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ABSTRACT

Design and Engineering of Slippery Liquid-Infused Porous Surfaces by LbL Technique for

Icephobic Surfaces and Hydrodynamic Cavitation

ARAZ SHEIBANI AGHDAM

Materials Science and Nano-Engineering, Ph.D. Thesis 2020

Dissertation Supervisor: Prof. Dr. Fevzi Cakmak Cebeci

Keywords: SLIPS, Layer-by-Layer Assembly, Icephobic Surfaces, Cavitation on SLIPS

Abstract:

In this thesis a phenomenon that had been observed in nature and has been explained by fluid
dynamics and surface engineering, was mimicked to study its properties and potential applications.
The slippery liquid-infused porous surfaces (SLIPS) technology, which is inspired by pitcher plant,
has been developed using Layer-by-Layer (LbL) assembly technique. The roughness of the surface
was provided by deposition of a thin film of silica nanoparticles on a substrate and then the
porosities of the surface was filled by a lubricant to have a non-stick, ultra-repellent, self-healing,
icephobic and hydrophobic SLIPS.

The charged silica nanoparticles with a diameter range of 40 to 80nm were synthesized using
Stober method and their size and surface charge were adjusted by controlling the TEOS/Ammonia
ratio. The synthesized silica nanoparticles were deposited on the surface of the substrate using LbL
assembly technique via dip coating and fluidic coating methods. The SEM, AFM, UV-Vis and
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ellipsometry results confirmed the deposition of a rough coating with root mean square roughness
of 30 to 15nm, young modules of 5.3Gpa, 98% transparency in visible region and thickness of 100
to 200 nm. The icephobic porosities of the assembled thin films, which were filled by a lubricant
were evaluated using a homemade ice adhesion strength measurement setup in an environmental
chamber. The ice adhesion strength of the prepared SLIPS was measured as less than 5kPa. The
cycling and aging tests, which were carried out on the SLIPS showed 35% reduction in the
icephobicity of the SLIPS after 100 days and the ice adhesion strength of the coatings was about
5 times lower than untreated samples even after 50 icing deicing cycles.

Surface topography and properties have an important influence on the generation of cavitating
flow in microscale. For studying the effect of SLIPS and the surface roughness on the cavitating
flow, the designed SLIPS structure was layer-by-layer assembled using fluidic method on the
hydrodynamic cavitation microchips with various hydraulic diameters. The microfluidic devices
were exposed to upstream pressures varying from 1 to 7.23 MPa and it has been observed that the
inception of the cavitating flow and supercavitation condition have been occurred at much lower
pressures in comparison with non-treated microfluidic devices. Introducing the cellulose
nanofiber-stabilized perfluoropentane droplets to the SLIPS assembled micro channels, reduced
the upstream pressure down to 1.7 MPa for generation of the supercavitation flow pattern within
the device. The cellulose nanofibers were assessed by AFM after the cavitation process and it was
observed that they were left undamaged during the cavitation process due to the lower upstream
pressure, which in turn, increased the regeneration potential of the droplets for closed-loop

applications.



OZET

Buzfobik Yiizeyler ve Hidrodinamik Kavitasyon i¢in LbL Teknigi ile Kaygan Sivi Doldurulmus

Gozenekli Yiizeylerin Tasarimi ve Miithendisligi

ARAZ SHEIBANI AGHDAM

Malzeme Bilimi ve Nano-Muhendislik, Doktora Tezi 2020

Tez Danismani: Dog. Dr. Fevzi Cakmak Cebeci

Anahtar Kelimeler: SLIPS, Tabaka tabaka kaplama, Buzfobik Yiizeyler, SLIPS Uzerinde

Kavitasyon

Ozet:

Bu tez kapsaminda yapilan ¢alismalar, dogada gdzlemlenen, yiizey miihendisligi ve akiskanlar
dinamigi ile incelenerek agiklanabilen bir olayin, ozelliklerinin ve potansiyel uygulamalarinin
ortaya cikarilmasi i¢in incelenmesi ve taklit edilerek calisilmasini {izerinedir. Siirahi bitkisinden
esinlenilerek hazirlanmis, kaygan sivi doldurulmus gézenekli yiizey (SLIPS) teknolojisi, tabaka
tabaka (LbL) ince film kaplama teknigi kullanilarak gelistirilmistir. Yiizeyin purizliligi, ince bir
silika nanopargacik filminin bir altlik iizerine birikilmesiyle elde edilmistir ve ardindan olusturulan
ylizeyin gozenekleri, yapismaz, itici, kendi kendine diizenlenebilen, buzfobik ve hidrofobik SLIPS

mimarisini olusturmak i¢in bir yaglama maddesiyle doldurulmustur.

Cap1 40 ila 80 nm arasinda degisen negatif yiklii silika nanoparcaciklar Stober yontemi

kullanilarak sentezlenmistir ve TEOS / amonyak orani kontrol edilerek boyutlar1 ve yilizey
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yiiklerinin miktar1 kontrol edilmistir. Sentezlenen silika nanopargaciklar, daldirmali kaplama ve
akiskan kaplama yontemleri ile LbL ince-film kaplama teknigi kullanilarak althgin yiizeyinde
biriktirilmistir. SEM, AFM, UV-Vis ve elipsometri sonuglari, elde edilen ince filmlerin ylzey
plirtizlilligiiniin 30 ila 15 nm arasinda oldugu, Young modiil degerinin 5,3Gpa, goriiniir bolgede
%98 gecirgenlik ve 100 ila 200 nm kontrol edilebilen bir kalinliga sahip bir kaplamanin elde
edildigini gosterilmistir. Bir yaglayici ile doldurulmus gézenekli ince film kaplamalarin buzfobik
ozellikleri kendi yaptigimiz ¢evresel kosullandirma kabini i¢inde bir buz yapisma mukavemeti
Ol¢tim diizenegi kullanilarak degerlendirilmistir. Elde edilen SLIPS mimarisinin buz yapisma
mukavemeti 5 kPa'dan az olarak elde edilmistir, belirtilen deger literatiire gore oldukea iyidir.
SLIPS iizerinde gergeklestirilen dongii ve yaslandirma testleri, 100 giin sonra SLIPS'in buz
fobisite ozelliklerinde %35°lik bir azalma gostermistir ve kaplamalarin buz yapisma mukavemeti,
50 buz ¢dzme dongiisiinden sonra bile referans test 6rneklerden yaklasik bes kat daha diistiktiir.

Yaglayicinin tekrarlanmasiyla baslangictaki 6zellikler tekrar elde edilmistir.

Yiizey topografyasi ve 6zellikleri, mikro 6l¢ekte kavitasyonlu akis olusumunda 6nemli bir etkiye
sahiptir. SLIPS ve ylizey piiriizliilligliniin kavitasyon akisi lizerindeki etkisini incelemek igin
tasarlanan SLIPS yapisi, ¢esitli hidrolik c¢aplara sahip hidrodinamik kavitasyon mikrogipleri
izerinde akiskan yontem ile tabaka tabaka kaplama yontemi kullanilarak elde edilmistir.
Mikroakiskan cihazlar, 1 ila 7.23 MPa arasinda degisen yukar1 akis basinglarina maruz
birakilmistir ve kavitasyonlu akis ve siiper kavitasyon durumunun baslangicinin, islem gérmemis
mikroakiskan cihazlara kiyasla ¢ok daha diisiik basinglarda meydana geldigi gézlenmistir. Seliiloz
nanofiberle stabilize edilmis perfloropentan damlaciklarinin mikro kanallarda SLIPS yapisinin
olusturulmasiyla, cihaz i¢inde siiper kavitasyon akis modelinin elde edilmesi i¢in yukar1 akis
basincini 1.7 MPa'ya kadar diisiirtildiigii tespit edilmistir. Seliiloz nanolifler kavitasyon isleminden
sonra AFM kullanilarak incelenmis ve daha diisiik giris basinci nedeniyle kavitasyon sirecinde
hasarsiz olduklar1 goriilmiistiir, elde edilen sonuglar kapali dongii uygulamalarinda damlaciklarin

rejenerasyon potansiyelini artirdig goriilmuistiir.
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Introduction and State of Art

Slippery liquid-infused porous surfaces (SLIPS), which are mimicked from pitcher plant, have
been recently introduced as a potential solution for different applications. Many scientists have
been inspired by the capabilities of these surfaces and have tried to harness their advantages by
engineering the surface of substrates. The main objective in the engineering of the substrate’s
surface is preparing the substrate to entrap a proper lubricant on its surface. In this regard, extensive
works have been carried out to modify the chemical and physical properties of the surface to be
adapted for entrapping the lubricant. However, it should be noted that most of the techniques that
have been exploited for this purpose are limited to the characteristics of the substrate, unscalable,
complicated manufacturing process, and etc. In this dissertation, it has been attempted to address
these problems and investigated a simple approach for applying a thin film to stabilize the desired
lubricant on the surface of the substrate with a low dependency on the substrate’s material using

layer-by-layer technique.

In the first chapter of the dissertation, silica nanoparticles with a wide range of diameter have been
synthesized and characterized. Different diameters of the nanoparticles with a negative surface
zeta potential have been synthesized by changing the chemical ratios of the bath’s components.
These nanoparticles are prepared to be deposited on the substrate and create a rough surface to
entrap the desired lubricant within its porosities. Characterization and optimization of the diameter
and the surface charge of the silica nanoparticles have improved the mechanical properties of the

deposited thin film and its efficiency in stabilization of the lubricant.

In the second chapter, which have been published in Langmuir journal, the prepared silica
nanoparticles have been assembled on the glass and silicon wafer substrates using the dip-coating
method of layer-by-layer assembly technique. The surface of glass and silicon wafer can be
hydrolyzed in an aqueous media and generate partially charged regions for attracting the oppositely
charged polyelectrolytes and nanoparticles. However, the negatively charge silica nanoparticles
cannot be absorbed on the negatively charges glass and silicon wafer. In the meantime, the density
of the charge on the surface of the substrate is not strong enough to absorb and stabilize the silica

nanoparticles on the surface. For reducing the dependency of the thin film deposition’s efficiency

1



on the substrate’s material, an adhesion layer has been anticipated to increase the surface charge
density of the substrate and provide an attractive layer for deposition of the synthesized silica
nanoparticles. The surface assessments of the thin film, which have been carried out using
scanning electron microscopy (SEM), atomic force microscopy (AFM), ellipsometry and many
other devices, confirmed the needed porosity for entrapping the lubricant within the surface of the
thin film. By modifying the surface affinity of the thin film, a fluorinated lubricant has been
entrapped within the porosities of the assembled thin film and SLIPS have been achieved and the
icephobicity of theses thin films and their durability have been investigated thoroughly in this

chapter.

In the third and fourth chapter, which are published in scientific reports and chemical engineering
journals respectively, the simplicity of deposition technique and the independency of the method
to the geometry of the substrate were challenged. In these chapters the thin film has been layer-
by-layer assembled using fluidic coating method on the surface of the silicon wafer microchips,
which is impossible or too complicated to modify its surface using other well-known techniques
and methods. The carved channels of the microfluidic device on silicon wafers were covered using
glass anodic bounding and the surface of the channels was not exposed to the environment to apply
and surface modification processes. It has been shown that layer-by-layer technique can deposit a
thin film on the surface of the microfluidic device by a very simple approach without removing
the anodic bounded glass cover. The impact of the deposited SLIPS on the hydrodynamic
cavitation properties of the microfluidic devices has been investigated in these chapters.

The proposed dip coated layer-by-layer assembled SLIPS in this thesis have presented a durable
and transparent icephobic surfaces with a nanometric thickness, which are less dependent on the
material of the substrate, and are able to be deposited on any partially charged surfaces.
Additionally, the deposition of the layer-by-layer assembled SLIPS using fluidic coating method
have revealed the simplicity of the method for applying the thin films on the geometrically
complicated surfaces and channels. The reported results, have shown an outstanding performance
in generation of the cavitating flow at lower upstream pressure and preservation of the cavitating
bubbles.



Chapter One

Synthesis and Characterization of the Silica Nanoparticles



1-1 Introduction

Silica nanoparticles have been attracted the interest of the research groups in recent decades base
on their unique and outstanding properties. These nanoparticles are transparent in a wide range of
optical wave lengths, chemically stable and unreactive, mechanically durable and stable, and fairly
not harmful or toxic to living tissue. In addition to these properties, they are synthesized and
functionalized in rather simple procedures which can develop different and amazing chemical and
physical properties on the surface of the particles [1]. Functionalizing the particles alters the
chemistry and affinity of the surface which allows the scientists to load different chemicals on the
particles for studying the surface properties in biomedical applications. Meanwhile the dispersion
and size control of the nanoparticles in various solutions can be engineered as a consequence of
surface modification of the nano particles. However, the uptake hazards and risks of these particles
and functionalizing groups by animals, plants and human beings are not studied thoroughly and

need to be investigated further [2].

There are various approaches introduced to synthesis silica nanoparticles for different applications.
Size distribution, surface zeta potential, mesoporosity, mechanical properties, dispersant solution
and many other factors can affect the selection of appropriate synthesizing approach. The sol-gel
process and microemulsion method can basically be considered as the most well-defined and

widespread methods to produce wide size range of silica nanoparticles [3, 4].

Microemulsions (MEs) are liquid systems of oil, water, and amphiphile components which are
isotropic transparent in most of the cases [5]. Depending on the components of the systems, they
can be divided in three main different categories as water-in-oil in which the oil phase in the system
is dominant as the internal phase, oil-in-water, which oily phase is the continuous one in the system
and bicontinuous water and oil in which there are comparable amounts of water and oil in the
system. MEs are developed by blending the aqueous and oily phase in the presence of proper
surfactant. The phase behavior of the developed ME system is determined by the relative
proportions of the oil, water, and amphiphile components in which the low surface tension
achieved by the surfactant, can result in spontaneous transformation into ME[6-8] In the case of
silica nanoparticles, ME has been investigated extensively in the recent decade. The surfactant
helps the oil and water to be dispersed in the media and the hydrolysis reaction takes place at the
interface of the oil and water.[9]



Stober process has been reporter by Werner Stéber and his colleges in 1968 and is used as one the
most practical and simple wet chemistry approaches to synthesis silica nanoparticles. In this
process, which is a subset of sol-gel process, a precursor is introduced to an alcoholic solution to
react with water. The hydrolyzed precursors lose the EtOH group on their structure and link
together to create bigger molecules and finally build the silica particles as shown in Figure 0-1[10].
The synthesized particles using this method are uniform and have a narrow size distribution, which
can be controlled by the conditions in the bath. The reactants concentration ratio, temperature of
the bath, concentration of the catalysts, and reaction time are the most important parameters, which
effect the size and distribution of the particles. Adding ammonia to the bath reduces the random
directional growth of the particles and spherical particles can be achieved. Increasing the amount
of the ammonia concentration in the bath increase the size of the particles however the size
distribution of the particles gets wider. The concentration of tetraethyl orthosilicate as precursor
effects the particles size inversely. The higher concentration of tetraethyl orthosilicate provides
greater amount of nucleation sites in the bath which reduce the size of the synthesized particles
and increase the size spread of them as a consequence. The temperature of the bath can determine
the size and the distribution of the particles. The lower temperature reduces the reactions rate which
in turn leads to increase in the size of the particles (Figure 0-2) [11]. Using Stober process to
generate silica particles grants the advantageous of precisely controlling the size and

monodispersity of the synthesized nanoparticles.
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Figure 0-1 The mechanism of silica nanoparticles growth
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Figure 0-2 Average diameter of particles as a function of bath temperature [11]

Nanoparticles can be protonated or deprotonated in the aqueous solutions and acquire positive or
negative charge on the surface respectively [12]. Silanol functional group on the surface of the
silica nanoparticles are dissociation with the water molecules and becomes negatively charged
[13]. Zeta potential of silica nanoparticles has been studied in the recent literatures. It is reported
that these particles possess negative surface charge which is stable in a wide range of pHs (3-13)
(Figure 0-3) [14]. High stability and low dependency of surface charges of the silica nanoparticles
to the pH of the solution makes them an interesting inorganic particle to be used in layer-by-layer
assembly. In this chapter different sizes of silica nanoparticles have been synthesized using Stober

method and the size distribution and zeta potential of them has been studied.
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Figure 0-3 Zeta potential of silica nanoparticles in different pHs [14]
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1-2 Experiments

1-2-1 Materials
Tetraethyl orthosilicate (TEOS), Ammonia solution 25%, 2-propanol 99.5% (IPA) were

purchased from Sigma Aldrich. Deionized water (resistance 18.2 MQ cm) was obtained using

Milli-Q.

1-2-2 Synthesizing nanoparticles

The sol-gel synthesizing the silica nanoparticles carried out at room temperature (25 + 2 °C).
Isopropyl alcohol (IPA) was used as the reaction media, Tetraethyl orthosilicate (TEOS) was used
as source of silica and 25% Ammonium hydroxide solution in water was used as catalyzer and
hydrolyzer. The ammonia hydroxide was mixed with IPA for 15 minutes on a magnetic stirrer and
then TEOS was added to the solution. After two hours of stirring, the solution stored without
disturbance for 72 hours. The size of nano particles was controlled by changing the ratio of
TEOS/NH4OH.

1-2-3 DLS and Zeta potential measurements

Size distribution of the particles was measured by Dynamic Light Scattering (DLS). DLS
measurement reports the size of the nanoparticles in three values of distribution; intensity (1),
volume (V) and number (N) distribution. The intensity distribution is related to the amount the
light that have been scattered by the particles in each size bin. The volume distribution describes
the total volume of the particles which are in the same size bin and the number distribution is
related to the number of the available particles in each size bin. In a sample containing two type
of particles (a and b) the related distribution of a particle is calculated as follows:

. 100.N,a®
A P
. 100.N,a® o
Va = N + Npb? (-1
100. N,
PoNa =N,
a



Where Nz and Np are the number of the particles with sizes of a and b respectively. The intensity
distribution is related to the size of the particles by a factor of six. This means that the intensity
distribution emphasizes of the larger particles. In this regard, it is better to work with the number
distribution to report the smaller particles in the solution and report the intensity distribution values

to emphasis the larger particles in the solution.

1-3 Results and discussion

A wide range of the silica nanoparticles size have been synthesized by changing the ratio of the
TEOS/ Ammonia in the IPA medium. By increasing the ratio of the TEOS/Ammonia, the OH"
content of the solution is decreased. Therefore, the TEOS molecules are not hydrolyzed
sufficiently to produce silanol monomers by substituting the (-Si-OET) with (-Si-OH). Hydrolyzed
TEOS molecules condensates and create a branched siloxane network however the lack of silanol
monomers prevent the reaction to go forward and the rate of the growth of the nanoparticles
decreases. In the case of lower ratio of the TEOS/Ammonia, silanol monomers are abundant in the
solution. These molecules can create a network and grow up by adding new silanol group to the
network and the size of the silica nanoparticles increases as result [15]. Figure 0-4 represents the
size changes of silica nanoparticles with the ratio of the TEOS/Ammonia. Figure 0-5 represents
the SEM images of the nanoparticles with diameter of 100nm,70nm, and 45nm. It should be noted
that the reported diameters are the values that have been measured by DLS instrument which is
based on the hydrodynamic diameter of the particles. Hydrodynamic diameter of the particles is a
little bit larger than the actual sizes of the nanoparticles shown in SEM images.
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Silica nanoparticles with diameter of 45nm b) Silica nanoparticles with diameter of 70nm c)
Silica nanoparticles with diameter of 200nm. All the scale bars are 200nm.

For further investigation in the mechanism of synthesizing of the silica nanoparticles, size changes
of three test samples were measured, over 2, 6, 24, 48, 72 and 96 hours. As it is reported in Figure
0-6, in less than two hours large particle sizes has been detected in the medium. The size of the
particles drops in the first six hours and then it increases to a rather stable diameter in 72 hours.
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Han et al. has related the large particle sizes in the first hours of the reaction to the clumps of
loosely coalesced small particles. They get denser as the reaction progress and create small

nanoparticles, which gradually grow until stabilization of the size [15].
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Figure 0-6 Size changes of nanoparticles in the baths with different TEOS/Ammonia ratios by

time

1-4 Conclusion

The silica nanoparticles, which are synthesized and characterized in this chapter are assembled on
the surface of the substrates via layer-by-layer method to provide the porosities on the surface of
the thin film. These porosities are filled using a lubricant to achieve SLIPS surfaces as reported in
the upcoming chapters. Among all synthesized silica nanoparticles, the ones with 40 and 80nm
diameter was selected to be used in the next chapters. These nanoparticles were prepared in the
baths with TEOS/Ammonia ratio of 6.5 and 3.5 and their zeta potential were measured as -24.9

and -35 mV respectively.
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2-1 Abstract

There has been increasing interest in recent years in identifying an ice-removal procedure that is
a low cost, scalable, and consumes a negligible amount of energy, in order to prevent catastrophic
failures in outdoor structures. One of the potential solutions to the structural problems caused by
frigid and icy conditions is the use of slippery liquid-infused porous surfaces (SLIPS) to effect
passive ice removal using easy, economical, and energy-free means. This work takes advantage of
highly flexible layer-by-layer (LbL) technology to customize and design surfaces that have a high
degree of roughness by using negatively and positively charged polyelectrolytes and negatively
charged silica nanoparticles (NPs). SEM (scanning electron microscopy) images represent the
silica nanoparticles deposition on the surface of the thin film. The roughness of these thin films
has been demonstrated by AFM (atomic force microscopy) investigation. The main characteristics
of these surfaces are their high contact angle and low water contact angle hysteresis, which is
achieved by the fluorinated lubricant that is infused in the pores of the films. The ice adhesion
strength of the thin films was measured using a home-built normal mode tensile test in an
environmental chamber, which confirmed the icephobicity of the surface as having an adhesion
strength of less than 5kPa, implying that this surface is an excellent candidate for the passive
removal of ice. The thin film thin films were aged for up to 100 days, and the results showed that
the thin film could reduce the ice adhesion strength by 65%, even after this period. The ice
adhesion strength of the thin film after icing/deicing cycles showed that 80% of the icephobicity

of the thin film had been preserved even after 50 cycles.

2-2 Introduction

Failures caused by ice are a significant concern [1] in relation to outdoor structures and other
advanced complex structures such as aircraft [2], wind turbines [3, 4], ships [5, 6] and power lines
[7, 8]. Lowering the performance or causing the breakdown of these systems may result in
catastrophic failures. Creating ice-free surfaces with an enhanced lifetime to improve the
performance of these structures in relation to specific applications is challenging, and is a topic

that has attracted significant interest among scientists.

Standard practices for deicing can be divided into three main approaches: thermal [9], mechanical
[10, 11], and chemical [12]. Each of these methods may be time-consuming, expensive and

detrimental to the environment, and in some cases cannot be applied to, or may even damage, the
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surface of the structure and the structure itself [13]. In these practices, researchers have made
intensive efforts to develop thin film and surface modifications to increase the freezing time of
water droplets on the surface and provide an opportunity for them to be repelled before the
formation of ice. In addition, making the surface superhydrophobic and preventing water droplets
from penetrating and freezing on the surface is another strategy to create icephobic surfaces [8].
Such activity can thus reduce the ice adhesion strength to a point at which the ice can be removed
easily by relying on its weight or the environmental conditions, with no external force required

[14].

Liu et al. argued that the formation of frost is delayed on a superhydrophobic surface with a water
contact angle of 162 degrees, and the structure of'ice is, therefore, weakened enough to be removed
from the body easily [15]. Meuler et al. concluded that the icephobicity of fluorodecyl polyhedral
oligomeric silsesquioxane (POSS) coatings on smooth surfaces is dependent on the receding
contact angle of water on the substrate surface. They proposed that controlling the surface
roughness can reduce the ice adhesion strength more effectively [16]. Cao et al. used various sizes
of silica nanoparticles in a polymeric texture, and claimed that superhydrophobicity does not
guarantee an anti-icing property, and the size of the features on the surface and its morphology

should be taken into account [17].

Mimicking the lotus effect by making the surface rough at the nano and micro scale can increase
hydrophobicity in the Cassie state and prevent the penetration of water droplets to the surface pores
by confining the air between the water and surface [5, 18, 19]. However, investigating such
coatings under conditions of high humidity can either downgrade the wetting state to a Wenzel
state [20-22] or increase the opportunity for moisture to penetrate the surface, thus enabling the
nucleation of ice and making ice removal more difficult [23-25]. On the other hand, the
precipitation of fluorinated compounds on smooth surfaces can increase hydrophobicity and
icephobicity; however, the durability of the thin films is a prohibitive factor in these instances.
One of the most effective strategies for countering freezing conditions is to increase the roughness
of the surface and coat it with a thin film of fluorinated compounds to reduce the energy of the

surface and enhance the durability of the fluorinated thin film [26].

In recent years, Slippery Liquid Infused Porous Surfaces (SLIPS) has been introduced as an

imitation of the way pitcher plants (Nepenthes) construct omniphobic surfaces. These surfaces are
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scalable and durable at a reasonable cost. However, their applicability on different surfaces, and
the transparency of the films, is challenging in most cases [27-29]. Recently, researchers have
combined the idea of classical thermal heating with SLIPS surfaces to obtain efficient coatings,
and have reported successful icephobic coatings [28, 29]. One of the well-proven approaches to
produce SLIPS thin films is the layer-by-layer (LbL) assembly method. LbL has been widely used
to customize and design surfaces with nano- and micro-scale roughness on various substrates for
different applications, such as hydrophilicity, superhydrophobicity, and omniphobicity [19, 20,
27]. The LbL approach benefits from the electrostatic interactions between oppositely charged
molecules to assemble thin films, offering a molecular level control of the structure and thicknesses
of the layers [27, 30]. LbL is a simple, low-cost, environmentally benign and scalable technique,

and hence applicable to diverse systems, structures and substrates.

The ice adhesion strength of icephobic surfaces has been evaluated using several methods and
force-applying modes. These methods can be divided into three main categories: applying shear
stress using a force probe, applying shear stress by centrifugal force, and applying normal stress.
Some researchers have applied shear stress to measure the strength of ice adhesion to the surface
of the sample [31, 32]. On the other hand, both Kulinich & Farzaneh and Janjua et al. took
advantage of centrifugal force to detach the ice from the samples. They measured the rotational
speed of the specimens and calculated the shear force that had been applied to the ice/substrate
interface [33, 34]. Additionally, some researchers have evaluated ice adhesion strength by applying
normal stress [35, 36]. Using normal force to detach the ice can simulate the removal of ice by its
own weight, and can help to investigate the behavior of ice in real-life conditions. Notably, the
movement of ice due to shear stress does not guarantee its removal, and hence the application of

normal force can reveal more detail about such an incidence in SLIPS.

A survey of recent studies reveals that superhydrophobic surfaces have been selected as an
appropriate strategy to counter icing conditions. However, the degradation of the icephobicity
properties of the surface caused by the destruction of the surface roughness during the icing cycles,
and the nucleation of the ice crystals from the moisture in the air pockets within the pores,
demonstrated the inefficiency of such surfaces in cyclic icing conditions [37, 38]. Employing the

LbL technique, rather than other surface modification processes, excludes not only the dependency
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of the thin film applicability, quality, and performance on the substrate, but also reduces the

complexity and cost of the manufacturing process.

All the points mentioned earlier prompted the idea of creating SLIPS icephobic surfaces by taking
advantage of the LbL technique to fabricate nano- and micro-controlled rough surfaces by
depositing nanoparticles of different sizes and trapping the water-immiscible lubricants within
their pores. The nanoscale thickness of the thin film and the simplicity of its application on the
surface, regardless of the geometry of the substrate, are the outstanding advantages of using LbL
method for creating a stable SLIPS surfaces. By using fluidic LbL deposition technique, we have
applied LbL-based SLIPS thin films inside microfluidic channels to obtain cavitating flows for
biomedical and energy applications [39-41], which is not easy to achieve by other techniques and

methods.

In this study, we selected the LbL method to assemble water-based oppositely charged
polyelectrolytes. We embedded different sizes of silica nanoparticles to create a variable surface
architecture where the roughness can be customized for the thin-films. The vapor phase deposition
of fluorinated silane enhanced the affinity of the surface to the lubricant and provided a better bed
for trapping it. Filling the surface porosity with polymeric fluorinated oils increased the contact
angle (118 °) and reduced the contact angle hysteresis (8.2 ©) to achieve icephobic surfaces. The
icephobicity of the prepared SLIPS was evaluated using a home-built mechanical test for
icephobicity by applying normal stresses to detach the ice from the surface. Measuring the ice
adhesion strength in a normal mode, using the home-built mechanical apparatus, uncovered the
detachment behavior of the ice from the surface by its own weight [42]. Our study showed that
assembling SLIPS on the surface of glass reduced the ice adhesion strength to 100 times lower
(4.9 kPa) than untreated glass, aluminum, and stainless steel by -10 °C. Long term testing of the
samples revealed that the thin film could reduce the strength of ice adhesion by 65% after 100
days.
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2-3 Experimental section

Materials

Tetraethyl orthosilicate (TEOS), Ammonia solution 25%, 2-propanol 99.5% (IPA), poly(sodium
4-styrene sulfonate), average Mw ~70,000 (SPS), poly(allylamine hydrochloride), average Mw
50,000 (PAH), 1H,1H,2H,2H-Perfluorodecyltriethoxysilane 97% (PFDTS) were purchased from
Sigma Aldrich. Fomblin® Y LVAC 25/6, average molecular weight 3.300 (PFPE), was purchased

from Solvay. Deionized water (resistance 18.2 M cm) was obtained using Milli-Q.
Preparation of silica nanoparticles (NPs)

Monodispersed Silica NPs were synthesized by a sol-gel reaction, as described elsewhere [43],
and the size and zeta potential of the particles were determined using Dynamic Light Scattering

(DLS) Malvern Zetasizer Nano ZS.
Preparation of thin films using the Layer by Layer (LbL) method

A pre-cleaning step for glass substrates was applied before the thin film coating procedure. Briefly,
substrates were sonicated in a glass cleaning solution for 15 minutes and rinsed in distilled water
for another 15 minutes, rinsing step repeated three times. For depositing the tetralayer structure of
the thin film, the substrate was submerged in positive (poly(allylamine hydrochloride))(pH:7.50)
and negative (poly(sodium 4-styrene sulfonate)(pH:4.00) or silica nanoparticles(pH:7.50))
solution for 10 minutes and then rinsed for two/one/one minutes in distilled water at room
temperature. The concentration of the polyelectrolyte solutions was adjusted to 10mM, and the
concentration of silica nanoparticles was 0.03 g/L. Multiple layers of polyelectrolytes and
nanoparticles were attracted and deposited on the surface through the electrostatic interaction of
oppositely charged molecules, and created a rough surface as a tetralayer thin film on the substrate,

as illustrated in Figure 2-1 and Figure 2-2.

The fluorinated silane PFDTS was applied on the LbL-assembled thin films by vapor phase

deposition in a reduced pressure chamber at 75 torrs and room temperature for 12 hours afterwards.

The samples were spin-coated with a sufficient amount of Fomblin® YL VAC 25/6 oil with an

average molecular weight of 3300 amu for 60 seconds and 1500 RPM to achieve a thin, uniform
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layer of the lubricating oil. The weight of the infused lubricant was measured using a four decimal

place analytical balance.
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Figure 2-2 Schematic representation of LbL deposition of different polyelectrolytes and
nanoparticles on the surface for creating a rough tetralayer thin film structure.

Characterizations

A KLA-TENCOR P6 Surface Profiler was used to determine the thickness of the thin films. They
were scratched in a Z-shaped pattern without affecting the substrate. The depth of the nine different
locations of the scratched pattern was measured by applying a 2 mN force. The thickness,

reflectance, refractive index, and porosity of the thin films was measured and modelled using J.A.
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Woollam Co. M2000 ellipsometry. The measurements were conducted in the wavelength range of

380 to 780 nm (~1.6-3.3 eV).

The transmittance of the thin films and SLIPS was measured using UV-Visible-NIR (Shimadzu
UV 3150) in the visible light spectrum ranging from 380 to 780 nm wavelength.

Contact angle and contact angle hysteresis (CAH) were measured using Attension Theta Lite. SuL
of distilled water (18.2 MQ-cm) was accumulated on the tip of the needle and then released on the
surface by moving the syringe down to enable the droplet to touch the surface. By increasing and
decreasing the volume of the water on the surface and measuring the maximum and minimum
contact angles, the contact angle hysteresis was calculated. The reported values are the average of

three measurements for each sample.

The nanomechanical properties of the thin films and surface topography were assessed by a Bruker
MultiMode 8 Atomic Force Microscope (AFM). The height images were captured using
NanoAndMore tips with a bending spring constant of 40 N/m, the resonance frequency of 50-200
kHz, and the tip radius of 10-20 nm and the mechanical properties were assessed by tips with a
bending spring constant of 200 N/m, the resonance frequency of 500-600 kHz, and tip radius of
25-35 nm. The minimum deformation of the surface according to the nanomechanical properties
evaluation was set as 2-5 nm, and the scan rate was 0.5-1 Hz. All images were processed using
procedures for plane-fit and flattening. The surface morphology of the samples was analyzed by

Field Emission Scanning Electron Microscopy (FESEM, LEO Supra VP-55).

A home-built mechanical test setup was prepared to evaluate the icephobicity of the surfaces. A
cylindrical polypropylene ice mold with a diameter of 5.5mm was filled with water and sealed
from the other end to prevent water leakage by taking advantage of capillary force. The ice mold
was placed on the sample, which was fixed horizontally in the holder (Figure 2-3) for 3 hours at -
10°C. The temperatures values inside the chamber and the ice mold were measured to ensure the
formation of ice and temperature changes during the ice-detaching test. Tensile strength tests with
a rate of Smm/min were carried out at least ten times for each sample to measure the maximum

normal stress applied to detach the ice from the surface of substrates.
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Figure 2-3 Ice mold, substrate and ice holder of the home-built icephobicity test setup

2-4 Results and discussion

Covering surfaces with different sizes of nanoparticles can customize the roughness of specimens
at the nano- and micro-scale levels. The roughness of the surface provides holes and cracks for the
infusion and trapping of the lubricant in harsh environments [13, 44]. In this study, silica
nanoparticles were synthesized by a sol-gel method, and the size of the nanoparticles was adjusted
by modifying the ratio of the [TEOS]/[NH3].q, as reported in Table 2-1 and Figure 2-4 for
customizing the surface roughness with nanoparticles. Both the DLS and SEM particle size
measurements clearly demonstrate the effect of reducing the ratio of [TEOS]/[NH3].q. Increasing
the concentration of [NH3] in the solution supplies a higher amount of water, which in turn
increases the efficiency of the hydrolysis reaction of TEOS and therefore the abundantly available

silanols for condensation extend the size of the silica nanoparticles [45, 46].

Table 2-1. Measured silica nanoparticle sizes by DLS and SEM when [TEOS]/[NH3]aq ratio was

varied during nanoparticle synthesis
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Zeta

DLS size ) SEM Particle [TEOS)/
Sample potential ) STD
(nm) size (nm) [NH3]aq
(mV)
N1 36.8 -24.9 38.6 8.05 6.5
N2 63.2 -42.4 67.9 7.16 4.5
N3 83.2 -37.6 83.7 10.5 35
N1, N3 68.1 -35.0 - -

The average number distribution of particle size is increased more than twofold when the ratio of
[TEOS]/[NH3] is reduced to 3.5 and achieved 83.2 nm in DLS measurements and 83.7 nm in the
SEM analysis, which indicates good correlation. A mixture of 36.8 nm and 83.2 nm (1:1) NPs was
prepared to assemble two different sizes of nanoparticles on the surface and create a varied
roughness scale. The reported average size of the DLS measurement of these samples is almost
the average of the N1 and N2 samples, which demonstrates the homogeneous mixing of

nanoparticles. These results evidence good consistency with the SEM images.

Figure 2-4 SEM image of silica NPs A-N1 (38.6 nm), B-N2 (67.9 nm), C-N3 (83.7 nm), D-
N1&N3 (a mixture of 38.6 nm and 83.7 nm) silica nanoparticles. All scale bars are 200 nm.

The schematic representation of the architecture of the films is illustrated in the experimental
section. On the glass slides which are used as the substrate, silica nanoparticles attain a negative
charge in contact with aqueous solutions, due to the dissociation of the silanol groups [47]. The
negatively charged surface of the glass adsorbs PAH chains; however, some of the positive charges

of PAH remain exposed to the interfaces, which reverse the charge of the surface. In the next step,
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depending on the hierarchy, a negatively charged SPS polymer chain or silica NP deposits on the
surface and reverses the surface charge again [48]. The mechanism of the LbL deposition makes
the process independent of the shape and size of the substrate, with precise control at nanoscale.
Hydroxyl groups of silica NPs in the final layer of the structure ensure that the thin film has
hydrophilic characteristics. On the other hand, the high level of surface roughness reduces the
chance of penetration of water into the surface, which results in hydrophobicity. In this study, thin
films were prepared in two different architectures by LbL and water contact angle measurements
for advancing the water contact angle (AWCA) and the water contact angle hysteresis (CAH) of
the glass; the performance of the thin films are tabulated in Table 2-2. The specimens are numbered
from S1 to S5 depending on their targeted architectural design of thin films. An example of such
film, S5, indicates the number of layers (5 for PAH/SPS &10 for PAH/NP), tetralayers (2), and
diameters of the NPs as 38.6 and 83.2 nm. The reference sample of untreated glass showed that
the water contact angle was 15.66°, increasing when coated with polyelectrolytes and silica NPs,
in S5, to 33.35° where the film thickness was measured as 190.2 nm. The results confirmed that
surface roughness plays a determining role, compared with that of hydroxyl groups, in surface

hydrophobicity.

Table 2-2. Structure and nanoparticle size of thin films

NP Size AWCA" Thickness

# Architecture

(nm) Hysteresis™ (nm)
G Bare glass - 15.7
S1  (PAH||SPS)5||(PAH|INP)10 38.6 26.6 87.81
S2  (PAH||SPS)5||(PAH|INP)10 83.7 24.3 120.2
S3  ((PAH||SPS)5||(PAH|INP)10)2 38.6 28.5 142.3
S4  ((PAH||SPS)5||(PAH|INP)10)2 83.7 25.4 202
S5 ((PAH||SPS)5||(PAH|INP)10)2 38.6:83.7 (1:1) 334 190.2

* Advancing water contact angle,

** Receding water contact angle values for all samples were below five degrees.

SEM and AFM observations confirm that the deposition of the different architectures on the
substrate can modify the roughness and the exposed surface of the samples dramatically. The S1
and S2 samples have a relatively lower thickness, and the collapsed, or uncovered, parts of the thin

film in the S2 piece admit an insufficient number of bilayers (Figure 2-5).
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Table 2-3. AFM surface topography at the nano- and microscale

Glass S1 S2 S3 S4 S5
Scan size(um) 10 1 10 1 10 1 10 1 10 1 10 1
Z range (nm)! 979 132 | 193 70.7 | 205 481 | 259 64.2 | 298 86.3 | 241 97.4
Surface %? 0.207 0423 | 769 6.20 | 540 393 | 6.36 124 | 913 8.03 | 16.3 12.8
Rq (nm)® 390 0583|223 927 | 26 685|329 749 | 354 110 | 303 15.3
Ra (nm)* 133 0427 | 174 733 | 206 545 | 26.3 6.02 | 281 856 | 24.2 12.2

1 The height difference between maximum and minimum

2 Surface area difference between the actual and projected surface.

% Root mean square roughness of the surface.

% The arithmetic average of the absolute values of the roughness

nanoparticles B-(PAH||SPS)5||(PAH||NP)10 architecture using 83.7 nm silica nanoparticles: all

scale bars are 200 nm

Additional layers of the thin film in the S3 and S4 samples not only cover the surface efficiently

but also increase the surface roughness because of the superimposition of the different layers of

the NPs, as shown in Table 2-3 represents the AFM results with two different scan sizes of 1 and

10 micrometers. The root mean square (RMS) of the roughness of the surface of the untreated

glass was calculated as 3.9 nm and 0.6 nm in 10- and 1-micrometre scan sizes respectively, which
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confirms a relatively smooth surface compared with the coated samples. These results correlate

well with the literature [49].

The sharp and nanometric changes in the height of the untreated glass in Figure 2-7 might be
related to dust or some form of contamination from the test environment. Covering the glass
substrate with NPs increases the roughness and the projected surface area of the thin films up to

35.4 nm RMS in sample S4 and 15.3 nm RMS in sample S5 at 10 and 1 um scan size respectively.

Table 2-3 shows the changes in the projected surface area at 1- and 10-micrometre scan sizes. The
S1 and S3 samples are assembled using smaller NPs: and thus, have a relatively higher difference
in the projected area than other samples with larger NPs (S2, S4), as expected. However, the S4
sample, which has a sufficient number of layers to cover the surface and a continuous film on the

substrate, has greater roughness.

This suggests that the samples with larger NPs build surfaces at a micro scale, and the samples
with smaller NPs create roughness at the nano scale. These results and interpretations lead to a
strong likelihood that mixing different sizes of NPs and depositing them with a sufficient number
of layers can help to design a customizable rough surface. As reported in Table 2-3 and shown in
Figure 2-6, the 16.8% and 12.8% the surface area difference for S5 at micro and nanoscale

respectively can provide the necessary roughness to infuse the fluorinated lubricant on the thin

film.
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nanoparticles, B-((PAH||SPS)5||(PAH||INP)10)2 architecture using 83.7 nm silica nanoparticles 4,
C-((PAHI|SPS)5||(PAH|INP)10)2 architecture using (1:1) mixture of 38.6 nm and 83.7 nm silica
nanoparticles. All scale bars are 200 nm.

Although, the observed rough morphology from SEM images and surface roughness from the
AFM images prove that the created porous and rough surfaces in the thin films the existence of
necessary voids and sites on the film to trap the lubricants. The Bruggeman effective medium
approximation (EMA) has been used to model the optical properties of porous surfaces to estimate
the fraction of the voids within the film [50]. The assembled S4 thin film with a thickness to be
216 nm exhibits a porosity of 25.3% by the ellipsometry measurements, as shown in Table 2-4.
The deterioration of mechanical properties on the film in comparison with S5 samples makes S5
preferable to S4. The low mean square error of the fitted models and the consistency of the
thickness measured by the profilometry results confirms the reliability of the void fraction values
of thin films. Table 2-4 shows that silica nanoparticles may create the porosity inside the films:

the larger the particle size, the higher the void fraction.

25



22.9 nm
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Figure 2-7 AFM images of A-Glass, B-((PAH||SPS)5||(PAH|INP)10)2 architecture using (1:1)

mixture of 38.6 nm and 83.7 nm silica nanoparticles

Table 2-4. The thickness and void fraction of thin films measured using ellipsometry

Sample Thickness EMA  Thickness MSE
(nm) % (nm)

(PAH||SPS)20 10 0 3.84

S3 114 2.8 7.29

S4 216 25.3 32.24

S5 170 16.2 6.9

The S3 sample has the smallest nanoparticle size of all the samples. Small particles can penetrate
narrower porosities and holes on the surface. Therefore, they can mechanically support each other
more effectively. The ratio of surface to volume in smaller particles is higher than in bigger ones.
This ratio indicates that they can be firmly bonded to the substrate and other particles. The
combination of different nanoparticle sizes in the S5 samples enhances the mechanical properties

of the thin film and increases the durability of the surface roughness in harsh conditions.

The elastic modulus of the samples was extracted using retract curves and fitted according to the
Derjaguin—Muller—Toporov (DMT) model [51]:
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F-F, :%E*,/R(d-dof) (2-1)

where R is the radius of the tip, d-dpis the sample’s deformation, F-Fq; is the measured force
by cantilever relative to adhesion force and E” is the reduced modulus. By considering the Poisson
ratio (vs), known as 0.5, and assuming infinite modulus for the tip (E:p), the Young modulus of the

thin film based on AFM measurements can be calculated using the following equation:

2 1-2 [
E*:{l L V"P} 2-2)
Es Etip

The nanomechanical properties of thin films, which have been assessed using AFMs,
demonstrate that coating the surface with polymers and silica NPs reduces the Young modulus of
the surface. The average reduced modulus of 500 points on each sample has been reported in Table

2-5.

Table 2-5 Nanomechanical properties of thin films

Sample E E* STD
(GPa) (GPa) (GPa)
G 20.1 22.1 1.28
S3 4.4 49 0.56
S4 3.5 3.9 0.35
S5 5.3 5.8 0.64

The stress-displacement curves of the ice detachment of different samples of ice on the thin film

and substrates show that the failure of the material obeys the brittle model in which a very high
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standard deviation can be observed. The Weibull distribution model was applied to evaluate the
ice adhesion force and compare the effect of the thin films and SLIPS on the substrate using the

following equation [52]:
(s)"
P(V)= EXp[_Lsi) } (2-3)

where P(V) is the survival probability, and m is the Weibull modulus, which is obtained
experimentally. The lower the m, the wider the distribution. co is the centrality and highlights the
probability of failure for any stresses lower than or equal to the co which is 63%, and is the fracture
strength. In our investigation to apply this model, we conducted a mechanical test with at least

nine different specimens in separate runs for each sample.

Figure 2-8 illustrates the average of three measurements of temperature change in the interface of
the ice/surface of different samples over time. The creation of ice on aluminum substrate started
15 minutes after putting the sample in the environmental chamber; however, on the glass substrate
it took longer to create the ice, and this affected the strength of the ice. Ice creation started in 22
mins on an icephobic surface. This means that the thin film not only reduces the ice adhesion
strength to the surface but also manipulates the nucleation and growth mechanism of ice by
providing nucleation sites and reducing the surface energy. Thus, the mechanical properties of the
ice column diminish, and its durability weakens. As reported in Table 2-6 and Figure 2-9, stainless
steel 304 has a wide ice adhesion strength distribution and aluminum a relatively narrow one. The
of glass, stainless steel 304 and aluminum samples were measured as 538, 340 and 243 kPa, which
is relatively close to 465, 340 and 242 kPa, the average value of the fracture stress, respectively.
Although it seems that glass has the highest adhesion strength, analyzing the fracture cross-
sections revealed that in most cases in the stainless steel 304 and aluminum samples, the ice
column failed before detaching from the surface. This behavior might be related to the ice
nucleation and growth mechanism and the effect of the cooling rate on the structure and strength

of the ice I3,
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Figure 2-8 Temperature changes of the refrigerator and different surfaces by time
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Figure 2-9 Weibull distribution of the ice adhesion strength of substrates and modified surfaces.

Table 2-6. Weibull parameters of thin films
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Substrate / Oo Oavg STD"

Thin Film (TF) Structure " (kPa) (kPa) (kPa)
Stainless steel 304 1.38 396.3 340.6 206.3
Aluminum 3.16 271.9 242.9 70
Glass 1.88 538 464.9 211
Glass+TF 1.30 929.1 796.91 533.3
Glass+PFDTS+Fomblin 1.79 184.4 158.9 76.5
Glass+TF+PFDTS+Fomblin+PFDTS 0.25 4.9 6.7 6.3
Glass+PFDTS+Fomblin-10 days aging 1.73 495.3 464.5 217

*Standard Deviation

The S5 sample, which possesses micro and nanoscale roughness and has more space on its surface
to trap the lubricant, underwent mechanical ice detaching tests. Introducing the glass and thin-film
sample to harsh conditions increased the ice adhesion strength to 796 kPa, with a standard
deviation of 533 kPa. The porosity and roughness of the surface provide critical points for water
to infuse into and stick to the surface more efficiently. Coating the glass with the lubricant alone
can efficiently decrease the ice adhesion strength to about 160 kPa; however, the lubricant is not
stable on the surface and can be removed easily, even by tilting. The vapor phase deposition of
PFDTS on the surface increases the affinity between the substrate and lubricant, which guarantees
the stability and penetration of the lubricant into the pores and cracks of the surface. This means
that the leakage of the lubricant will be prevented and the porosities of the surface will create a
reservoir to compensate for the loss of the lubricant due to the evaporation and drainage. Therefore,
the environmental pollution of the lubricant will decrease. The roughness of the surface increases
the density of the deposited PFDTS on the surface, which decreases the surface energy of the thin
film [54, 55]. Although it has been reported in the literature that fluorinated silane groups may
have low durability in contact with ice and water, covering the PFDTS layer with the lubricant
may prevent the direct contact of this layer with water and ice and the durability of the layer will

increase [56].

30



It should be noted that vapor phase deposition was applied under low vacuum conditions, and the
amount of the deposited PFDTS on the surface was meager, which was barely detectable using a
precise balance with the readability of up to 0.1mg (4 decimal places) on the 18.75 cm? glass slide.
Therefore, the cost and complexity of the application process of PFDTS, and its environmental
effect is negligible. On the other hand, infusing the fluorinated lubricant to the surface of the S5
sample ensures the stability of the lubricant, and, as is reported in Table 2-6, the ice adhesion
strength approaches zero. The lubricant fills all the pores and blocks the water and moisture from
penetrating the surface of the thin film. The S5 sample with fluorinated lubricant is thus indicated
as an excellent candidate for supericephobicity, even in wet and moist conditions. The average
weight change of the nine different samples due to lubrication was measured as 0.03g/18.75cm?,
which ensures that the thickness of the oil layer is less than 8.5 um (the density of the lubricant is
1.9g/ml). The vapor pressure of the Fomblin® Y LVAC 25/6 is about 610-8 torrs at room
temperature, which demonstrates the low probability of the evaporation of the lubricant from the

surface.

The AWCA and WCAH of the substrates and S5 samples with different preparatory steps are
reported in Table 2-7. Applying S5 thin film to the substrate and filling its pores with lubricant
increases the AWCA up to 120 degrees and decreases the WCAH to 8 degrees. It is shown that
high AWCA and low CAH can be considered to be characteristic properties of icephobic surfaces,

which correlates well with the literature 232371,

The UV-Vis transmittance of the S5 sample coated with an infused lubricant, which is at least 85%
transparent in the visible light range, is reported in Figure 2-10. Other samples have almost the
same pattern, and they are transparent in the visible light spectrum. By using ellipsometry, the
refractive index of the thin films and the reflectance of the lubricant-infused films are measured as
1.39 and less than 10% respectively. These results indicated that the assembled thin films could be

categorized as anti-reflection thin films [58].
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Table 2-7. AWCA and WCAH of substrates and thin films

Sample AWCA" WCAH"
Aluminum 95.3 86.5
Stainless Steel 304 93.9 80.4
Glass 15.7 15.7
Glass+PFDTS 72.5 48.0
Glass+PFDTS+Fomblin Oil 81.7 50.8
Glass+PFDTS+Fomblin Oil+PFDTS 97.7 52.2
Glass+TF (S5) 33.4 33.4
Glass+TF(S5)+PFDTS+Fomblin Oil+PFDTS 118 8.2

*Advancing Water Contact Angle
** \Water Contact Angle Hysteresis
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Figure 2-10 UV-Vis transmittance of Glass+S5+PFDTS+Fomblin Oil+PFDTS

The durability of the prepared samples was measured over for 100 days, as represented in Figure
2-11 and Table 2-8, to simulate the behavior of the thin films in winter. The samples were stored
at room temperature in a vertical position for 5, 10, 20, 50 and 100 days and then an ice adhesion

strength test was applied to at least nine samples for each aging time. The samples were stored in

32



a vertical position, the maximum gravity forces have been applied to the lubricant, and the worst-
case scenario has been simulated for draining the lubricant. In this case, the removal of the

lubricant will be much faster than the samples that are stored in horizontal or acute angles.
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Figure 2-11 Weibull distribution of the ice adhesion strength of the aged samples for 5, 10, 20,
50 and 100 days.

Table 2-8 Weibull parameters of thin films for different aging periods

Substrate / o oag STD”
Thin Film (TF) Structure " (kPa) (kPa) (kPa)
Glass+TF+PFDTS+Fomblin+PFDTS-5 days aging 0.25 9.8 135 126
Glass+TF+PFDTS+Fomblin+PFDTS-10 days aging 1.97 754 649 26.8
Glass+TF+PFDTS+Fomblin+PFDTS-20 days aging 1.93 97.1 83.8 36.2
Glass+TF+PFDTS+Fomblin+PFDTS-50 days aging 1.95 1474 126.5 51.7
Glass+TF+PFDTS+Fomblin+PFDTS-100 days aging 1.97 1727 1485 61

*Standard Deviation
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It was shown that the Weibull distribution of the ice adhesion strength of the icephobic samples
shifted to the right. As the Weibull distribution shifts to the right, and closer to that of the untreated
glass sample, the icephobicity of the sample decreases and the ice detachment gets harder. The
comparison of co of the aged samples in Figure 2-12 shows that although the ice adhesion strength
increases over time, the rate of change decreases and reaches a threshold. The ice adhesion strength
of the 100-day aged sample is 35% of that of untreated glass. During the winter season, which lasts
90 days in most regions on earth, these samples can reduce the ice adhesion strength by 65%
without the need to renew the lubricant on the surface. Aging of the samples in the vertical position
for 100 days drains the lubricant; however, the micro and nanostructure of the thin film is preserved
during the aging. Reapplying the lubricant on the aged samples after 100 days, reload the pores of
the surface with the lubricant and recovers the low ice adhesion strength of the surface as the fresh
icephobic samples. Figure 2-9 and Table 2-6 shows that glass samples which are spin-coated by
the lubricant without deposition of thin film, have very low durability for aging. These samples

have lost their limited icephobic properties in about ten days and behave as non-treated samples.
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Figure 2-12 Change in ice adhesion strength of o, by ageing
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Figure 2-13 Weibull distribution of the ice adhesion strength of the cyclic iced/deiced samples
for 5, 10, 20, 50 cycles.

Table 2-9 Weibull parameters of thin films for different iced/deiced cycles

Substrate / o8 oag STD”
Thin Film (TF) Structure " (kPa) (kPa) (kPa)
Glass+TF+PFDTS+Fomblin+PFDTS-5 Cycles 1.66 26.5 228 118
Glass+TF+PFDTS+Fomblin+PFDTS-10 Cycles 2.44 38.7 33.8 127
Glass+TF+PFDTS+Fomblin+PFDTS-20 Cycles 2.50 73.6 63.9 19.1
Glass+TF+PFDTS+Fomblin+PFDTS-50 Cycles 4.39 1125 1026 22.8

*Standard Deviation

The durability of the icephobic thin films was evaluated for 5, 10, 20 and 50 icing/deicing cycles.
The samples were placed in a vertical position inside the environmental chamber to simulate the
worst possible condition, and the samples were submerged in water. In each cycle, the temperature
of the chamber was reduced to -10°C from 25°C and then increased to 25°C with a rate of 0.3°C per
minute. The Weibull distributions of the ice adhesion strength of the ice/deiced samples are
reported in Figure 2-13 and Table 2-9. Even after 50 cycles of the icing/deicing, the samples

preserved 80% of their icephobicity in comparison with non-treated glass. If we consider one
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icing/deicing cycle for each day during the winter season in real condition, it will take 50 days to
reach 50 cycles. By comparing the results of the aging tests with cycling tests, it is observed that
20 days of aging or 50 cycles of ice/deicing has almost the same effect on the icephobicity of the
samples; however, in 20 days only 20 cycles will be completed in real condition. Therefore, the
durability of the samples is mostly are affected by the aging of the samples and draining of the
lubricant and the icing/deicing cycles have a much lower influence on degrading of the

icephobicity of the samples.

2-5 Conclusions

In summary, it can be observed that although hydrophobic surfaces have been investigated
extensively in recent years, these still require further improvement in frigid and icy conditions. We
have developed an icephobic SLIPS on a glass substrate using a simple layer-by-layer (LbL) self-
assembly method, which is also scalable and low cost. The tetralayer thin film of PAH, SPS and
silica NPs was deposited on the substrate, and a fluorinated lubricant was infused into these pores
generated by bimodal distributed NPs on the surface to create SLIPS for tailoring the roughness
of these films. The generated roughness in the form of holes and cracks is contributed to the
infusion of more lubricant and helped to trap them inside longer even under challenging conditions.
Besides, it provided to the deposition of denser PFDTS on the surface. The NPs size was varied
by adjusting the ratio of the [TEOS]/[NH3]aq where the average NP sizes were measured to be
within a range of 36.8 to 83.2 nm. The thickness of the thin films was about 200 nm, and AFM
and SEM images confirmed that the surfaces of the thin films are rough at both micro and
nanoscale (Rq: 30 and 15 nm respectively), enabling them to act as a reservoir for the lubricant.
The Young module of the thin film was calculated through AFM measurements, and it was
concluded that by customizing the surface roughness by intentionally creating bimodal NP sizes
enhanced the mechanical properties of thin films and increased the modulus to 5.3 GPa. A home-
built mechanical test setup was prepared in order to evaluate the icephobicity of the surfaces. The
Weibull distribution model was applied to assess the ice adhesion force and compare the effect of
the thin films and SLIPS, and the ice adhesion strengths were calculated. The results showed that
the adhesion strength of the ice to SLIPS was almost zero. Also, this thin film not only reduces the
ice adhesion strength to the surface but also manipulates the nucleation and growth mechanism of
ice by providing nucleation sites and reducing the surface energy. Thus, the mechanical properties

of the ice column diminish, and its durability weakens. Besides, these newly developed thin-films
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exhibit transparencies of up to 98% in the visible region due to porosities imparted through silica

NPs, which is unlikely to have been the case in earlier reported results. The ageing of the thin film

reveals that it can reduce the ice adhesion strength to 35% of the untreated surface, even after 100

days. Cyclic icing/deicing of the samples showed that the ice adhesion strength of the thin film

after 50 cycles of icing/deicing is about five times lower than non-treated glass sample.
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3-1 Abstract

The importance of surface topology for the generation of cavitation bubbles in micro scale has
been emphasized during the last decade. In this regard, the utilization of surface roughness
elements is not only beneficial in promoting mass transportation mechanisms, but also in
improving the surface characteristics by offering new interacting surface areas. Therefore, it is
possible to increase the performance of microfluidic systems involving multiphase flows via
modifying the surface. In this study, we aim to enhance generation and intensification of cavitating
flows inside microfluidic devices by developing artificial roughness elements and trapping
hydrophobic fluorinated lubricants. For this, we employed different microfluidic devices with
various hydraulic diameters, while roughness structures with different lengths were formed on the
side walls of microchannel configurations. The surface roughness of these devices was developed
by assembling various sizes of silica nanoparticles using the layer-by-layer technique (D2). In
addition, to compare the cavitating flow intensity with regular devices having plain surfaces (D1),
highly fluorinated oil was trapped within the pores of the existing thin films in the configuration
D2 via providing the Slippery Liquid-Infused Porous Surface (D3). The microfluidic devices
housing the short microchannel and the extended channel were exposed to upstream pressures
varying from 1 to 7.23 MPa. Cavitation was incepted at much lower upstream pressures for the
configurations of D2 and D3, while the survival of the generated bubbles was much longer for the
configuration D3. Interestingly, hydraulic flip, which rarely appears in the conventional conical
nozzles at high pressures, was observed at moderate upstream pressures for the configuration D2

proving the air passage existence along one side of the channel wall.

3-2 Introduction

The nature has inspired the humanity in the development of most of the cutting edge technologies
to cope with different problems to improve the life quality. During recent years, lotus leaf and
nepenthes pitcher-plant, which offer outstanding natural designs involving liquids and gases, have
played a crucial role in inspiring the scientists to develop Slippery Liquid-Infused Porous Surfaces
(SLIPS). These types of enhanced surfaces are able to control and improve different surface
properties such as hydrophobicity and icephobicity for the use in separation, protection and

transportation of underwater macro gas bubbles [1, 2].
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Hydrodynamic cavitation in microscale as an emerging topic in the field of small bubble
generation has attracted considerable attention in the engineering, energy and biomedical
communities. This phenomenon can be manipulated by surface modifications in such a way that
more intense cavity clouds could be generated. Recently, it was shown that surface roughness apart
from the working fluid inside microfluidic devices has a significant effect on the generation of
cavitation bubbles [3]. Therefore, it is of great importance to investigate the surface characteristics
by focusing on substrate nanoengineering techniques to achieve intense bubble generation and
earlier cavitation inception, which could be utilized in energy and biomedical applications.

SLIPS cover rough surfaces prepared on a substrate, which are formed using various techniques
such as carving using chemical or physical reactions, attachment of nanoparticles (NPs), rods or
wires using deposition, casting or assembly techniques. The resultant pores within the surface of
the substrate are used as reservoirs to trap a slippery lubricant. Thus, changing the characteristics
of rough surfaces can provide proper locations to trap different types of hydro or oleo phobic
lubricants within pores and valleys of the surface. During the last decade, layer-by-layer (LbL)
assembly as an emerging technique has attracted the interest of many scientists for achieving
different substrates regarding the surface roughness [4-6]. This method has been introduced as a
sub-nano scale approach in the assembly of any kind of electrostatically charged particles of
electrolytes on oppositely charged substrates or sublayers [7]. The self-assembly of alternately
charged polyelectrolytes as adhesion layer can provide a reliable and adhesive sublayer, which is
sufficiently charged to embrace oppositely charged NPs and to attain a robust and mechanically
strong and rough surface. As a result, the lubricant trapped within these porosities serves as stable
and endurable SLIPS [8].

The studies related to the surface roughness effect on bubble dynamics mostly focused on bubble
separation and mass transportation. In this regard, SLIPS, hydrophobic and superhydrophobic
surfaces have been considered by scientists in trapping, separating and transporting air bubbles
under water. There is a major difference in the behavior of these surfaces encountering bubbles.
For hydrophobic and surperhydrophobic surfaces, the micro and nanoscale roughness on the
substrate traps pockets of air within its pores and does not allow water to penetrate. On the other
hand, SLIPS provide hydrophobicity and aerophilicity without trapping dry air pocket, where

water droplet in air environment or air bubble under water becomes confined under a thin layer of
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the trapped lubricant and not only withstands the upward buoyancy force of the air bubble but also
increases the life time and durability of air bubbles to pressure changes [2, 9]. Some researchers
have taken the advantages of SLIPS to transport bubbles using the buoyancy force, to change the
path of bubble and deviate their route, to absorb bubbles generated within a liquid and direct them
along a trajectory[10-12]. The functionalities of SLIPS in protecting gas bubbles and increasing
their life time under water have attracted the attention of related research communities dealing
with macro bubbles. However, the behavior of these surfaces interacting with micro size bubbles
clusters and clouds has not been sufficiently covered. Few attempts regarding hydrodynamic
cavitation have been made to study cavitating flows in micro scale in the literature [13, 14], where
advanced surface engineering techniques were not considered. It could be possible to reach fully
developed supercavitation conditions inside microfluidic devices [15, 16] and to employ the
energy released from the collapse of cavitation bubbles in different applications varying from
thermoelectric energy generation [17] to sonoluminescence applications [18]. Therefore, in the
light of the studies on cavitation in microscale, the recent investigations deal with the surface
configurations such as roughness implementations and embedded pillars inside a microchannel
[19] to generate intensified cavitating flows.

Motivated by the promising results of recent studies, SLIPS were formed on the microchannels in
this study by assembling several layers of thin film using the LbL technique, and fluorinated oil
was trapped within the pores of the film. The microfluidic devices were initially fabricated using
a state-of-the-art process flow for formation of side wall roughened channels. Several layers of
polyelectrolytes and NPs were assembled on the surface of microchannels by using the LbL
technique and then by making the thin film surface favorable for the lubricant. The porosity of the
thin film was filled by the oil, and the performances of the enhanced microchannels were
evaluated. The surface enhanced devices with different hydraulic diameters were exposed to
upstream pressures ranging from 1 to 7.23 MPa, while the downstream pressure was kept at the
atmospheric pressure level. Accordingly, to generate intense cavitating flows and to lead to earlier
cavitation inception, the surface modification effects were examined. This study reveals the
potential of roughened surfaces and SLIPS in generating the bubble clouds (even at the center of
the microchannel in some cases), which bolsters the idea of facile cavitating flow patterns in micro
scale even at low pressure drops. The results of this study could be well exploited in energy

harvesting applications in microscale as well as in biomedical applications.
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3-3 Methods and Materials

3-3-1 Methods and materials for creating SLIPS

3-3-1-1 Materials

Tetraethyl orthosilicate (TEOS), ammonia solution 25%, 2-propanol 99.5% (IPA), poly(sodium 4-
styrenesulfonate), average molecular weight of 70,000 (SPS), poly(allylamine hydrochloride),
average molecular weight of 50,000 (PAH), 1H,1H,2H,2H-perfluorodecyltriethoxysilane 97%
(PFDTS) were purchased from Sigma-Aldrich (St. Louis, USA). Fomblin Y LVAC 25/6, average
molecular weight of 3,300 (PFPE) was purchased from Solvay (Brussels, Belgium). Deionized
water (resistance 18.2 MQ c¢m) was obtained using Milli-Q.

3-3-1-2 Assembly of thin film coatings for SLIPS

3-3-1-2-1 NPs
Monodispersed silica nanoparticles were synthesized in parallel lines with the literature [20] by
tuning the ratio of [TEOS]/[NHs]aq to control the size of the particles.

3-3-1-2-2 Preparing LbL solution

LbL assembly was performed in two different ways in order to assess the properties of thin films
on silicon wafer and evaluate the generation of cavitating flows within the microfluidic devises.
For applying the thin film both on bare silicon wafer and microfluidic devices, two solutions of
positively charged PAH and a solution of negatively charged SPS with concentrations of 10 mM
and pH of 4.00, 7.50 and 4.00, respectively, were prepared. Silica NPs dispersed in water were
prepared as a mixture (1:1) of 40 and 80 nm number average size with concentration of 0.03g/L
each. The pH of the negatively charged suspension was adjusted to 7.50.

3-3-1-2-3 LbL assembly of thin films on microfluidic devices and bare silicon wafer

The assembly of the thin film on bare silicon wafer was performed using the dip coating technique,
and the substrates, which were sonicated in glass cleaning solution for 15 mins and rinsed in water
for another 15 minutes, were submerged in the oppositely charged polyelectrolytes and NPs for 10

minutes and were rinsed for 2/1/1 minute in three separated distilled water tubes.
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schematic of Layer by Layer assembled polyelectrolytes and nanoparticles
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Microfluidic devices have an inaccessible geometry due to their design and high pressures, which
they should withstand during cavitation tests. As it was impossible to apply the SLIPS before the
fabrication of microfluidic devices, the assembly of thin film on devices was executed using a
peristatic pump and a home-made polyelectrolyte distributer system (PDS) to pass the various
polyelectrolytes consecutively with a feeding rate of 0.2 mL/s through the devices and then to rinse
it with a sufficiently large quantity of water to remove excessive and loosely bounded electrolytes
or NPs (Figure 3-1a).

The final schematic of the thin film both on bare silicon wafers and microfluidic devices is as
follows: (PAH(4.00)||SPS(4.00))5|[(PAH(7.50)|INP(7.50))10 (Figure 3-1b)

3-3-1-2-4 Heat treatment and applying lubricant

The prepared thin films for both cases were dried in room temperature and under a vacuum
chamber (75 torr) for at least 12 hours. A solution of PFDTS and ethanol 1%(V/V) was applied on
the surface of the thin films followed by another 12 hour period of 75 torr vacuum exposure in
room temperature to evaporate and clear away the excessive ethanol from the surface. The samples
were undergone a 2 hour heat treatment of 100°C to increase both the durability and stiffness of
the thin film and creation of covalent bonds between fluorine compound and thin film. Eventually,
a very thick layer of Fomblin YL VAC 25/6 lubricant with an average molecular weight of 3300
a.m.u was spread over the thin film on the silicon wafer and was spun for 60 seconds at 1500 RPM

to remove excess oil. For microfluidic devices, the lubricant was injected to the channel.

3-3-2 Experimental Procedure and Configurations
All the microfluidic devices were fabricated out of double side polished silicon wafers with a
thickness of 380 um. All the steps of the fabrication of microfluidic devices were executed
according to the techniques adopted from semiconductor based microfabrication techniques,
which were explained in our previous study [3]. Seven microfluidic devices with different
hydraulic diameters and side wall roughness length were employed in this study. The height of the
side wall roughness elements was selected as 0.1Dy. These elements were formed as a structural
roughness according to the geometry design. The detailed properties of these devices were listed
in Table 3-1. Meanwhile, the equivalent sand-grain roughness (ks) was calculated as 5.863 pum
using the algorithm presented by Adams et al. [21], which is suitable for low measured roughness

values.
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Table 3-1 The detailed properties of the microfluidic devices

Microfluidic device Microchannel hydraulic Side wall roughness

diameter, Dn [um] Length

CH1 200 05L

CH2 200 L

CH3 133 0.33L

CH4 133 05L

CH5 100 0.33L

CH®6 100 05L

CH7 240 0.33L

The flow restrictive element in the experimental setup presented in our previous study [3] induces
a sudden drop in pressure due to reduction in the cross-sectional area so that small bubbles from
the flow restrictive element emerge due to hydrodynamic cavitation. It is predicted to obtain
intense generation of cavitation bubbles with the surface modification. For all the microchannel
configurations, the walls of microchannels are equipped with three pressure sensors to measure
local pressures at the prescribed locations, namely before the entrance of the restrictive element,
vena contracta (1Dn) and entrance of the extended channel (5Dn-8Dn) [22]. The same sensors were

used to assess the pressure recovery inside the microchannel.

The glass wafer assists in visualizing fluid flows inside the channels. The experiments were
conducted by applying different inlet pressures. The inlet pressure was varied from 1 to 7.23 MPa,
while the outlet pressure at the microchannel was fixed to 0.1 MPa. The whole steps of the
visualization experiments were comprehensively explained in our previews study [23]. The
visualization was carried out in two main regions. The first region was the entrance of the
microchannel with the length of 1.6 mm, where the pressure was expected to decrease to the vapor
saturation pressure, and the second region was the extension region with the width of 900 pum and

length of 1.6 mm, where the bubble generation was likely to appear in this area.
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3-3-3 Characterization

3-3-3-1 DLS
The size and zeta potential of synthesized NPs were measured in a disposable capillary cell
(DTS1070) using the Dynamic Light Scattering (DLS) technique via Malvern Zetasizer Nano ZS.

3-3-3-2 AFM and SEM

The surface topography was obtained using the Bruker Multimode 8 atomic force microscope
(AFM). The height images were captured using NanoAndMore tips with a bending spring constant
of 40 N m, resonance frequency of 50-200 kHz, and tip radius of 10-20 nm. All the images were
processed (using procedures for plane-fit and flatten). The surface morphology of the samples was
analyzed by field emission scanning electron microscopy (FESEM, LEO Supra VP-55).

3-3-3-3 CA

Contact angle (CA) and contact angle hysteresis (CAH) were measured using the equipment
Attension Theta Lite. A 5 pL droplet of distilled water (18.2 MQ-cm) was accumulated on the
surface of the samples for measuring the CA, and by adding and removing the water from the
stabilized droplet, the contact angle hysteresis was obtained. The reported values are the average
of three subsequent measurements for each sample.

3-3-3-4 Ellipsometry

Thickness, reflectance, refractive index and porosity of thin films were measured and modeled
using J.A. Woollam Co. M2000 ellipsometry. The measurements were conducted in the range of
380 to 780 nm (~1.6-3.3 eV) wavelengths.

3-4 Results and discussion

3-4-1 Surface properties
Figure 3-2 displays the SEM images of silica nanoparticles and the D2 thin film on silicon wafer.
The SEM images of NPs are consistent with the DLS results. The sizes of the nanoparticles were
measured as 40 and 80 nm (Table 3-2). The mesoporous surface of the bigger nanoparticles is
shown in Figure 3-2b, which proves the nanoscale roughness and higher efficiency of the surface
in making the infused lubricant become stable on the surface of samples. It is clear from Figure
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3-2c that a uniform layer of the combination of the two different sizes of the nanoparticles is
assembled on the surface of the silicon wafer and creates artificial roughness on the smooth surface

of the wafer.

The Bruggeman effective medium approximation (EMA) was used for modelling ellipsometry
results of porous surfaces to estimate the thickness and fraction of the voids within the film [24].
The thickness of the layer by layer assembled thin film was measured as 120 nm, and the 10 %
EMA of the voids within the film can be considered as another evidence for the existence of the

pores to save the lubricant and for the formation of the SLIPS.

Introducing PFDTS reduces the surface energy, which leads to hydrophilicity. The Fluorinated
compound alters the affinity of the surface, and the surface roughness provided by the thin film
makes the pores hold the lubricant on the surface under harsh conditions. Therefore, the lubricant
withstands intensified cavitating flows even at very high velocities and turbulent flow conditions,
and the flow patterns do not change during the multiple and prolonged experiments suggesting the
repeatability of the results. The Root Mean Square (RMS) of the roughness of the surface is
reported as 14.2 nm according to the AFM results. The projected surface of the thin film shows a
0.6% increase in the surface area, which ensures that the lubricant has some space within the pores

of the surface to build a reservoir and be caught there during the fluid flow.
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200nm

2.0 um

Figure 3-2 SEM and AFM images of synthesized silica nanoparticles and layer by layer
assembled D2 channel a-40nm NPs b-80nm NPs c-layer by layer assembled D2 coating d- AFM
height image of D2 coating

Table 3-2 DLS size and Zeta potential of synthesized and mixed silica nanoparticles

DLS Size Zeta potential SEM Particle size STD [TEOS)/
Sample number
[nm] [mV] [nm] [NH3]aq
N1 38.2 -22.6 334 7.55 6.5
N2 86.5 -38.5 81.4 8.25 3.5
N1, N2 (1:1) 68.1 -35.0 - -
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3-4-2 The effect of the SLIPS and LBL assembled silica nanoparticles on the inception
of the cavitation phenomenon

Figure 3-3 displays a general overview of cavitation inception. Just beyond the vena contracta, the
pressure suddenly decreases, and cavitation bubbles appear at each column. The inception of
cavitating flows was investigated thoroughly inside the microfluidic devices using the fluorinated
enhanced surface by LBL assembled silica nanoparticles and SLIPS, which were named in this
study as D2 and D3, respectively. The inception was visualized in two regions, namely
microchannel and the extended channel, which is the channel downstream of the microchannel.
The results obtained from these devices were compared with the regular device with plain surface,

which is called D1 in this study.

Figure 3-3 illustrates the effect of the SLIPS (D3) in the generation of cavitation bubbles at lower
pressures. The results obtained from the devices with D3 coating are compared with the results of
the devices having plain surfaces in this figure. The inception pressure is reduced more in the
smaller channels (e.g. CH4), while there is still a considerable decrease in the inception pressure
for the bigger channels (e.g. CH1) with intensified cavitating flows. Surface roughness is one of
the major parameters influencing cavitating flows. It affects the boundary layer, which in turn
affects the occurrence of cavitating flows. The surface roughness facilitates the cavitation
inception and augments the nucleation of cavitation bubbles, since heterogeneous nucleation
occurs in practical engineering situations rather than homogenous nucleation. Thus, crevices,
roughness elements and porosity facilitate nucleation and facilitates cavitation inception. On the
other hand, it can increase the flow instability, depending on the size and spatial distribution of the

roughness elements [25].

. The overall trend in the cavitation inception in the regular side wall roughened channels is
reflected as lower upstream pressure values for the bigger channels, which shows an earlier arrival
of the vapor saturation pressure condition in these channels (e.g. CH1). Therefore, besides the new
structural design, SLIPS is considered as an effective way to lead to an earlier generation of
cavitation, which is essential to decrease the input energy and to increase the efficiency of

microfluidic devices in providing cavitating flows.

Cavitation inception occurs with the formation of attached twin cavities inside the microchannel,

which are limited to the inlet of the nozzle. The most important parameter in the formation of the
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flow regimes in micro scale is the surface tension. The surface tension of water is s = 0.0728 N/m
at 293.15 K, and the previous results corresponding to water indicated that bubbly flow is a less
dominant flow regime for micro scale cavitating flows®®. Weak forces due to surface tension make
the bubbles in liquids grow more, and the surface nuclei are the source for them. In addition, the
surface tension mostly determines the bubble departure and prevents the detachment of the
voids/non condensable gases from the surface. Since the diameter of the bubble is more
comparable to the diameter of the channel in micro scale, this effect is more pronounced in the
microfluidic devices facilitating the condition for the generation of cavitating flows. Therefore,
cavitation phenomenon appears in bubbly flow pattern inside the microchannel within a small

range of working conditions, and twin cavity clouds appear instead.
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CHI, Inception: 2 MPa CHI, Inception: 1.72 MPa

Dy=200 pm

CH2, Inception: 2.76 MPa CH2, Inception: 2.41 MPa

Dy=200 pm
CH3, Inception: 3.10 MPa CH3, Inception: 2.69 MPa

D= 133um
CH4, Inception: 3.10 MPa CH4, Inception: 2.58 MPa

Figure 3-3 The qualitative comparison of the inception of cavitation phenomenon inside the
regular microchannels with state-of-the—art design (D1) and SLIPS enhanced one (D3)

To reveal the effect of surface modification on twin cavity formations, more tests were done on
the biggest available microchannel (CH7), where the side wall roughness elements cover one third
of the microchannel. Figure 3-4 shows the inception in CH7 with the coatings of D2 and D3 and
their comparison with the plain microchannel. As seen, the lubricant is deflected due to the high
pressure fluid flow, and the roughness of the surface has a direct contact with the flow. As a result,
the inception pressure decreases to 1.48 MPa for the coating D3 corresponding to the lowest value

for inception pressure. For the D3 coating, after nucleation of cavitation bubbles, a very thin layer
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of lubricant covers the surface of the bubble and protects it from collapse[26]. However, D2
samples do not have any lubricant within its pores. Thus, it is shown that larger microchannels
with shorter side wall roughness elements cause cavitation inception at much lower upstream

pressure, which is a result of surface dominating and dictating cavitation events.

Contact angle measurements show that water has the highest contact angle in the case of D3
coating. The contact angle hysteresis of the D2 and D3 coatings are measured to be 100° and 5°,
respectively, which means that the droplet on the lubricant of the D3 coating can easily slide.
However, the droplet on the D2 coating is pinned on the surface [27]. On the other hand, the D1
surface is hydrophilic, and the water droplet is completely spread on the surface. It should be noted
that the behavior of contact angle of air bubble in water medium can be predicted using the water
droplet in air medium. They can be considered as supplementary angles as documented in the
literature [11]. The curved shape of the intersection of the droplet and the lubricant for the D3
coating shows that a very thin layer of the lubricant covers the surface of the droplet, which can
protect the bubble from collapse in water medium [9, 26].

c Lubricant wraps j
the droplet

Inc: 2.07 MPa “Inc: 1.89 MPa

Figure 3-4 The inception inside CH7 and the enhancement demonstration with SLIPS and LBL
silica nanoparticles and the water contact angle of the channel a- hydrophilic surface of D1
coating b- hydrophobic surface of D2 coating c- hydrophobic surface of the D3 coating and thin
layer of lubricant covering the droplet

The reduction in the hydraulic diameter of the microchannel leads to an interesting behavior in the
inception and flow patterns inside the microchannel and the extended channel. While weaker
inception is observed inside the smaller microchannel (CH5 and 6), much more intense inception
is captured in the extended channel. Interestingly, there are almost no twin cavity clouds in the
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extended channel for the bigger microchannels at corresponding inception pressures as shown in

Figure 3-5.

CHS, Inception: 2.76 MPa B CHS, Inception: 2.94 MPa

Inception: 1.72 MPa

Extension of CH 1
CH6, Inception: 3.86 MPa

Figure 3-5 Cavitation inception in the extended channel for the smaller microchannels (CH5 and
6) enhanced by D3 and the comparison with the corresponding extended channel for the larger
microchannel

Cavitation occurs due to rapid changes at pressure in the smaller microchannels, when flow is
injected inside extended channel. This rapid change of channel size has a direct effect on both
pressure and velocity, which causes cavitation, and bubbles are mostly visible in the area such as
vena contracta. The high values of the pressure at the vena contracta location (P2) for smaller
microchannels support the hypothesis of later occurrence of inception (Figure 3-6). In addition,
the pressure in the extended channel exhibits a stable trend (Pans=0), which is less compared to the
larger microchannels. This proves that the design parameters are significant in achieving the
desirable cavitation feature at different locations. Apart from the size variation effects, the surface
enhancement with the coating D3 also exhibits its significant effect in the generation of more
intense clouds in the extended channel. Large vortices and several separations are observed as
shown in Figure 3-5 for the D3 coating, which presents larger pressure variations for this case. The
movement and direction of flow depends on several parameters. When there are bends in either
upstream or downstream within the microchannel or extended channel, they make the flow move
upward or downward depending on the position and angle of the bend before the channel. There
are also some other phenomena such as step flow, and the wake region at the corner of the channel
can lead to periodic movements of the jet with low frequency due to separation effects (similar to

57



Karman vortex phenomenon). The detailed comparison of the cavitation inception between plain

microchannel and D3 coating for smaller channels is shown in the Figure 3-5.

Figure 3-6 shows the pressures at the location of the vena contracta (P2) and Reynolds number
(Re = pvefDp /1, Where vres is the flow velocity and Dy, is the hydraulic diameter), at cavitation
inception for the surface configurations D1 and D3. The results illustrate that the P2 has a lower
value for all the microchannels (CH X-here X stands for the number of the channels) for the coating
D3 in comparison to the D1 device. The reduction in P2 becomes more for smaller microchannels
for the coating D3 indicating the effect of the SLIPS on the inception and generation of the bubbles
in larger channels. As seen, the results with SLIPS are more favorable in terms of earlier inception

in comparison to the smaller channels.
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Figure 3-6 The variations in pressure at the location of vena contracta (P2) and Reynolds number
for the cases of D1 and D3 at cavitation inception for different microchannels (X stands for the
number of the channels)

The results of the Reynolds number also present a decreasing trend with the introduction of SLIPS
coating to the microchannels, which implies earlier cavitation inception for the D3 coating.
Furthermore, the Reynolds number values suggest turbulent flow conditions for all the cases, while

its values for the smaller channels have smaller magnitudes. This suggests that the velocity of
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cavitating flows at the inception has higher values for the larger microchannels despite the lower
pressure magnitudes compared to the smaller microchannels. As a result, the larger microchannel

with D3 coating results in the most intense cavitation inception.

3-4-3 The effect of the LbL assembled SLIPS on the development of the cavitating flow

Figure 3-7 presents a qualitative comparison of flow pattern variations inside different
microchannels for the D1 and D3 cases. The results show that the supercavitation condition exists
for all the microchannels for the D3 coating, while this flow pattern is not visible in the case of D1
for some of the microchannels including the larger ones (e.g. CH2 and CH4). In addition, the

supercavitation flow pattern appears at much lower upstream pressure values for the case of D3.

According to Figure 3-7, the large reduction in pressures to achieve supercavitation flows can be
observed in the larger microchannels (CH1). Moreover, the results illustrate that for the longer
side wall roughness elements with a reduction in the hydraulic diameter (CH4) for the D1 device,
supercavitation cannot be seen even at high upstream pressure (7.23 MPa). However,
supercavitation flow regime with intensified cavitating flows (even from the center of the channel)
is observed in the smaller microchannels for the D3 device. This flow regime is also visualized for
other channels, while the cavitation cloud generation from the center of the channel is observed in
CH5 with a more intense behavior for the D3 device. This outcome demonstrates the effectiveness
of the roughness elements in generating intense cavitation features in the micro scale. On the
contrary, the roughness elements in the conventional channels are not as effective as in the
microchannels [28]. As a result, along with the pressure rise, the roughness distribution induces
intense turbulent flow conditions, which are accompanied with high surface tension in micro scale,

providing an interesting flow regime filling almost the entire microchannel.

Figure 3-8 presents the flow rate variations for CH1 and CH5 with respect to the pressure drop.
Flow rate has a constant value beyond the pressure drop of 3.9 MPa for the D3 coating, which
marks the arrival of the supercavitation condition, while the flow rate is constant beyond the

pressure drop of 5.9 MPa implying later arrival of the supercavitation condition in CH5.
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Figure 3-7 The comparison in the supercavitation flow regime inside different microchannels for

the D3 coating with plain D1 microchannels
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Figure 3-8 The flow rate variations in CH1 and CH5 as a function of pressure drop
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Figure 3-9 The cavitating flow patterns inside the microchannel and extended channel of the
CHY7 device for the configuration D1 and D2 and D3 coatings

The cavitating flow patterns in CH7 for the D1 device, and D2 and D3 coatings are shown in
Figure 3-9, which displays the effect of the modified surface and the trapped lubricant on the
bubble nucleation and following growth. Generated bubbles follow different paths to reach the
extended channel and the targeted wall. Most of the cavitation bubbles survive and reach the
extension part by passing through the liquid without touching the walls or the nozzle surface. The
roughness elements provide favorable locations at the throat and even within the nozzle for
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nucleation of bubbles and also increase the probability of collapse in the cases of contact of the
bubble with the surface or the walls of the nozzle. Lower inception and lower supercavitation
pressures in D2 devices in comparison with the D1 devices prove that generation of bubbles in D2
devices is significantly enhanced and despite the collapse of the bubbles in the nozzle,
supercavitation can be observed at the pressure 3.10 MPa (Figure 3-9). Comparing the results in
the extended regions of D1 and D2 devices at 6.20 MPa reveals that the number of the survived
bubbles is almost the same. This means that most of the bubbles generated inside D2 channels
collapse. As the only difference between D1 and D2 devices is the roughness of the surface, the
roughness of the surface in the channel not only increases the amount of generated bubbles but
also plays a dominant role in the collapse of the bubbles. Although D1 devices generate lower
amount of bubbles, most of them survive either by passing directly through the fluid or by
bouncing the surface without rupture. The chance of the survival of the cavitation bubbles can be
clearly visualized from the extension region. For instance, the extension region of CH7 channels
at upstream pressure 5.17 MPa is presented in Figure 3-9. It is obvious that the bubbles in D2
devices collapse before reaching the extension region and D3 devices protect the bubbles from
collapse and enhance the delivery and the density of the bubble cloud to the extension region.

Introducing the lubricant to the devices and trapping it within the pores of D2 devices and
developing SLIPS D3 devices make the surface smoother and more favorable for the cavitation
bubble protection. Tang et al. [9] claims that the lubricant wraps the surface of the bubble with a
very thin layer of oil and protects it from pressure fluctuations or rough conditions. The colliding
bubbles with the surface of SLIPS are pinned onto the surface, and the cloak-wise layer of the
lubricant lowers the chance of collapse [9, 12]. Therefore, the cavitation bubbles survive along the

channel toward the extension region, and bubble delivery can be achieved.

Figure 3-9 shows a thorough comparison of the flow transition inside CH7 for the cases of D1, D2
and D3. This figure presents the effect of the SLIPS coating in reaching the fully developed
supercavitation condition at a low upstream pressure. While the supercavitation is observed at the
upstream pressure of 3.10 MPa for the D3 coating, separated cavity clouds are also observed at the
higher upstream pressure (6.20 MPa) from the center of the microchannel although CH7 is
relatively large in terms of hydraulic diameter. Another interesting pattern is observed for the

upstream pressure higher than 4.13 MPa for the D2 coating, which is called hydraulic flip. It is a
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rare pattern, which happens when the cavity cloud reaches the outlet of the microchannel, and the
air flow existing at the extended channel tries to find a way in order to fill the entire boundary of
the channel. This backflow occurs for the D2 coating implying the existence of the air passage
replacing the main jet flow from the wall of the microchannel. During this phenomenon, the water
jet is separated from the cavitating flow area and is of great importance in different industrial
applications such as hydro-entangling, where uniform fibers form via water jets. To our best

knowledge, hydraulic flip is seen for the first time in micro scale in this study.

Figure 3-10 illustrates the variations in cavitation number (o) with respect to the vapor volume
fraction (av) for two big and small channels for the cases of D1 and D3. The dimensionless

cavitation number is expressed as, ¢ = P.of — P,/0.5pV2

- Pref IS reference pressure, which is the

upstream pressure in this study, P, is vapor saturation pressure and V,..¢ is the reference velocity at
the outlet of the microchannel, which was calculated using the mass flow rate. Here, vapor volume
fraction is found with the aid of the liquid, vapor and mixture densities. The latter was obtained by
dividing mass flow rate by volumetric flow rate. The mass flow rate was obtained by measuring
the mass of the fluid within the specified time period. The microchannels with SLIPS have lower
cavitation numbers and higher values of vapor volume fractions (Figure 3-10). The results show
that the smaller microchannels (CH3 and CHS5) for both cases of D1 and D3 have higher values
for the vapor volume fraction, while the larger microchannels (CH1 and CH7) have instead higher
cavitation numbers. This suggests that although the larger microchannels offer earlier inception
and supercavitation, the smaller microchannels generate more intense cavitation and denser vapor
phase specifically at higher upstream pressures (Figure 3-11). As a result, in spite of more intense
cavitating flows for the smaller microchannels, the larger microchannels require less input energy

regarding cavitating flows.
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Figure 3-10 The variations in cavitation number as a function of vapor volume fraction in

different microchannels for the D1 and D3 devices
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Figure 3-11 Comparison in the flow regimes inside CH7 at different upstream pressures for the
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3-5 Concluding

In this study, SLIPS is presented as an effective method for earlier generation of cavitating flows,
which is essential to decrease the input energy and increase the efficiency in microfluidic devices
utilizing bubble clouds. While a less intense and earlier cavitation inception is observed inside the
smaller microchannels (CH5 and CH6), more intense inception is captured in the extended channel
region. The results show that the supercavitation condition is visible for all the microchannels for
the D3 coating (with SLIPS), while this flow regime cannot be even recorded in some of the plain
surface microchannels including the larger ones (e.g. CH2 and CH4). In addition, the
supercavitation condition can be seen at a much lower upstream pressure for the D3 coating.
Another interesting pattern, hydraulic-flip, which has not seen in micro scale before, is observed
at upstream pressures higher than 4.13 MPa for the D2 coating (layer-by-layer assembly of silica

nanoparticles).

The findings of this study will assist in facile cavitating flow generation with the aid of the cheap
and facile surface modification techniques and utilization of cavitating flows in biomedical and

energy applications.
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Abstract

The tremendous potential of “hydrodynamic cavitation on microchips” has been highlighted
during recent years in various applications. Cavitating flow patterns, substantially depending upon
thermophysical and geometrical characteristics, promote diverse industrial and engineering
applications, including food and biomedical treatment. Highly vaporous and fully developed
patterns in microfluidic devices are of particular interest. In this study, the potential of a new
approach, which includes cellulose nanofiber (CNF)- stabilized perfluorodroplets (PFC5s), was
assessed inside microfluidic devices. The surfaces of these devices were modified by assembling
various sizes of silica nanoparticles, which facilitated in the generation of cavitation bubbles. To
examine the pressure effects on the stabilized droplets in the microfluidic devices, the upstream
pressure was varied, and the cavitation phenomenon was characterized under different
experimental conditions. The results illustrate generation of interesting, fully developed, cavitating
flows at low pressures for the stabilized droplets, which has not been previously observed in the
literature. Supercavitation flow pattern, filling the entire microchannel, were recorded at the
upstream pressure of 1.7 MPa for the case of CNF-stabilized PFC5s, which hardly corresponds to
cavitation inception for pure water in the same microfluidic device.

Keywords: Hydrodynamic Cavitation; Perfluorodroplets (PFC5); Cellulose Nanofibers (CNFs);
Pickering; Microfluidic Device; Layer-by-Layer Assembled
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4-1 Introduction

Cavitation phenomenon has gained much attention in industrial and biomedical applications, due
to its potential in the use for environmentally benign cleaning, energy harvesting and cancer
treatment [1-3]. Cavitation phenomenon occurs due to a rapid change in static pressure within a
liquid, whereupon gas-filled cavities are generated in the low-pressure region. Cavitation bubbles
collapse when encountering the high-pressure region, and intense shock waves form, followed by
a micro-jet generation from the center of the bubble. Size effects are important in the generation
of cavitation phenomenon, and microfluidic systems are suitable platforms for fundamental studies
to shed light on microscale cavitation phenomena [4,5]. The major differences between micro- and
macro-scale hydrodynamic cavitation lie in cavitation inception, cavitation hysteresis and rapid
transition to supercavitation flow pattern and choked flow [4,5]. There are several studies on
parameters affecting the generation of cavitation phenomenon. Flow rate, cavitation number [6],
Reynold (Re) number and inception of cavitation are the crucial parameters, which assist in
understanding cavitation phenomenon [6-9]. Additionally, the working fluid plays an important
role. For example, in the case of a mixture of ethanol and water, choking flow conditions could be

obtained at very low cavitation numbers [10].

The formation of cavitating flows in microfluidic systems leads to high temperature gradients
and enhanced thermal effects [11], and thermal energy generation is possible due to bubble
collapse on the wall of microfluidic devices [12]. Recently, it was shown that the generation of
cavitation bubbles and collapse of the bubbles are affected by thermophysical properties of the
working fluids as well as the surface topology of the channels inside the microfluidic device [13].
Controlling these parameters helped researchers to develop microfluidic devices capable of
generating intensified cavitating flows while decreasing the required energy for achieving the
supercavitation flow pattern [14]. As a result, large amount of thermal energy could be generated
from a small scale cavitation phenomenon, which could potentially fulfill personal energy needs

in environmental friendly fashion.

Inspired by the need for clean energy, the focus in this study is on further intensifying the
cavitation phenomenon, in order to generate larger temperature gradients, which is achieved herein
by including a new cavitation intensifying strategy. Indeed, cavitation could also potentially be
intensified in the presence of rapidly expanding capsules. In this regard, we investigate the
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potential of particle-stabilized perfluoropentane (PFC5) droplets as cavitation intensifiers.
Particle-stabilized droplets are much more stable compared to a surfactant stabilized droplet,
because the particles do not easily detach from the O/W interface [15]. This makes particle-
stabilized PFC5 droplets promising with the respect to storage stability, because droplets will not
merge together into bigger droplets with time. In other words, it is possible to produce a device,

where energy can be stored and then released “on demand” in the form of heat.

Here, we present a novel device, which combines a tailored microfluidic channel, ensuring fully
developed cavitating flows at very low upstream pressures, together with a new class of cellulose
nanofiber-stabilized PFC5 droplets, where the O/W interface is stabilized by the cellulose
nanofibers (CNF). By evaluating the energy released from the collapse of the cavitation bubbles,
we demonstrate that the CNF-stabilized PFC5 droplets, in combination with the tailored surface
roughness of the microfluidics device, represent a unique device in terms of lateral heat release. In
addition, as the cellulose nanofibers remain intact after energy release, the particle-stabilized

droplets could potentially be regenerated and also stored before being used again.
4-2 Methods and Materials

4-2-1 Fabrication of the microfluidics device
All the microfluidic devices were fabricated out of double side polished silicon wafers with a
thickness of 380 um. A schematic of the fabrication protocol [16] is shown in Figure 4-1A. All the
devices employed in this study have small and short side wall roughness elements, as reported in
detail in the previous studies of the authors [14]. The microfluidic devices contain two major
regions, namely a microchannel followed by an extension (extended channel) downstream of the
microchannel. The flow restrictive element induces a sudden drop in pressure due to reduction in
cross-sectional area so that small bubbles from the flow restrictive element can be generated due
to hydrodynamic cavitation. In addition, the walls of the microchannels are equipped with three
pressure sensors to measure the local pressures at the locations (shown as P1, P2 and P3 in Figure
4-1 B), namely before the entrance of the restrictive element, vena contracta (Dn) and entrance of
the extended channel (5Dp-8Dn) [17]. Two microfluidic devices with different hydraulic diameters
and side wall roughness length were employed in this study. These elements were formed as a
structural roughness according to the geometry design. The detailed properties of these devices are

listed in Table 4-1. Meanwhile, the equivalent sand-grain roughness (ks) was calculated as 5.863
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pum using the algorithm presented by Adams et al. [18], which is suitable for low measured

roughness values.

Table 4-1 Dimensions for the different parts of the microfluidic devices

Microfluidic device Microchannel Side wall Side wall

hydraulic diameter, roughness Length  roughness Height

Dh [pum]
CH1 66 0.3L 0.01Dy,
CH2 75 0.5L 0.01Dx,

4-2-2 Surface Modifications of the device

4-2-2-1 Materials used for surface modifications

Tetraethyl Orthosilicate (TEOS), Ammonia hydroxide solution 25%, 2-Propanol 99.5% (IPA),
Poly(sodium 4-styrenesulfonate), average Mw ~70,000 (SPS), Poly(allylamine hydrochloride),
average Mw 50,000 (PAH), 1H,1H,2H,2H-Perfluorodecyltriethoxysilane 97% (PFDTS) were
purchased from the Sigma Aldrich company. Fomblin Y LVAC 25/6, average molecular weight
of 3.300 (PFPE) was purchased from the Solvay company.

4-2-2-2 Synthesis of silica particles

The modified Stoéber method was employed to synthesize monodispersed Silica NPs as de- scribed
in literature [19]. The zeta potential and diameter of the nanoparticles, which were tuned by the
ratio of [TEOS]/[NHz]aq, were measured using the Dynamic Light Scattering (DLS) technique
(Malvern Zetasizer Nano ZS). The silica nanoparticles were synthesized in a bath with
[TEOS]/[NHz3]aq ratio of 4. The diameter, PDI and zeta potential of the particles were measured as
100 nm, 0.050 and -37.5 mV, respectively.

4-2-2-3 Surface modification with the use of silica particles
The silica particle coating in the interior of the microfluidics device was achieved by depositing

several layers of PAH and SPS polyelectrolytes as adhesion layers, and then PAH and NPs
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layers, to achieve the desired rough surface, were formed on the substrates using the layer-by-
layer method. In total, 30 bilayers were needed to achieve the desired surface roughness. The
surface tension was adjusted using PFDTS to trap Fomblin YL VAC 25/6 lubricant within the
pores of the surface.

4-2-3 Preparation of Cellulose nanofibers (CNFs)
Never-dried bleached sulfite pulp (Nordic Paper Seffle AB, Sweden) was used to obtain the
cationic quaternary ammonium salt modified cellulose nanofibers (CNFs). A 1.32 wt% CNF
suspension in water was prepared as previously described [20,21]. The amount of cationic groups
residing on the CNF surface was 0.13 mmol per g fiber, obtained by conductometric titration
[20,22]. The CNFs have already been characterized in a previous study and had a width of ca. 4
nm and their length was in the micrometer range, which was assessed by TEM [20]. However,

bigger fiber aggregates could also be observed with TEM [20].

4-2-4 Preparation of CNF-stabilized PFC5 droplets

The stock CNF was diluted with MilliQ-water to obtain a 0.28 wt% suspension of CNF. The pH
was adjusted to 9.5. To disperse the CNFs, the suspension was treated an ultrasonic liquid
processor (Sonics Vibracell W750, U.S.) at an amplitude of 90% for 180 s (using a %" tip), as
previously described [20]. The suspension was brought to room temperature and afterwards 36 ¢
of the attained CNF suspension was mixed with 1 g of PFC5. Afterwards, the mixture was
processed for another 60 s at an amplitude of 80% under ice-cooling to obtain the stock suspension
of CNF-stabilized PFC5 droplets. The droplets were imaged after ca. 1 h with a Light microscopy
(VisiScope, VisiCam 16 Plus camera, VWR, Sweden).

4-3 Characterization

4-3-1 Atomic force microscopy (AFM)
Nanomechanical properties of the thin films and surface topography were assessed by Bruker
multimode 8 Atomic Force Microscope (AFM). The height images were captured using
NanoAndMore tips with a bending spring constant of 40 N m, resonance frequency of 50-200
kHz, and tip radius of 10-20 nm, and the mechanical properties were assessed using tips with
bending spring constant of 200 N m™ resonance frequency of 500-600 kHz, and tip radius of 25-

35 nm. The minimum deformation of the surface in nanomechanical properties evaluation was set
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as 2-5 nm, and the scan rate was 0.5-1 Hz. The height images of the CNFs were captured
(ScanAsyst mode in air) with a Bruker NanoScope V (U.S.A.). A diluted drop of the CNF
suspension (ca. 0.003 wt%) was dropped on cleaned silicon-wafer, allowed to settle for 3 min and
then removed and dried with nitrogen gas. All images were processed using procedures for plane-
fit and flattened.

4-3-2 Scanning electron Microscopy (SEM)
The surface morphology of samples was imaged with the Field Emission Scanning Electron
Microscopy (FE-SEM, LEO Supra VP-55). The samples were sputter-coated with a (~10 nm)
thick coating of Au/Pd prior to imaging.

4-3-3 Ellipsometry measurements
Woollam Co. M2000 ellipsometry was used to measure and model the thickness and the
porosity of the films. The wavelength of the light, which has been used to conduct the
ellipsometry measurements, was in the range of 380 to 780 nm (~1.6-3.3 eV). The porosity
of the thin film was modeled using the Bruggeman effective medium approximation (EMA)

with ellipsometry [23].

4-3-4 Contact angle measurements and contact angle hysteresis
The hydrophobicity of the films was assessed by contact angle and contact angle hysteresis (CAH)
measurement using Attension Theta Lite (Biolin Scientific, Finland). 5uL of distilled water (18.2
MQ-cm) was accumulated on the tip of the needle and then released on the surface. By increasing
and decreasing the volume of water residing on the surface and measuring the maximum and
minimum contact angles, the contact angle hysteresis was calculated. The reported values are the

average of three measurements for each sample type.

4-3-5 Cavitation experiments
The glass wafer on the modified microfluidic devices assists in visualizing flows inside the
microfluidic devices. The experiments were conducted by applying different inlet pressures. The
inlet pressure was varied from 1 to 7.23 MPa, while the outlet pressure at the microchannel was
fixed to 0.1 MPa. The volumetric flow rate was increased with the change in the inlet pressure.
Concentration and volume fraction of the CNF-stabilized PFC5 droplets employed in this study

have values of approximately 0.027 vol% and 10® droplets mL™ at room temperature. Cavitating
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flows generated in the microchannel were visualized at different regions in the microfluidic
devices. The whole steps of the visualization experiments were explained in detail in the previous
study of the authors [16].

4-4 Results and Discussion

4-4-1 Surface modification by layer-by-layer (LBL) assembled silica nanoparticles

The channels in the microfluidics devices, fabricated using the process flow shown in Figure 4-1A,
went through a surface modification to achieve a rough surface consisting of silica nanoparticles.
The coating was prepared by the layer-by-layer method, where polyelectrolytes, as intermittent
layers in the build-up of the multilayer coating, were deposited on the surface of the device as
shown in Figure 4-1B. The roughness and surface topography of the coating were assessed using
Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) (Figures 1B and C).
The average thickness attained from nine points on the thin coating was 110 nm, measured using
a profilometer. This value is consistent with the results from ellipsometry (114 nm). The void
percentage of the film was estimated as 10% with a mean square error (MSE) of 7% using the
Bruggeman effective medium approximation (EMA). These results were further confirmed with
SEM images of the surface at two different magnifications, Figure 4-1B. The porosities were
estimated numerically from the ellipsometry and SEM measurements. Nano and micro-scale
roughness of the surface is not only an important parameter that influences the surface energy of
the coating, which in turn affects the hydrophobicity, but it also provides pores for the lubricant
to penetrate into the coating. AFM height images and results (Figure 4-1C) proved that these
surfaces were rough both on the nano- and micro-scale. The increase in the projected surface is
reported as 9% in both scales, and the root mean square is measured as 35.4 nm and 11 nm on the
micro- and nano-scale, respectively. The Young modulus of elasticity of the thin film on silicon
wafers was 5 GPa, which ensures high durability of the coating under the present working
condition.

Static contact angle and contact angle hysteresis measurements reveal the hydrophobic nature of
the surface (after the application of the lubricant). The lubricant covers the surface with a very thin
layer. As the contact angle of the water droplet and air bubble on a surface are supplementary
angles, it can be predicted that thebehavior of both of them on this surface is almost the same, and
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air bubbles have a contact angle of 80° with a low contact angle hysteresis of about 5°, which

implies that gas bubbles can easily slide on the surface [24].
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Figure 4-1 Assembly of the microfluidics device. Schematic overview of (A) fabrication process
flow for the microfluidic device (B) assembled layers of thin film on the microfluidic device and
SEM image of the final thin film (C) 2D and 3D height images of atomic force microscopy

representing the nano and microscale roughness of the surface.
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Figure 4-2 Assembly of the CNF-stabilized PFC5 droplets. Particle stabilized droplets were
prepared by (A) mixing a CNF suspension in MilliQ water with PFC5 to obtain the CNF
stabilized droplets. (B) Light microscopy image of the resulting CNF-stabilized PFC5 droplets
(imaged ca.1 h after preparation). Droplets were deposited and dried at ambient conditions and
imaged using (C) AFM and (D) SEM.

4-4-2 Assembly of CNF-stabilized PFC5 droplets

The CNF stabilized PFC5 droplet were prepared via a straightforward and simple mixing protocol,
where a cationic CNF suspension is mixed with PFC5, whereupon stable micro-sized droplets in
a comparatively narrow size distribution are achieved, ca. 1-5 um in size (Figure 4-2A and B).
The size distribution can be compared with the droplet distribution in surfactant stabilized systems,
where the size distribution is typically more polydisperse, ranging over a few orders of magnitude
(when the droplets are generated with some types of high energy mixing protocol). The CNF

stabilized the O/W interface via a Pickering mechanism as demonstrated in a previous study [25].
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In Figure 4-2C and D, the particle-stabilized droplets were imaged after drying with AFM and
SEM, respectively. Interestingly, the capsule structures did not completely collapse under ambient
or high-vacuum conditions in the SEM despite that PFC5 will unavoidably evaporate under such
conditions. A nanocellulose composite microcapsules at low polymer content in the shell (and
initially filled with hexadecane) will completely collapse under SEM conditions [26,27]. Herein,
a bulged (half-collapsed) capsule structure was observed, Figure 4-2C-D, which consisted of a

dense CNF layer, see SEM image in Figure 4-2D.

4-4-3 Hydrodynamic cavitation measurements

The pioneering studies on hydrodynamic cavitation on microchips have mostly been devoted to
the physics of cavitation on the micro-scale [4]. The surface roughness is effective for the
generation of cavitation in the micro-scale [13]. The device reduces the required pressure drop for
achieving fully developed supercavitation flow patterns. The side wall roughness elements in the
channels affect cavitating flows by inducing secondary flows such as turbulent Taylor vortices,
while generating large stable vertical structures, as shown in Figure 4-3. Therefore, the bubbles
keep out of the boundaries, and the vapor phase extends along the length of the channel, which is
in line with the previous results [13].

The introduced CNF-stabilized PFC5s generate a highly vaporous cavitating flow, which fills the
entire microchannel at a much lower upstream pressure (Figure 4-3A). To the best of the authors’
knowledge, this has not been previously reported [13,14]. According to Figure 4-3A and B, the
droplets give rise to the supercavitation flow pattern at the upstream pressure of 1.7 MPa, while
developed cavitating flow with the penetration length of approximately 0.8 mm is observed for
the case of water at the pressure of 7.23 MPa. It should be noted that inception of cavitating flow
is observed at the upstream pressure of 1.7 MPa for the case of water. The generation of larger
cavity clouds (supercavitation), as shown in Figure 4-3A, leads to intense turbulence due to the
collapse of some of the bubbles inside the microchannel, which assists in promoting collapse.
Moreover, this pattern results in smaller bubble generation in size [28], while the cavity cloud
covers the whole volume of the microchannel, thereby generating large temperature gradient.
Due to the low saturation temperature of these droplets (approximately 29°C), we hypothesize
that vaporization will have an additional effect on the flow. Furthermore, the surface tension
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gradient, induced by the concentration gradient of the dissolved content in the solution, and the
generated temperature gradient, substantially reduce the inception pressure for the cavitation
phenomenon. As a result, the surface tension effect leads to density gradients, which trigger
convective flows in the droplet suspension. These phenomena cause the main flow to be controlled
by gravitational forces at low upstream pressure and radial velocity resulting in the slight flow
diversion from its regular direction in the extended channel. This flow pattern is observed inside
the extended channel for the case of PFC5 droplets and water (Figure 4-4A and B) at the upstream
pressure of 2.3 MPa. Strong vortices are observed first at the upstream pressure of 2.3 MPa for the
case of PFC5 droplet suspension, which are not observed in the case of water at the same upstream
pressure. The generated cavitating flow inside the microchannel with PFC5 droplets has a
relatively higher mean velocity (45 m/s), which was measured according to the volume flow rate
obtained from the experiments, thereby minimizing the buoyancy effects, which is dominated by

the surface tension and generated vortices.

PFC5 Droplets Water

Cavitation fills entire channel

n

Figure 4-3 The cavitating flow patterns inside the same microchannel (CH1). (A) supercavitation
flow pattern at upstream pressure of 1.7 MPa for the case of PFCS5 droplets in water (B)
developed cavitating flow at upstream pressure of 7.23 MPa for the case of water.
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Figure 4-4 The cavitating flow patterns inside the same microfluidic device (CH1). (A)
penetration of twin cavities to the extended channel with a view of the microchannel downstream
at the upstream pressure of 2.3 MPa for the case of PFC5 droplets (B) penetration of twin
cavities to the extended channel at the upstream pressure of 2.3 MPa for the case water.

PFC5 droplets are also introduced into another microfluidic device (CH2) with a hydraulic
diameter of 75 um (D;, = 4A/P, where A is the cross-sectional area and P is the perimeter of the
microchannel) to compare the flow patterns in geometrically different devices (CH1 and CH2)
and to characterize cavitating flows with non-dimensional parameters. The two microfluidic
devices were optimized with respect to the intense cavitation generation, see details in the previous
studies with water and PVA microbubbles [13,14]. Figure 4-5 shows the comparison between
these devices, presented with Re, We and cavitation numbers. Accordingly, the cavitation
inception occurs at relatively lower upstream pressure (1.12 MPa) and cavitation number, (o =
Prer — Py /0.5p, V%, Where py is liquid density, P, is reference pressure, which is the upstream
pressure in this study, P, is vapor saturation pressure and V... is the reference velocity at the outlet
of the microchannel, which was calculated with the use of mass flow rate), (4.28) for CH1
compared to CH2, where the upstream pressure is 1.67 MPa, and ¢ 1s 7.28. It should be noted that
high values of ¢ in this study are due to the fact that all of the flow patterns appear at rather low
upstream pressures and consequently lower mean velocities inside the microfluidic devices. While
Re and We numbers (Re = pv,.Dp/u, and We = pvrzeth/a, where o is the liquid surface
tension) are almost in the same range for both devices, Re numbers suggest transient flow at the
time of the inception.

The cavitation number differences between inception and developed cavitating flows for CH1

and CH2 are 1.34 and 4.17, respectively. This difference in cavitation numbers suggests that more
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cavitation bubbles are generated inside the smaller channel and intensified cavitating flow leads
to the earlier appearance of the supercavitation flow pattern. Moreover, the Re numbers at points
A and B (Figure 4-5) are 7258 and 9745, respectively, which implies that supercavitation arrives
at lower Re numbers inside the smaller microchannel with hydraulic diameter of 66 um (CH1).
Although Re and We numbers are lower at point A compared to point B, they are higher for the
smaller microchannel at the highest upstream pressure applied to the microfluidic devices. Thus,
the mean velocity at the last stage has higher values for the smaller microchannel despite it having
the same pressure magnitude as in the larger microchannel. In addition, very strong vortices are
observed in the extended channels for both devices, which implies large pressure variations for
PFC5 droplets even at lower upstream pressures. It should be noted that the cavitating flow pattern
inside the device having the same hydraulic diameter as CH2 and the same side wall roughness
length as CH1 is the same as in CH2, as the corresponding Re number is 9886 at the point B.
Therefore, the variations in hydraulic diameter strongly affect the cavitating flow pattern. While
supercavitation is observed for the smaller microchannel, hydraulic flip is seen at point B for the
larger microchannel once the cavitating flow is developed. This flow pattern happens when the
cavity cloud reaches the outlet of the microchannel, and the air flow existing at the extended
channel tries to find a way in order to fill the entire boundary of the channel. The backflow
observed at point B implies the existence of the air passage replacing the main jet flow from the
wall of the microchannel. During this phenomenon, the water jet is separated from the cavitating
flow area and this is of great importance in different industrial applications such as hydro-
entangling, where uniform fibers form via water jets. To the best knowledge of the authors,

hydraulic flip is seen for the first time on the micro-scale.
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Figure 4-5 Cavitation patterns for PFC5 droplets in two different microfluidics devices (CH1 and
CH2). The variation of Reynolds and Weber numbers as a function of the cavitation number for
the cavitating flow with CNF-stabilized PFC5 droplets. Snapshots of the corresponding flow

patterns at points A, B and C of the different curves are included.

In spite of the lower viscosity, sound speed and surface tension of PFC5 droplets compared to
water, the supercavitation and hydraulic flip observed in these experiments occur at low upstream
pressure for the case of PFC5 droplets.

The potential energy of the bubbles, which is a function of the size of the bubbles and the vapor
pressure of the working fluid, transforms into other forms of energy upon collapse. Shock waves,
as a result of the bubble burst, can be used in different fields such as pretreatment of biomass [29].
In an attempt to provide insight into cavitation bubble size, bubble diameter variation within a 7
us time step is shown in Figure 4-6. At the points A, B, and C, the size of the bubbles gradually
increases and reaches a maximum size of 10.5 um in diameter. The size growth can be due to
either the expansion of the gases inside the bubbles or flocculation and coalescences of the small

bubbles at points B and C. This growth continues for 3 us in the extension. The images from the
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CCD camera show the disappearance of the bubbles, Figure 4-6 at point D. As can be seen, the
rebound bubble size is infinitesimal. As a result, the rebound energy can be neglected, and the

shock wave energy is proportional to the initial potential energy of the bubbles before the collapse

[30].
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Figure 4-6 The fate of the PFC5 droplets during supercavitation. Bubble radius variations at the
upstream pressure of 1.67 MPa inside the extension with shock wave manifestation. The

microfluidic device, CH1, was used.
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Figure 4-7 CNFs before and after supercavitation. AFM image of CNF (A) before and (B) after

supercavitation.

After the supercavitation and destruction of the Pickering-stabilized droplets, it would be attractive
to collect the PFC5 and CNFs and regenerate the CNF-stabilized PFC5 droplets. This is only
possible if the cellulosic nanofibers are not significantly modified during supercavitation. We
hypothesize that the modification should occur on the surface and in the more assessable
amorphous regions of the CNFs, which might decrease the length of the CNFs. In Figure 4-7A
and B the CNF nanofibers obtained after the supercavitation and the starting nanofibers are
compared. Evidently, the CNFs have not been shortened and could be reused to create new PFC5
droplets. This constitute a prerequisite to create an efficient, closed-loop device, which can
effectively store energy, release it on demand and finally be “recharged” by regenerating the

droplets using a simple mixing step.

4-5 Conclusions

In this study, a new type of droplets, cellulose nanofiber-stabilized perfluoropentane droplets, were
tested within a surface tailored microfluidic devices to generate cavitation bubbles in a facile way.
The flow pattern with the highest intensity, i.e. supercavitation, was observed at a low upstream
pressure of 1.7 MPa with these droplets, which barely corresponded to the cavitation inception for

pure water. Moreover, hydraulic flip, which has not been previously recorded on the microscale,
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was generated for the larger microchannel in the presence of CNF-stabilized PFC5 droplets. The

results also showed that more cavitation bubbles were generated inside the smaller channel

configuration, and supercavitation flow pattern arrived earlier due to the smaller difference in

cavitation number between the inception and developed cavitating flow in the smaller channel

configuration. This outcome implies that the microfluidic device with a smaller hydraulic

diameter, possesses the most intense cavitation generation at rather low upstream pressures for the

case of PFC5 droplets. As the CNFs are not damaged, droplets can be regenerated; this study

proposes an important approach towards a closed-loop device that can store energy, then release

and be “recharged” on demand.
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5-1 Conclusion

In this dissertation, we have developed thin films of SLIPS on glass and silicon wafer substrates
using dip coating and fluidic coating methods of layer-by-layer (LbL) self-assembly technique,
which is also scalable and low cost. The deposited tetralayer thin film of PAH and SPS
polyelectrolytes and silica nanoparticles on the substrate, and the infused fluorinated lubricant into
the pores of the deposited thin film generated the transparent, icephobic and hydrophobic SLIPS.
The roughness in the form of holes and cracks was contributed to the infusion of lubricant and
helped to trap them inside longer even under challenging conditions. The homemade silica
nanoparticles’ diameter was varied by adjusting the ratio of the [TEOS]/[NH3]aq where the
average NP sizes were measured to be within a range of 30 to 140 nm. The thickness of the thin
films was about 200 nm, and AFM and SEM images confirmed that the surfaces of the thin films
are rough at both micro and nanoscale (Rq: 30 and 15 nm respectively), enabling them to act as a
reservoir for the lubricant. The young modulus of the coatings was optimized by using a mixture
of 40 and 80nm silica nanoparticles in diameter as 5.3 Gpa. The Weibull distribution model was
applied to assess and compare the effect of the thin films and SLIPS on the ice adhesion force. The
results showed that the adhesion strength of the ice to SLIPS was almost zero. The assembled thin
films exhibit transparency of up to 98% in the visible region due to porosities imparted through
silica NPs, which is unlikely to have been the case in earlier reported results. The ageing of the
thin film revealed that it can reduce the ice adhesion strength to 35% of the untreated surface, even
after 100 days. Cyclic icing/deicing of the samples showed that the ice adhesion strength of the

thin film after 50 cycles of icing/deicing is about five times lower than non-treated glass sample.

The behavior of the assembled SLIPS on a microfluidic device was evaluated to observe its effect
on the hydrodynamic cavitation. It has been shown that presence of SLIPS on the surface of the
channel is an effective method for earlier generation of cavitating flows, which is essential to
decrease the input energy and increase the efficiency in microfluidic devices utilizing bubble
clouds. The results show that the supercavitation condition is visible for all the microchannels for
the D3 coating (with SLIPS), while this flow regime cannot be even recorded in some of the plain
surface microchannels including the larger ones (e.g. CH2 and CH4). In addition, the
supercavitation condition can be seen at a much lower upstream pressure for the D3 coating. The
findings of this study will assist in facile cavitating flow generation with the aid of the cheap and

facile surface modification techniques and utilization of cavitating flows in biomedical and energy
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applications. The low upstream pressures for intense cavitation generation expand the potential
applications of hydrodynamic cavitation. Introducing the cellulose nanofiber-stabilized
perfluoropentane droplets to the cavitating flow, which were tested within a surface tailored
microfluidic device to generate cavitation bubbles in a facile way showed that the flow pattern
with the highest intensity, i.e. supercavitation, was observed at a low upstream pressure of 1.7
MPa. As the CNFs are not damaged, droplets can be regenerated; this study proposes an important
approach towards a closed-loop device that can store energy, then release and be “recharged” on

demand.
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5-2 Outlook

The facile, scalable, low cost and transparent SLIPS, which have been applied on the partially
charged substrates using layer-by-layer technique, have developed the application fields for this
type of films. The applying methods that have been used in this dissertation, enable the scientists
to assemble SLIPS on any partially charge substrate regardless of the geometry, accessibility and
the material type. The icephobic properties of SLIPS have been investigated in the first chapter of
this thesis thoroughly. The high durability and transparency of these thin films showed that they
can be used in harsh conditions like wind turbines, air planes wing and fuselage, windows of cars
and buildings, and etc. For depositing SLIPS on large surfaces, layer-by-layer spray coating
method is proposed.

The interactions of these surfaces with air bubbles and water within microfluidic devises showed
that SLIPS can be used in the devices that are designed to separate gas and liquid. Based on the
outcomes of this thesis a TUBITAK project has been proposed and accepted for a bubble
separation device. “Engineering and Fabrication of Bubble / Gas Separation Filters Based on
SLIPS Architecture” project has been accepted by TUBITAK to prepare a bubble separation
device which its walls are coated by SLIPS to transport the separated bubbles to the exhaust pipe

as show in the Figure 5-1 and Figure 5-2.
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Coalesced large air
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¥
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Figure 5-1 The trapping of air toward the walls of the tube and wrapping by the lubricant of the
SLIPS
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Figure 5-2 Schematic illustration of the mechanism of bubble separation and conduction process
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