fps).
The PDMS ribbing pattern was collected in a high-resolution camera. The collected images were

processed by ImageJ software to analyze the wavelength patterns [102].

5.3 Results and Discussion
5.3.1. Ribbing Instabilities in Roll-coating of PDMS Composites

The CNTs were next introduced into the PDMS to tailor the viscoelastic properties of the
coating materials. To avoid surface flattening when the rollers stop, a yielding material is
necessary, which will selectively behave like a fluid in elevated shear stress but behave as a solid
when the stress is unloaded. The entanglement of the cylindrical-shaped CNTs allowed such
behavior. Composite paste with various concentrations of the CNTs was synthesized and utilized
in the roll-coating process. At first, 0.27 vol% and 0.54 vol% CNT were added to the PDMS

matrix, and the roll-coating was observed in a high-speed camera.
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Similar to the PDMS, ribbing formation is observed for 0.27 vol% CNT-PDMS
composite (Figure 5.3). However, another phenomenon known as filamentation was also
observed during the roll-coating [103]. A small hole appears, generating a filament at the roller's
interface. As the roller rotates, the hole becomes larger as the filament stretches, eventually
breaking and developing a peak on top of the ribs (Figure 5.3). The produced surface is thus a
hybrid of ribbing formation and peaks from filamentation rupture. The elastic relaxation of the
composite paste has a crucial effect in the generation of such micro-peaks, with lower elastic
materials expected to have shorter peaks [103]. Future studies will investigate the extensional

viscoelasticity of the composite paste and how it influences the instabilities in roll-coating.
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Figure 5.3 (a) Filamentation phenomenon on 0.27 vol% CNT-PDMS composite roll-coating. (b)

Filament initiation. (c) Filament elongation. (d) Filament breakage.
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Figure 5.4 High-speed images were captured for roll coating of 0.54 vol% CNT-PDMS for
various roll-coating speeds of 20 rpm, 60 rpm, and 100 rpm for R/d of (a) 50.80, (b) 63.5, and (c)
84.67. The ribbing was relatively stable at a lower speed, whereas the higher speed incurred

more filamentation and tip-splitting.
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Figure 5.4 shows the high-speed images of roll-coating with 0.54 vol% of CNT-PDMS.
Roller speeds of 20, 60, and 100 rpm and R/d of 50.8, 63.5, and 84.67 are presented. The
observed hybrid pattern is similar to 0.27 vol% CNT-PDMS results. At 20 rpm speed, the
wavelength reduces from 1.03 mm to 0.49 mm with an R/d increment from 50.8 to 84.67. Notice
that the ribbing wavelengths in PDMS ranged from 2.8-5.32 mm, whereas the wavelength
significantly reduced with the addition of CNTs. This is primarily due to the higher viscosity of
the coating paste, causing more dramatic dp/dx resulting in a shorter wavelength. In addition, the

linearity of the wavelength formation is also compromised at higher speed and R/d.

1. Linear ribbing 2. Tree-branches ribbing 3. Leaf-vein ribbing

J

Lower viscosity Viscosity increase

Higher viscosity
Larger roller distance Roller distance decrease » Smaller roller distance
Slower roller speed Roller speed increase Higher roller Speed

Figure 5.5 Patterns classification occurring by ribbing and filamentations. The patterns begin

from linear to tree branches, and finally, leaf-vein-shaped random structure.

The roll coating of 0.27 and 0.54 vol% CNT-PDMS provided essential insights. (i) The
wavelength reduced significantly compared to the PDMS as the viscosity and elasticity
increased. (ii) An additional mode for pattern formation known as filamentation was also
observed, which affects the final patterns. (iii) At a lower velocity, it was observed that the
patterns were more likely to align linearly. (iv) The ribbing wavelength change is more sensitive
to the R/d, which is also observed in the roll coating of the PDMS. The observed patterns during

the roll-coating were broadly classified into three phases (Figure 5.5). Materials with lower
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viscosity and less dominant elastic properties, such as PDMS S184, showed linearly spaced
riblets during slower roller speed. However, when the nanoparticles are introduced to achieve
higher viscosity materials with yield behavior, the patterns begin to show a more complex nature.
Initially, the patterns transform into a tree-branch shape as the riblets begin to merge and
separate as the instability increases. However, as the viscosity of the materials increases even
further, with further higher speed and narrower roller distance, the generated patterns form like a
leaf-vein network shape where the riblets connect diagonally. These findings guided subsequent
experimentation with higher vol% CNTs for potentially achieving ribbing wavelength in the
micron range.

One initially observed dilemma was that the linearly periodic patterns did not retain
shape when the roller stopped as the materials did not possess yield stress. The following
experiment was conducted to retain the shape of the linearly spaced patterns potentially. Based
on the assumption that materials with lower surface energy yet higher viscosity with yield stress
might retain the shape in the linear ribbing region. As discussed in Table 1.2, PDMS S186
composites displayed lower surface energy of 17.9-18.8 mJ m> whereas PDMS S184-based
materials showed 21.85-23.23 mJ m. Figure 5.6 shows the linearly periodic patterns generated
by S186-6.9vol% SiO2 and S186-0.98 vol% CNT composited at a roller speed of 10 rpm. The
generated patterns are sustained for each of the materials when the rollers stop as the materials
have yield stress, as discussed in section 3.3.2. Figure 5.7a shows the laser confocal images of
the heat-cured samples to quantify the ribbing wavelengths. The S186-6.9vol% SiO, composite
shows the wavelength of 3.11, 2.63, 2.4, and 1.64 mm at R/d of 127, 169, 254, and 508
consecutively. At the same time, S186-0.98 vol% CNT results in 1.54, 1.28, and 0.98 mm of

wavelength at R/d of 169, 254, and 508. With both materials, the wavelength reduces with an

56



increase of R/d, whereas the cylindrical CNTs with lower vol% result in smaller ribbing

wavelengths for the same process parameters attributed to their higher viscosity.

R/d = 254

(a') R/d =127 R/d = 169 R/d =508

v

Figure 5.6 (a) Photographs of 6.9 vol% of SiO, — S186 samples for various R/d at a roller speed

of 10 rpm. (b) Photographs of 0.98 vol% of CNT — S186 samples for various R/d.

14 |—=— 6.9v0l% SiO, - Sylgard 186 -

—@— 0.98v0l% CNT - Sylgard 186

100 200 300 400 500
R/d

Figure 5.7 Laser confocal images of (a) 6.9 vol% of SiO, — S186 and (b) 0.98 vol% of CNT —

S186 samples for various R/d. (c) Measured ribbing wavelengths of the sample vs. R/d.
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5.3.2. Scanning Electron Microscopy

Coating pastes were prepared by adding various vol% of CNTs to the PDMS. 1.65-1.93
vol% CNT-PDMS provided the most linearly periodic samples upon extensive experimentation.
As the vol% of CNTs increases, the higher viscosity and elasticity cause the generated pattern to
be more random. For example, no forms of linearity were observed in roll coating samples with
> 3vol% CNTSs. Herein, the 1.65 vol% and 1.93 vol% CNTs-PDMS samples are presented. To
analyze the surface morphology, the roll-coated samples were heat-cured and observed by SEM
and laser confocal microscopy.

The 1.65 vol% CNT-PDMS sample showed ribbing instabilities and produced a micro-
trench profile at R/d of 63.5 at 50 rpm roller speed (Figure 5.8). However, an attempt to further
reduces the ribbing wavelength by increasing the R/d resulted in a linear to leaf-vein shape
transition at R/d = 84.67. A further increase in R/d to 101.6 results in leaf-vein shape samples

with a high aspect ratio with a large ribbing wavelength at a millimeter scale.

Figure 5.8 SEM images of 1.65 vol% CNT-PDMS samples at 50 rpm speed, and (a) R/d = 63.5,

(b) R/d = 84.67, and (c) R/d = 101.6.

Next, the 1.93 vol% CNT-PDMS composite paste was utilized to reduce the ribbing
wavelengths. The roller's speed was fixed at 20 rpm, while the R/d varied from 56.44 to 127. The

1.93 vol% CNT-PDMS samples showed a hybrid microstructure created by ribbing and
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filamentation similar to 0.27 and 0.54 vol% CNT-PDMS. While the ribbing waves were
observed transverse to the roll-coating direction, filamentation resulted in many micro-peaks in
the longitudinal direction. The camera images and SEM images of the samples are shown in
Figure 5.9. The samples R/d = 56.44, 63.50, 72.57, and 84.67 showed mostly linear ribbing
formation, whereas the R/d = 101.60 transitioned to a more random microstructure. Despite less
consistent micro-trenches in comparison to 1.65 vol% CNT-PDMS samples, it was possible to
achieve shorter Ag;pping. The ribbing wavelengths were reduced from 700 um to 90 um for the
linear-microstructure sample (Figure 5.9). The randomness increased to taller features at R/d >
84.67. At this point, roller speed was further increased to observe the effect on the generated
pattern to generate highly rough samples. The samples at 40 and 80 rpm with R/d of 101.6 and
127 showed highly dense micro-peaks and a high aspect ratio (Figure 5.10). Notice that although
the 40 rpm samples show uniformly rough samples, the 80 rpm samples show more
nonuniformity. The entangled CNTs with their yield stress allowed the PDMS to retain the

complex microstructure after roll-coating by resisting the surface tension-driven flattening.
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Figure 5.9 (a) Photographs of fabricated samples using R/d = 56.44, 63.50, 72.57, 84.67, and
101.60. (b-f) SEM images of samples fabricated with the same R/d ratios; (g) High-
magnification SEM image of an individual peak of the samples showing CNT distribution in

PDMS
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Figure 5.10 Photographs and SEM images of leaf-vein-shaped samples fabricated at 40 and 80

5.3.3. Confocal Laser Microscope

rpm at R/d of 101.6 and 127.

Since the SEM shows only a small area of the samples, a laser confocal microscope was

utilized to quantify the wavelengths and surface roughness. Figure 5.11 shows an example of

samples' three-dimensional (3D) topography. The ribbing wavelength (Az;pping), s described

earlier, is defined as the distance between each transverse riblet. The filamentation wavelength

(Aritamentation) 1S the peak-to-peak distance in the longitudinal direction, as shown in Figure 5.2.

The samples included random microstructures along with the linearly periodic patterns. To

quantify the wavelengths, multiple (>20) transverse and longitudinal lines (were drawn on the

3D surface with the Multifile-analyzer software (Keyence). Each of these lines showed the peaks
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and valleys of the surface topography. The wavelengths for these individual lines are evaluated
by the software, and the average values are presented in Figure 5.11. The wavelengths reduce for
both ribbing and filamentation phenomenon with an increase in R/d, associated with more
instabilities. The average Ag;pping Was 777, 618, 148, 114 um for the R/d=56.44, 63.50, 72.57,
and 84.67 samples. However, when the linear microstructure transitions to a leaf-vein
microstructure at R/d > 84.67, the wavelength increases to 224 um. The average Ar;jgmentation
also follows the same pattern as the observed wavelengths were 455, 337, 200, 146, 230, and
242.98 pm for the R/d=56.44, 63.50, 72.57, 84.67, 101.60, and 127. The Wenzel roughness
factor (r) was also evaluated, which is discussed in the following section in conjunction with the

water contact angle measurement result.

T T T T T I I 600
800 g — W= Agipy
o \ > ARlbblng E
J— —_— 1 i
E - Filamentation 500 23,
600 -
S ] Linear Pattern S
= 500 \ samples —. Leaf-vein F400 .S
- _ samples 5
c 400 p £
g - c
E ol L 300 GEJ
X ‘ e :
_< 200 A /b/' i
- LL
100 <I/ =
. ] | | ' |

50 60 70 80 90 100 110 120 130

R/d

Figure 5.11 Ribbing wavelength (Ag;pping) and filamentation wavelengths (Ariamentation) Of

the fabricated samples vs. R/d. The wavelengths decrease with increased R/d until the pattern

transforms from linearly periodic to leaf-vein shape.
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5.3.4. Water Contact Angle Measurement

The water contact angles (WCA) of the micro-structured samples were measured to
demonstrate the hydrophobicity of the surface (Figure 5.12). The measurements were performed
in 5 different locations for each of the samples. The average WCA of the linear micro-structured
samples were 128.17°, 133.64°, 136.98°, and 137.27° for R/d = 56.44, 63.5, 72.57, and 84.67,
respectively. In comparison, a compression-molded flat CNT-PDMS sample showed a WCA of
115.4°. Thus, the increased WCA to R/d is related to the roughness of the fabricated sample.
However, the trend stalls right before the transition from a linearly periodic microstructure to a
high aspect-ratio random microstructure. The WCA dramatically increases into the
superhydrophobic range to 150.63° and 158.13° for R/d = 101.6 and 127. This is primarily due to
the increase in the surface area of the samples due to enhanced hierarchical structure geometry,
which is also reflected in the high Wenzel roughness factor of ~3.5. The WCA and the Wenzel

roughness factors matched well (Figure 5.12).
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Figure 5.12 (a) Water contact angle measurements boxplot at five different locations of each

sample. (b) Wenzel roughness factor vs. R/d

63



5.3.5. CFD Analysis of the Observed Surface Morphology

The roll-coated samples were broadly classified into two categories based on the
microstructures. The generated patterns were mostly linearly periodic samples for the 1.93 vol%
CNT-PDMS samples with 20 rpm speed and R/d < 84.67 (Figure 5.9 and 5.10). Whereas
samples with R/d 101.6 and 127 showed more leaf-vein shape structure with high aspect ratios.
The results indicate a significant alteration in the ribbing formation after the critical R/d value of
84.67. However, since the roll-coating experiment itself could not provide further information on
the state of the coating paste, such as the fluid velocity, pressure gradient, shear rate, and wall
shear stress, further CFD analysis was conducted to evaluate these parameters and potentially
correlate with the experimental results observed by the SEM and laser-confocal. The CFD
analysis was conducted in a similar method mentioned in section 4.2.1.

The pressure gradient in the direction of fluid flow, dp/dx for 1.93 vol% CNT-PDMS,
was observed to be an order of magnitude higher than PDMS. The dp/dx ranged from 667 MPa
m™ to 3138 MPa m for R/d of 56.4 to 127, respectively (Figure 5.13a). The enormous increase
in pressure gradient is sourced from the elastic nature of the viscoelastic fluid, which restricts the
flow and increases the stress significantly [42]. The high dp/dx results in much more aggressive
ribbing instability even at a slower roller speed than PDMS. The associated shear rate during the
roll-coating experiments was also evaluated based on the CFD analysis. The roll coating of 1.93
vol% CNT-PDMS at 20 rpm speed results in the shear rate of 54.02, 80.81, 93.04, 116.37,
119.87, and 154 s for R/d of 56.44, 63.5, 72.57, 84.67, 101.6, and 127, respectively. Notice that
the wall shear stress steadily increases from 0.3 MPa to 0.41 MPa for R/d of 56.44 to 84.67,
respectively. However, at R/d 101.6, when the shear rate is 119.87 s, the wall shear stress

increases sharply to 0.45 MPa (Figure 5.13b). As observed in prior studies, the abrupt change in
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wall shear stress results in further tip-splitting, which results in the leaf-vein shape structure.
Grillet et al. observed similar tip-splitting behaviour specifically for elastic materials and noticed

that an increased elasticity dramatically changes the shape structure to be more random [35]. The

CFD analysis of the roll coating of 1.93 vol% CNT-PDMS helped to uncover the critical roll

coating process parameter along with the associated dp/dx, y, and t,, that contribute for the

transitions between the linear to leaf-vein shape formation.
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Figure 5.13 CFD simulation results for roll-coating of 1.93 vol% CNT-PDMS under various

process conditions. (a) Agipping, dp/dX, and y vs. R/d. (b) Agipping and wall shear stress vs. y.

5.4 Conclusions

Increasing the CNT content to 2.08vol% on the S184 allows the polymer to retain shape

even after roll-coating is stopped due to the high viscosity to surface energy ratio. Also, the

ribbing instabilities help to achieve controllable linear micro-trenches of 114-777 um periodicity.
However, as the roller distance decreases further to increase the R/d to 101.60, the linear ribbing
transitions into the high aspect-ratio leaf-vein-shaped microstructure. The water contact angle of

the samples ranged from 128.17° to 163.63°. The linear microstructure films can be essential in
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mass manufacturing drag reduction surfaces. At the same time, the high aspect-ration random
microstructure films can have applications in superhydrophobic, self-cleaning, anti-icing, and

anti-biofouling surfaces.

66



CHAPTER 6 : Multifunctional Applications of Superhydrophobic Surfaces

6.1 Background

The fabricated samples were investigated for multifunctional applications, including
SHPo drag reduction, loading capacity increase, electrical properties, and mechanical properties.
Some future experiments are focused on biofouling applications and radiative cooling
applications.
6.2 Experimental Methods
6.2.1 Drag Reduction and Loading Capacity Test

The hydrodynamic drag reduction of the sample was measured by using a pulley system
that attaches to a miniature boat (Figure 6.1). The SHPo sample surface was attached to the
bottom of a model boat. Another boat with the same weight without the functional bottom
surface was used as a reference. A mass was used to create a steady tension force (F) on the
miniature boat. Also, four different masses (1.7, 0.8, 0.6, and 0.5 g) were utilized to accelerate
the boats, resulting in different Froude numbers and Reynolds numbers. The time required for
the boat to travel a 72-inch length tank with static water was measured. The velocity, Reynolds
number, Froude number, and related acceleration were calculated from these times. Based on the
acceleration of the boat, the Froat Was calculated. As observed in Figure 6.1 free-body diagram
ignoring the frictional force from the pulleys, the drag-reduction force Fpp = F - Fjpq: WaS
calculated.

The loading test was conducted similarly to the drag-reduction test by attaching the SHPo
surface at the bottom of a model boat. The reference boat and the SHPo surface boat had the

same initial weight. The maximum weight was put on the boats until they sank into the water.

67



The loading capacity increase was calculated as the percentage increment in the maximum load

of the boats with the addition of an SHPo surface sample.

3D-printed Boats

Figure 6.1 (a) The free-body diagram of the drag-reduction experimental setup. (b) Miniature

model boats with standard loads. (c) Experimental setup

6.2.2 Mechanical Scratch Testing

A Nanovea CB500 mechanical tester was utilized to examine the robustness of the 1.93
vol% CNT-PDMS micropatterned surface. A spherical-shaped indentor (6-mm diameter) was
used to scratch the 6 — 8 mm sample length at 6 mm min™ speed (Figure 6.2). A progressive
normal load (Fn) of 1 — 20 N was applied to the sample at a 19 N min* loading rate. The
machine measured the frictional force (Fs) corresponding to the applied normal force. The

frictional coefficient was evaluated as f = Fy/Fy,. The data were plotted against the scratch
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length. The first sudden change in the frictional force or coefficient was considered materials'
cohesive failure or mode-1 failure (Lc1). The second abrupt change in the data is the adhesive
failure or mode-2 failure (Lc2) [104,105].

Applied Normal Load

Friction Force
<

Stylus displacement with

progressive load
Cohesive failure >

chipping & cracking
Lcl

Adhesive Failure

delamination

LC2

Layer

Substrate

Figure 6.2 Mechanical scratch testing of the samples showing cohesive and adhesive failure
(image reconstructed based on [104,105])
6.2.3 Electrical Conductivity Measurements

The samples were prepared in the same method as the Surface energy measurement
section mentioned (Figure 6.3). One additional step was conducted for the electrical conductivity
measurement samples. After the samples were cured, they were cut into 2.54 mm by 2.54 mm
square shapes.

The sheet resistivity of the CNT-PDMS composites was measured by the Van der Pauw
method by a custom-made 4-point probe setup using Keithley 2400 source meter. Four uniform
ohmic contacts of copper were placed at the four corners of the samples and connected to the
source meter, as shown in Figure 6.3. A current was driven along one edge of the sample (for

example, 1ag) to make the measurement, and the corresponding voltage on the opposite edge Vcp
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was measured. For this particular case, the ohmic resistance Rag.cp can be calculated based on

Ohm's law as follows,
(6.1)

Vep

RAB,CD = Iin

In this method, the resistance was measured both in horizontal and vertical directions by
switching the probes, and the average Rverticat and Rhorizontal Value was calculated. Next, the sheet

resistance Rs of the samples were measured by the VVan der Pauw formula as follows,

Ryertical Rhorizontal
o m(THRdAL) | o -m(horgontal) _ (6.2)
Compression
(a) molding at 1-ton
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Figure 6.3 (a) Sample preparation of CNT-PDMS composite sample for the electrical
measurement (b) Electrical conductivity measurement setup using a custom-made 4-point probe

following the Van-der-Pauw method.

6.3 Results and Discussion

6.3.1. Hydrodynamic Drag Reduction
The hydrodynamic drag reduction of the linear micro-structured sample was measured

by attaching the sample to the underside of a miniature boat and pulling it parallel to the water
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surface using a wire-and-pulley system (Figure 6.1). Weight was used to create a steady tension
in the wire that pulls the boat with a constant force. Four different loads (1.7, 0.8, 0.6, and 0.5 g)
were used for the boat to reach four different steady speeds. The time required for the boats to
travel a set distance (180 cm) was measured, and the acceleration time was short enough to be
ignored. The velocity, acceleration, Reynolds number (Re), and Froude number (Fr) of the boat
and the velocity increase of the boats with the linear micro-structured sample relative to the ones
without were calculated from the measured times. For Reynolds numbers 55397, 33163, 20677,
and 15348, the velocity increases (or drag reductions) were 8.27, 8.68, 7.31, and 4.34%,
respectively (Figure 6.4). This decrease of drag reduction with increasing Reynolds number,
which deviates from what is known for laminar flows [73], can be explained by the large Froude
number even at low Reynolds numbers due to the small boat size. Note that the drag of the boat
in the current experiment comprises skin friction and wave-making, and the given sample can
reduce only the skin-friction drag with no effect on the wave-making drag. When Fr < 0.25, the
skin friction drag is dominant; however, the wave-making resistance dominates when Fr > 0.25
[106]. When the Froude number increased (0.13, 0.18, 0.29, and 0.48, correspondingly) so that
the portion of skin friction in the total drag decreased, the reduction of skin friction had a
diminishing effect on the total drag. The sample with the densest linear patterns (R/d = 84.67,
Aribbing = 114 pm) was the most significant drag-reduction reported in this section. The samples
with broader wavelengths did not have a conclusive result as they lack the ability to retain the

plastorn.
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Figure 6.4 Velocity profile of model boat with and without the linear micro-structured sample.

6.3.2. Loading Capacity Test

The loading capacity of miniature boats with and without the micro-nano textured surface
was measured by placing masses on the boat while maintaining a constant center of gravity until
the boats were submerged (Figure 6.5). The maximum load for the boat without the ShPo was
29.63 g, while the maximum load was 33.16 g for the boat with the SHPo. Thus, the loading
capacity increased by 11.9% for the boat with the SHPo surface. The sample with the highest
water contact angle (R/d = 127) was chosen for this test due to the most significant
superhydrophobicity. The loading capacity increase can be explained by the air entrapment on
the SHPo surface, as observed in Figure 6.5a. The buoyancy force due to air entrapment depends
on the air entrapment's surface area and the air film's thickness [107]. Because there is an evident

air film thickness, the buoyancy force for the boat with the CNT-PDMS surface is much higher
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than the boat without the CNT-PDMS surface. Therefore, an increase in loading capacity is

observed.

Entrapped air on
superhydrophobic surfe

Figure 6.5 (a) Entrapped air underneath the SHPo surface skin attached to the model boat (b)

Loading test for the model boat with SHPo surface

6.3.3. Electrical Conductivity Measurements

The addition of a conductive filler in a non-conductive polymer matrix was found to
incur electrical conductivity based on prior studies [108-110]. Since CNTSs are highly
conductive, there is a potentiality of achieving multifunctionality of the SHPo samples if
electrical conductivity is also observed. The electrical sheet resistance of the samples was
measured by a custom-made 4-point setup following the Van-der Paw method with varying CNT
vol% and is represented in Figure 6.3b. It was found that CNT vol% of 0.27, 0.54, 0.82, 1.09,
and 1.37 had sheet resistance values of 747.84, 190.36, 90.64, 36.26, and 22.66 Q/a, respectively
(Figure 6.6). The decrease in sheet resistance because of increased CNTs creates a percolated

network. As more CNTs are added, the percolation increases until a certain percolation
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threshold. In a percolated network, electrons move across the network under an applied electrical
field, which leads to an increase in electrical conductivity [111]. This increase in electrical
conductivity, therefore, decreases the measured sheet resistance. Thus, as more CNTSs are added,
the percolated network grows and enables a decrease in the sheet resistance by increasing
electrical conductivity. The PDMS-Sylgard 184 sample resistance was undetermined in the
experiment, possibly due to very high resistivity.

This is also important to mention that Lee et al. [112] and Xu et al. [113], worked on
manufacturing SHPo surfaces capable of plastron regeneration primarily by attaching additional
conductive electrodes integrated into the surface, which allowed plastron regeneration by
electrolysis when the water began to penetrate the micro-trench cavities (Figure 6.6b). However,
the micro-trench structure fabricated in the present study would also be able to regenerate
plastrons without additional electrode molding since the CNT-PDMS material is reasonably
conductive. Further studies will be conducted in the future, focusing on the plastron regeneration

capabilities of the manufactured SHPo surface in the presented study.
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Figure 6.6 Sheet resistance Rs of the CNT-PDMS composite samples fabricated in the current
study. (b) Mechanisms of regenerative plastrons by work of Lee et al. [112].
6.3.4. Scratch Testing
The robustness of the 1.93 vol% CNT-PDMS micro-structured sample was tested to

identify the critical load of cohesive and adhesive failure. The critical load is the smallest load
that causes microstructural damage for possible cracking or plastic deformation [104,105].
Although this test is not a comprehensive materials property test as the test parameters also have
an effect, the critical load observed in such a scratch test is also a function of the mechanical
strength of the materials. The first mode of failure, or the cohesive failure (Lc1) in the CNT-
PDMS sample, was observed for 7 N force as there seemed to be a sudden increase in the
frictional force (Figure 6.7). The secondary failure was observed at 16 N, the adhesive failure

between the test sample and the substrate. The frictional coefficient for the 1.93 vol% CNT-
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PDMS composite was stable at ~0.2. Compared to the CNT-PDMS sample, the PDMS sample’s

cohesive failure occurred at a lower force of 3.6 N. The adhesive failure (Lc2) was similar to the

CNT-PDMS sample of 15.8 N force. The frictional coefficient of the PDMS sample seems to be

much higher (~0.35-0.45) than the CNT-PDMS sample. The micro-structured surface assisted in

this reduction in tribological friction, as observed in other studies [13,114]. The CNT addition

helped the composite layer achieve superior mechanical properties compared to pure PDMS.

Future studies will include the wear properties of the CNT-PDMS microstructures layer and

underwater testing for a prolonged time to observe possible material degradation.
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Figure 6.7 Scratch test of (a) 2.08 vol% CNT-PDMS sample and (b) PDMS-Sylgard 184
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The 3D printed boat showed 7 — 8% faster speed than the boat with a flat PDMS film when

towed in a static water pool. The boat with the microstructured coating showed an 11.9%

increased loading capacity by weight. The CNT-PDMS composite materials showed the

reinforcement in mechanical properties as the cohesive failure occurs at 7 N force, whereas the
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bare-PDMS fails at 3.6 N. CNT-PDMS films showed electric conductivity, where the sheet
resistance reduces from 747.84 to 22.66 o/o with 0.29 — 1.48 vol% of CNTSs addition. The

increase in electrical conductivity enables the potentiality of plastron regeneration capabilities in

the SHPo drag-reduction.
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CHAPTER 7 : Conclusions and Future Works
7.1 Conclusions

A comprehensive investigation was conducted to study the ribbing formation during a
roll-coating process both computationally and experimentally. First, ribbing instabilities for the
pure PDMS were investigated. It was found that the pressure gradient occurring due to roller
speed, R/d, and the material’s viscoelastic properties is the key driving force of the ribbing
instabilities. The wavelengths for the PDMS were observed in the 7.03 to 3.52 mm range for
roller speeds from 30 to 100 rpm and R/d of 31.75 to 63.50. The ribbing formation of PDMS was
also observed to flatten when the roller stops due to lower surface energy compared to the
viscosity and also not having yield stress. Increasing the CNT content on the PDMS allows the
polymer to retain its solid shape even after stopped roll-coating as yield stress of 0.0025,
0.01247, and 0.08737 MPa was observed for 0.54, 1.93, and 5.68 vol% of CNT-PDMS,
respectively. The observed microstructure of the surfaces by the roll-coating was characterized
as a hybrid pattern due to ribbing instability and filamentation due to elastic relaxation of the
coating paste.

The manufactured samples showed a controllable 114-777 um periodicity. However, as
the roller distance decreases further to increase the R/d to 101.60, the linear ribbing transitions
into the random microstructure with a high Wenzel roughness factor (r) of 3.56. The water
contact angle of the samples ranged from 128.17° to 158.63°. The CNTSs addition also made the
samples conductive, opening opportunities for multifunctional applications. The mechanical
durability of the fabricated microstructures is also investigated by scratch-testing. Finally, the
fabricated pieces are also being employed to demonstrate drag-reduction capabilities in miniature

model ships, self-cleaning surfaces, and anti-biofouling applications.
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This study demonstrated a simple, scalable fabrication process to achieve periodic
microstructures. The research helped to carefully identify and narrow down the suitable material
composition and process parameters to control the micro-trench periodicity. However, the
periodicity and continuity in the produced samples are far from the photolithography-based
manufacturing techniques. However, the presented new technique has a huge potential moving
forward for scalable manufacturing. The complete sample preparation takes only half an hour,
beginning with the coating paste preparation, roll-coating, and heat-curing. The maximum size
achievable with the presented two-roll-coater is 300 mm by 150 mm, only constrained by the
diameter and length of the rollers. Taking advantage of the ribbing instabilities, a large periodic
microstructured surface can be obtained quickly by employing a more robust roll-coater with
continuous substrate-feeding capabilities. Future work will be focused on fine-tuning the process
parameters, including new materials systems to improve the control of the surface morphology to
move closer to the photolithography-based techniques.

7.2 Future Works

Future research will first focus on investigating the potential of regenerative plastrons on
the fabricated samples since CNT-PDMS was found to be conductive. We are also exploring
potential applications in anti-biofouling, radiative cooling, and self-cleaning surfaces. The
extensional viscosity and its effect on ribbing instabilities are also of interest to minimize the
filamentation. New materials systems with different physical properties are also will be explored.
Further study on physical properties of the materials system to design such materials to support
manufacturing of continuous micro-grating trenches. We also want to design a roll-coating setup

with a continuous feed of Web for larger-scale manufacturing.
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