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Abstract

Impact Dynamics of Surfactant-Laden Droplets on Non-Wettable Coatings

By Amir Reza Esmaeili, M.S.

A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor of

Philosophy at Virginia Commonwealth University.

Virginia Commonwealth University, 2021

Director: Reza Mohammadi, Ph.D.

Assistant Professor, Department of Mechanical and Nuclear Engineering

Owing to their excellent water repellency, non-wettable (superhydrophobic) coatings have gained
tremendous attention in the past couple of decades. Alkyl ketene dimer (AKD), an inexpensive
polymer frequently used in paper industry as a sizing agent, has shown potentials to become
superhydrophobic. The formation of a porous structure after curing the solidified AKD for an
extra-long time (4—6 days) results in superhydrophobicity, i.e., a static contact angle with water of
>150° and a roll-off angle of <10°. In this work, a facile and low-cost method was used to turn the
surface of AKD superhydrophobic in a very short period of time by briefly treating the coatings,
obtained from isothermally heated molten AKD at 40 °C for 3 min, with ethanol. The resulting
superhydrophobicity is due to the formation of porous, entangled irregular micro/nano textures
that create air cushions on the surface leading to droplet state transition from Wenzel to Cassie. As
a proof of concept, the same material was applied to the co-sputtered nickel-tungsten thin films,
commonly used in micro/nano-electro-mechanical systems, to improve their hydrophobicity.
According to the results, at least 20% increase was observed in the dynamic contact angles of the

treated substrates.
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In addition, this work presents a detailed high-speed imaging analysis of the influence of the
molecular weight, concentration and ionic nature of surfactants on droplet impact of such solutions
on hydrophilic, hydrophobic and superhydrophobic substrates. Among all these surfaces, the
concentration and ionic nature of the solutions were found to be more dominant parameters in
determining the energy dissipation in the retraction phase of the droplet impact on the
superhydrophobic (AKD) surfaces at room temperature. As the concentration decreases or when
positive charges are present in the solution, it is more likely to observe a similar retraction dynamic
to pure water when the droplet hits the superhydrophobic AKD having negatively charged surface
sites.

Finally, the impact dynamics and freezing behavior of these solutions were studied at very low
temperatures of —10 to —30 °C. The results show that the dynamic behavior of the solutions is also
a function of their temperature-dependent viscosity. The surfactant-laden droplets generally
demonstrated an accelerated freezing compared to pure water. This might be due to the fact that
the presence of surfactants can promote heterogeneous ice nucleation both from within the liquid
as well as a larger solid-liquid interfacial area, resulted from filling the air pockets of the surface
by surfactants, leading to enhanced heat transfer. The behavior of the cationic surfactant at certain
concentrations was, however, an exception leading to a freezing delay, for which a mechanism

will be proposed.
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Chapter 1. Introduction

1.1 Background Information

1.1.1 Contact Angle of Droplets

The contact angle that a sessile droplet forms with a solid surface is determined by the equilibrium
of the adhesive and cohesive forces. This parameter, which can have a value between 0 to 180°, is
a function of the interfacial tensions of the droplet as well as the surface energy of the substrate.
Thomas Young was one of the pioneers studying the contact angle of droplets on flat substrates
[1]. The results of his study led to the introduction of an equation correlating the surface energy of
the solid surface (ys;), the energy of solid-liquid interface (ys;) and the surface tension of the

liquid droplet (y,) with the contact angle (6):

Ysc — YsL — Y cos(0) = 0 (1.1)

In Eq. (1.1), the solid surface is assumed to be ideal (i.e., rigid, flat and chemically homogeneous
surfaces) and surface roughness has not been considered. However, most practical surfaces are
relatively rough with unique textures. In some cases, these textures result in the trap of air pockets
on the surface, altering the solid-liquid interfacial area. If the droplet penetrates these air pockets,
the solid-liquid interfacial area increases; consequently, the contact angle changes. To better
understand the relationship between the intrinsic contact angle, which is the contact angle of a
droplet on an ideal surface, the apparent contact angle and the surface roughness, Wenzel proposed

Eq. (1.2) for uniform surfaces [2]:

cos@™* =r cosO (1.2)
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In Eq. (1.2), r is the ratio of the actual surface and apparent surface and 8* and 8 are the apparent
and intrinsic contact angles, respectively. The influence of surface roughness on the contact angle
was further investigated by Cassie and Baxter in 1944 [3]. Their study focused on the influence of
the porous medium on the contact angle, where the droplet does not penetrate the micro-textures
on the rough and chemically homogeneous surfaces; as a result, the preserved air pockets on the

surface can increase the contact angle based on Eq. (1.3):

cosf* = =1+ @4s(1 + cosh) (1.3)

where ¢, is the fraction of solid substrate, which is in contact with the liquid droplet. According
to Eq. (1.3), as the solid-liquid interfacial area decreases and ¢, approaches 0, the contact angle

increases up to 180°. Figure 1.1 shows different wetting states of a droplet on a solid substrate.

Wenzel Cassie-Baxter

Figure 1.1. Different wetting states of a droplet on a solid substrate.

Additionally, Mettu et al. studied the influences of surface nonidealities on the contact angles more
in-depth [4]. Generally, when the surface is not smooth or homogeneous, by adding some liquid
to a sessile droplet, while the three-phase (vapor-liquid-solid) contact line is initially pinned, the
contact angle increases to a specific point, which is called advancing contact angle. Beyond this

point, the addition of more liquid results in the free movement of the three-phase contact line. The
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opposite of this behavior can be seen by removing some liquid from the droplet. In this case, the
contact angle decreases to the receding angle. The difference between the advancing and receding
contact angles is called hysteresis. Mettu et al. showed that the droplet remains in a metastable
state when the contact angle deviates from its equilibrium value. They subjected the substrate to

white noise to investigate the dynamics of relaxation of the droplets [4].

1.1.2 Wetting Properties of Coatings

Two parameters that significantly affect the wetting properties of coatings are their surface energy
and morphology [5]. There are three main types of coatings in terms of their wetting properties.
The first type is hydrophilic or water-loving coatings, which have a water contact angle of <90°.
In hydrophilic coatings, as the droplet is placed on the surface, it spreads, the wetting area increases
and the contact angle drops to lower than 90° in a very short time. Roll-off angle is the minimum
tilting angle to make the droplet roll down the substrate. Due to the strong adhesion between the
droplet and hydrophilic substrates, this type of coatings has a large roll-off angle. In some cases,
even by making the substrate upside down, the droplet does not detach from the coating. The
second type of coatings having a water contact angle of 90 to 120° is called hydrophobic.
Hydrophobic coatings have lower surface energy, surface adhesion and roll-off angle compared to
the previous type of coatings. It is well documented that flat and smooth hydrophobic surfaces
having low energy (e.g., nonstick cookware coated with Teflon) can have a contact angle of up to
120° [6]. Consequently, for further enhancement of the contact angle, a rough structure must be
developed on the substrate to trap the air beneath the droplet and reduce the solid-liquid interfacial
area. Surfaces having a water contact angle of >150°, a roll-off angle of <10° and low surface
energy are known as superhydrophobic or non-wettable substrates [7,8]. These coatings are

generally made of low energy materials (e.g., polymers) with adequate surface roughness. As it is
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clearly shown in Figure 1.2, the sessile water droplet has formed an almost perfect sphere on the

superhydrophobic coating with a small contact area.

Figure 1.2. A water droplet on a superhydrophobic surface having a contact angle of >150°.

Due to their unique properties, superhydrophobic coatings are very popular in many industrial
applications such as self-cleaning [9-12], anti-corrosion [13,14], anti-icing [15,16] and drag
reduction [17]. Some of their industrial applications are in powerlines [18], wind turbines [19],
aircrafts [20] and heat exchangers [21]. These surfaces can be fabricated through several methods,
such as wax solidification, lithography [22], chemical vapor deposition [23], sol-gel processes [24]

and electrospinning [25-30].

1.1.3 Impact Dynamics of Droplets

The shape evolution of a droplet impinging on a substrate is governed by its kinetic and capillary
energies. The impact dynamics of a droplet is divided into two stages. The first stage is the
spreading phase, starting as the droplet contacts the surface (Figure 1.3a). During the spreading
phase, according to the energy conservation, a portion of the initial kinetic and capillary energies
of the droplet just before the impact (state 1) transforms into the capillary energy at the maximum

diameter. The rest of the initial energies is lost due to the viscous dissipation. The viscosity of the
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droplet and the time required to reach the maximum diameter are two main parameters determining
the energy loss in the spreading phase. This phase continues to the point that the diameter of the
droplet reaches its maximum value and the kinetic energy of the droplet becomes zero (Figure

1.3e).

Figure 1.3. Snapshots of the water droplet impact on a superhydrophobic substrate. The spreading
phase starts from (a) where the droplet touches the surface and continues to (e) where it has reached

its maximum diameter. (f-h) Show the retraction phase of water droplets.

The second stage of the impact dynamics is called the retraction phase. In this phase, due to the
stored capillary energy, the droplet minimizes the wetting area. Various outcomes are expected
from the impingement of a droplet on a surface: (1) complete rebound, where the kinetic energy
of the droplet is sufficient for overcoming the energy dissipated in this phenomenon, (2) partial
rebound, where the droplet gets pinned on the surface and several secondary droplets eject (3)
deposition, where the droplet experiences some vertical oscillation on the substrate (Figure 1.3f-
h) and (4) splashing. The impact outcome is a function of the wetting properties of the substrate
as well as the Weber number (We) of the droplet. Weber number is a function of the density (p),
impact velocity (V), initial diameter (D,) and surface tension (y) of the impinging droplet and it is

defined as the ratio of the inertial forces to surface tension forces:
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We = pV?D,/y (1.4)

According to the previous studies, it has been shown that the dynamic behavior of the impinging
droplets is similar to a single-degree-of-freedom oscillating model (a mass-spring-damper model)

and it can be described via the spring constant and damping coefficient [31-33].

1.1.4 Surfactants Solutions

In many industrial applications, the impinging droplets on the superhydrophobic coatings include
various additives. Surfactants are one of the most common additives used in lubricants and
cleaning agents in numerous applications. When surfactants are dissolved in pure water, their
molecules diffuse toward the interfacial areas and bond with water molecules. Due to the weaker
interaction between the molecules of water and surfactants compared to water molecules
(hydrogen bonds), the surface tension of the solution decreases. It is worth mentioning that the
equilibrium surface tension of the solutions, which is the equilibrium state between the bulk
concentration and surface concentration of the droplet, is a function of the concentration and
diffusion rate of the surfactants molecules. This parameter is also time-dependent, meaning that
the time required for each solution to reach its equilibrium value is different. This phenomenon
leads to remarkable changes in the dynamic behavior of surfactants solutions impacting
superhydrophobic substrates during the spreading and retraction phases. According to the previous
studies, the surface tension of the solutions decreases by an increase in concentration. However,
there is a critical point for the concentration, where a bilayer of surfactants molecules is formed
on the interfacial areas of the droplet. At this point, which is called critical micelle concentration
(CMCQC), the surface tension of the solution does not change with any further increase in the

concentration.
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The chemical structure of the surfactants includes a polar head, which is hydrophilic and has high
interaction with water and a non-polar tail, which is hydrophobic. They are categorized into three
groups of anionic, cationic and non-ionic surfactants based on their polar head. Cationic, anionic
and non-ionic surfactants carry positive, negative and neutral charges, respectively. Some of the
common applications of surfactants are in cleaning the photovoltaic panels [34,35] and improving

the thermal performance of wickless heat pipe solar collectors [36].

1.1.5 Freezing of Droplets

The freezing rate of a sessile droplet on a substrate is governed by the heat conduction through the
substrate as well as the heat convection of the droplet with the ambient air [37,38]. The heat
conduction rate through the substrate is a function of the heat conduction coefficient (k), interfacial
area (A) and temperature difference between the solid-liquid phases (AT) and it is given in Eq.
(1.5):

dQ/dt = —kAAT (1.5)

There are two main stages for the freezing of a sessile droplet. The first stage starts with rapid
kinetic crystal growth and it is identified by a change in transparency of the droplet. This stage
typically happens in less than 50 milliseconds by starting from one point and progressing
throughout the whole droplet. The second stage begins when the droplet has become fully opaque.
During this stage, the temperature of the droplet remains at the equilibrium temperature, which is
0 °C. Then, an ice front is formed in the droplet. The starting point of this ice front depends on the
freezing mechanism of the droplet. Generally, there are two different freezing types: (1)
homogeneous and (2) heterogeneous freezing. While in the former one, the supercooled droplet
freezes with no assistance, in the latter mechanism, the presence of particles boosts the freezing

by acting as ice nuclei. In heterogeneous freezing, the ice front usually forms on the solid-liquid
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interface and vertically progresses toward the tip of the droplet. This stage happens isothermally
and it is a function of the heat transfer through conduction and convection among three phases
[37,38]. It is worth mentioning that in heterogeneous freezing, the presence of these particles

enables the freezing process to happen at higher temperatures.

1.2 Overall Objectives

The first objective of this dissertation is using a facile method to fabricate low-cost
superhydrophobic coatings. To fabricate these coatings, alkyl ketene dimer (AKD), which is
commonly used in paper industry to improve the non-wettability of standard papers, is used as an
inexpensive polymer. If the molten AKD solidifies at room temperature, a relatively smooth
structure is formed on the substrate having a water contact angle of approximately 90°. After
keeping the substrate in a desiccator at room temperature for 4 days, the surface morphology
transforms to a porous/rough structure resulting in an increase in the water contact angle up to
174° [39,40]. Several studies have focused on methods to reduce the long curing time of AKD.
The introduced methods usually require toxic solvents, expensive instruments and complex
methods. However, the introduced method in this work is a straightforward method having
advantages of low synthesis time (~3 min), simple solvent for etching (ethanol) and basic

instruments. More details of this objective are given in Chapter 2.

Predicting and controlling the dynamic behavior of droplets have always been a challenging issue
in numerous industrial applications, including spray cooling [41], inkjet printing [42], aerosol drug
delivery [43,44], surface cleaning [45] and agrochemical sprays [46]. In the majority of these
applications, the presence of surfactants or surface-active agents in the solutions results in
significant changes in the liquid properties. The focus of the previous studies was on modeling the

dynamic behavior of pure water. Only a few studies have characterized the impact dynamics of
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surfactants solutions. The second objective of this dissertation, presented in Chapter 3, is to study
the influence of physicochemical properties of surfactants solutions (i.e., concentration, molecular
weight and ionic nature) on the impact dynamics and impact outcomes of these droplets in a wide
range of Weber numbers. Additionally, three impact substrates with different wetting properties,
ranging from hydrophilic to superhydrophobic coatings, have been used to comprehensively study

the influence of impact substrates on these phenomena.

In the last decade, superhydrophobic coatings, due to their excellent anti-icing properties, have
gained tremendous attention in subzero applications, which surfaces are essential to avoid ice
formation. Since surfactants solutions can influence the liquid properties as well as the surface
chemistry, it is indispensable to understand their dynamic behavior at low temperatures. Chapter
4 presents a detailed investigation on the dynamics and freezing behavior of surfactants solutions
at subzero temperatures of —10 to —30 °C as the third objective of this dissertation.

Ultimately, the application of AKD coatings in improving the non-wettability of thin films is
investigated in Chapter 5. In the last few years, nickel-tungsten thin films have gained much
attention due to their novel mechanical [47,48], tribological [49], thermal [50] and anti-corrosion
properties [51]. Additionally, they have been used in several high-tech applications, including but
not limited to micro-electro-mechanical systems. First, the influence of tungsten content on the
mechanical properties and microstructure of the co-sputtered nickel-tungsten alloy thin films has
been investigated in the first part of Chapter 5. Then, the molten AKD has been applied to the
fabricated thin films to increase the contact angle of the substrates, the results of which are

presented in the second part of Chapter 5.

In the last part, Chapter 6, the concluding remarks and future directions of this dissertation are

presented.
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Chapter 2. A Facile, Fast and Low-Cost Method for Fabrication of Micro/Nano-Textured

Superhydrophobic Surfaces

2.1 Introduction

Superhydrophobicity is the characteristic of surfaces that can demonstrate a static water contact
angle greater than 150° and a roll-off angle of less than 10° [52]. Such surfaces have recently
attracted a great deal of attention due to their numerous applications in self-cleaning [9-11], anti-
corrosion [13,14,53], anti-icing [15,54,55] and drag reduction [17,56]. The principle of this

technology is based on producing micro/nano structures on a surface of low energy [5,57].

To fabricate these surfaces, several methods including lithography [22], plasma treatment [58],
colloidal self-assembly [59], wax solidification [39], wet chemical reaction [60,61][19,20] and
electrospinning [25,26,62] have been introduced. To enhance the superhydrophobicity of materials
that are weak in mechanical properties and chemical stability (e.g., cellulose-based paper), special
treatments with chemicals such as fluorinated SiO2 nanoparticles [63—65] are needed. To avoid the
use of fluorochemicals, which are detrimental to human health and the environment, researchers
have focused on fabrication of a superhydrophobic layer on the paper through building micro/nano

structures on the substrate [66].

Alkyl ketene dimer (AKD), a widely used sizing agent in the paper industry, is an inexpensive and
low-surface energy wax capable of forming a non-wettable layer on the substrate [67—72]. By
applying the low cost and simple method of melting-solidification to this material [73-75], a
relatively fine structure is spontaneously formed on the surface and fully develop to a porous/rough
morphology after 4 days at room temperature, leading to an increased static contact angle from

90° to 174° [39,40].
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Several studies have focused on methods to reduce the long curing time of AKD. For example,
supercritical carbon dioxide (scCOz) has been commonly used as the carrier solvent to produce
coatings of AKD nanoparticles on the paper surface [76-80]. The main problem of this method is
the energy cost for compression of COz to its supercritical pressure [81,82]. In another approach,
Fang et al. [83] reported a metastable to stable phase transformation by heat treatment of solidified
AKD, resulting in spontaneous formation of fractal structures and sub-micrometer particles on its
surface. Based on their results, when the heat treatment temperature of AKD increases from 40 to
50°C, its curing time decreases from 6 days to 1 h. In addition, Shen et al. [84] monitored the
migration of AKD on glass as well as macroscopic sizing effect at temperatures well above its

melting point.

We have previously conducted some studies on the modification of surfaces by treating them with
organic solvents to improve their hydrophobicity [8,55,85-87]. As such, the goal of the present
work is to develop a micro/nano structure on the surface of AKD to obtain a superhydrophobic
surface by using ethanol and heat treatment. This method is a step forward for advancing an
important field in colloid science known as “microphase separation” [88], in which a highly porous
structure is formed in the presence of an inert solvent. This approach usually requires expensive
polymers and highly toxic solvents [89], co-polymerization [88-90], etching [91], or
UV/microwave curing [89-92]. However, herein by using a very low-cost polymer and presenting
a straightforward approach with several advantages including low temperature (40-70°C), short
synthesis time (3 min) and simple solvent (ethanol), we have successfully achieved high dynamic
contact angles (156.8-163.7°) and low hysteresis (1.1-1.9°). As a proof of concept, we apply our
method to glass and paper, two commonly used substrates in industry and investigate their wetting.

Additionally, this method has also been applied to the co-sputtered nickel-tungsten thin films,
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commonly used in micro/nano-electro-mechanical systems, the results of which are presented in

Chapter 5.

2.2 Experimental Procedure

2.2.1 Sample Preparation

Glass slides (25.4%25.4x1 mm, AmScope, USA) were cleaned in ethanol (99%, Sigma-Aldrich,
USA) for 10 min using an ultrasonic cleaner (Thermo Fisher Scientific, USA) and then dried using
compressed air at room temperature (~23°C). Equal portions (11 g) of AKD pellets (Solenis, USA)
were each placed in a polymethylpentene beaker (Kartell, Italy) and separately heated on a hot-
plate up to ~40 (melting point), 50, 60, 70 and 80°C. The molten AKD samples were each
isothermally heated at these temperatures for different durations of 3 min, 3 h, 6 h and 9 h. Next,
the glass slides were covered with molten AKD by dip-coating, i.e., submerging them in the molten
AKD (obtained from each condition discussed above) for a few seconds and removing them
immediately. Then, we left the coated samples in the air at room temperature for ~3 min to allow
the AKD coating to solidify and form a thin layer (~20 um) on the glass slides. Next, some of the
coated glass samples were dipped in ethanol for 1 min and dried in air at room temperature for ~1

min.

2.2.2 Sample Characterization

To determine the functional groups of the samples, their Fourier transform-infrared spectroscopy
(FT-IR) spectra were recorded using a Nicolet Nexus 670 FT-IR spectrometer (Thermo Fisher
Scientific, USA) in the range of 400-4000 cm™. In order to identify the phases of the samples,
their X-ray diffraction (XRD) patterns were collected with a PANalytical X'Pert Pro

Diffractometer (Malvern, UK) with Ni-filtered Cuk, radiation having a wavelength of 0.15418 nm.
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The samples were scanned over a range of 5'<26<50° with a scan rate of 2.2°/min. Scanning electron
microscopy (SEM) images were taken using a Hitachi SU-70 scanning electron microscope
(Hitachi, Japan). Since the samples were not conductive, they were coated with a very thin layer
(~2 nm) of gold by sputtering (Artisan Scientific Corp., USA) prior to imaging. In addition, X-ray
photoelectron spectroscopy (XPS) data were collected with an ESCALAB 250 X-ray
photoelectron spectrometer (Thermo Fisher Scientific, USA) using a monochromated aluminum
X-ray source with a step of 1 eV. Besides, using a Confocal laser scanning microscope (Zeiss LSM
710, Germany), the topography of the coatings was constructed, from the data of which the
roughness values were extracted. In addition, in order to measure the mean diameter and fraction
of pores on the surface of AKD coatings, the SEM images were analyzed with an image-processing

software (ImageJ 1.52a).

2.2.3 Contact Angle Measurements

In the present study, advancing and receding contact angles were measured for 9 randomly-chosen
spots on each sample with the liquid increase/decrease method. First, a 3 pl of de-ionized (DI)
water (Resistivity = 18.2 MQ.cm, from MiliQ, Milipore, USA) droplet was gently placed on the
surface using a needle with a diameter of 0.1 mm. Next, another 3 pl DI water was pumped into
the initial droplet at a constant rate of 0.002 ml/min for the advancing contact angle measurement.
Then, 3 pl DI water at the same speed was removed from the existing droplet on the surface to
measure the receding contact angle. Moreover, a drop shape analyzer (DSA25E, Kriiss, Germany)

was used to measure the contact angles [93,94].
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2.3 Results and Discussion

Figure 2.1 illustrates the XRD patterns of AKD with different post-solidification treatments. The
coating was prepared from a 70°C melt isothermally heated for 3 min. When the as-solidified AKD
is left in air at room temperature for 4 days, the morphology and crystal structure of the sample
change and the number of air pockets on the surface increases. As a result, the static contact angle
of the sample with water increases up to 174° [40], leading to an excellent superhydrophobicity
[6,39,95]. According to the study of Fang et al. on the formation mechanism of superhydrophobic
AKD, the material transforms from a metastable to a stable phase during its curing process, which
is typically characterized by X-ray reflections at 20=23.5 and 24.3°, respectively [83]. When AKD
rapidly solidifies from its melt, the molecules on the surface of the samples are poorly arranged in
the metastable phase. By heat treatment of the solid, as demonstrated by Fang et al. [83], AKD
molecules obtain enough energy to spontaneously re-arrange themselves in a short period of time.
From our XRD patterns, it is clear that the location of the peaks does not change by a long period
of isothermal heating or ethanol treatment. However, the relative intensity of the peaks changes.
Besides, metastable and stable peaks of our samples, labeled in Figure 2.1 with (**) and (*)
respectively, have slightly shifted to higher diffraction angles in comparison with the study of
Fang. et al. [83]. By comparing the XRD patterns of untreated (Figure 2.1a and 2.1c) and ethanol-
treated (Figure 2.1b and 2.1d) samples, it is observed that by ethanol treatment, the intensity of the
metastable phase has decreased while that of the stable phase has increased. From these results, it
can be concluded that ethanol treatment plays the same role as the heat treatment in the curing

process of AKD and increasing its degree of crystallization.

29



Intensity (a. u.)

ek %
| (a)
A AR e T et
*
*%
ULWM ®
b‘*\,mwm‘.m-mp,—wv'v\
|
J'| %%
."'IJI - \ *
E 3 %
(d)
\ E
N DAY I
MY
] S (e)
A H_,j (WIS Mo st 0o it e

5 10 15 20 25 30 35 40 45 50

20 (Degree)

Figure 2.1. X-ray diffraction patterns of AKD prepared from a 70°C melt, isothermally heated for
different durations and treated under various conditions after solidification: (a) isotherm time was
3 min without any post-treatments, (b) isotherm time was 3 min and then the solid coating was
treated with ethanol, (c) isotherm time was 6 h without any post-treatments, (d) isotherm time was
6 h and then the solid coating was treated with ethanol and (e) molten AKD was isothermally
heated for 3 min and cured over 4 days without any post-treatments. Metastable and stable peaks

are labeled with (**) and (*), respectively.

Scanning electron microscopy was used to study the effect of molten AKD’s temperature (40 -
80°C), the isothermal heating time of the melt at each temperature before dip coating and post-

solidification ethanol treatment on the surface morphology of the samples. First, to study the
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impact of ethanol treatment on the AKD surface, two samples were considered from the batch
prepared from the isothermally heated melt of AKD at 40°C for only 3 min, one without and with
ethanol treatment. According to the SEM image of untreated sample, shown in Figure 2.2a, the
surface is very smooth and almost no outstanding textured structure has formed. Previous reports
have also shown almost the same morphology for the similar reaction condition [60,83]. The
smooth morphology favors hydrophobicity of the surface due to the lack of sufficient number of
air pockets on the surface. Figure 2.2b, on the other hand, shows the SEM image of ethanol-treated
sample containing a peculiar entangled micro/nano structure. Based on previous studies, the
formation of micro/nano particles ranging from ~100 nm to ~10 um on a substrate of low surface
energy (e.g., polymers) can increase the contact angle [63-66,96]. By comparing the water droplets
in the insets of Figures 2.2a and 2.2b, it is evident that ethanol treatment has drastically increased
the contact angle. While the untreated sample has advancing and receding contact angle values of
92.94£3.0 and 78.4+4.7°, the ethanol-treated sample has non-wettable properties with advancing

and receding contact angle values of 158.7+1.4 and 156.8+0.9°, respectively.
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Figure 2.2. SEM images of AKD coatings prepared from a 40°C melt, isothermally heated for 3
min: (a) with no post-solidification modifications and (b) solid coating was treated with ethanol.

Insets: water droplet on the samples.

Treatment of the molten AKD before dip coating is another critical factor that can have a
remarkable impact on the formation of micro/nano structures on the surface of this polymer. It has
been shown that isothermally heating the melt can be an alternative to the 4 days curing time of
AKD [83]. Here, we study the surface morphology of the AKD coatings with respect to its melt
isotherm time at a specific temperature, each followed by post-solidification ethanol treatment.
First, the molten AKD was isothermally heated at 40 and 70°C for 3 min, 3 h and 6 h, separately.
Then, the glass slides were coated with the molten AKD, following the procedure detailed in the
Experimental section. Finally, the coated samples were treated with ethanol.

Figure Al shows the morphology of AKD coatings from an isothermally heated melt at 40°C with
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different modifications. All as-synthesized (without ethanol treatment) and ethanol-treated
coatings prepared from pre-heated melt for 3 min, 3 h and 6 h are shown on the left side and right
side of Figure Al, respectively. According to the results of untreated samples (Figure Ala, Alb
and Alc), it is clear that increasing the isotherm time of the AKD melt at 40°C has not markedly
changed the morphology of the samples. A large part of all these three samples consists of smooth
regions. Interestingly, by treating the same samples with ethanol (Figure Ald, Ale and Alf), the
surface morphology changes and those smooth regions turn into irregular entangled patterns
potential for trapping air. In addition, there are some particles with irregular random morphologies
on the surface of untreated samples (shown by red arrows) that have been removed by ethanol
treatment, leading to a more homogeneous surface.

The SEM images of the solid coating from isothermally heated of AKD melt at 70°C are illustrated
in Figure 2.3; untreated samples are shown on the left and ethanol-treated samples are shown on
the right. As can be observed, while in all three untreated samples (Figure 2.3a, 2.3b and 2.3c),
some areas are smooth, by treating them with ethanol (Figure 2.3d, 2.3e and 2.3f), the smooth
areas have transformed to irregular entangled structures. After ethanol treatment, in some regions,
the features look like more fused together and form wall-like patterns. Moreover, there are two
types of features seen in the three treated samples; the first type includes nano spherical particles
with a diameter of 0.36+£0.08 um and in the second type, there are some elongated patterns with a
length of 1.07+0.30 um (blue and red arrows, respectively, in Figure 2.3d, 2.3e and 2.3f). In
addition, it is seen that there are some distinct features on the surface of untreated sample prepared
from the isothermally heated melt for 3 min (Figure 2.3a) that disappear after increasing the heating

time and treating the solid coating with ethanol (Figure 2.3d).
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Figure 2.3. SEM images of AKD coatings prepared from a 70°C melt with different isotherm
times and post-solidification modifications: (a) isotherm time was 3 min without any post-
treatments, (b) isotherm time was 3 h without any post-treatments, (c) isotherm time was 6 h
without any post-treatments, (d) isotherm time was 3 min and the solid coating was treated with
ethanol, (e) isotherm time was 3 h and the solid coating was treated with ethanol and (f) isotherm
time was 6 h and the solid coating was treated with ethanol. Blue and red arrows indicate the

elongated patterns and nano spherical particles, respectively.

Besides the role of ethanol treatment, the influence of melt heating time of 3 min, 3 h and 6 h at
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70°C (isotherm) on the surface morphology of coatings are shown in Figure 2.3a, 2.3b and 2.3c,
respectively. Comparing 3 min, 3 h and 6 h shows that the morphology of the solid surface does
not significantly change up to 3 h of heating the melt, but after 6 h, porous structure starts to form
in some areas of the sample. However, even after 6 h, the smooth morphology is still observed in
some areas on the surface and it seems that increase of melt isotherm time has not helped the full
transformation of this morphology to a porous structure. It is worth noting that the non-smooth
areas of the structure formed in Figure 2.3c, which consists of flakes with different heights
resembles the Cassie—Baxter model, in which air is trapped inside the surface pockets underneath
the water droplet [39,97]. On the other hand, as mentioned above, the treatment with ethanol has
contributed to the increase of air pockets on the surface of all the samples with different isotherm
time. Therefore, the study of the sample morphologies shows that a combination of melt isothermal
heating and subsequent ethanol treatment of the solidified AKD results in the best outcome for
creating micro/nano textures and the desired porous structures.

By comparing Figures Al and 2.3, it is evident that increasing the isotherm time of the AKD melt
at 40°C does not have a significant effect on the surface morphology of the samples. However,
when the melt temperature increases to 70°C, by an increase in the isotherm time from 3 min to 6
h, the surface morphology for all samples changes and more porous structures are formed on the
surface. We hypothesize that AKD molecules at 70°C have enough energy to be re-arranged and
the increase in isotherm time of the melt helps this phenomenon, yielding a more pronounced
structure.

To investigate the effect of melt temperature on the morphology of coatings, we heated AKD
pellets to a temperature range of 40 to 80°C (with 10°C increments), coated the glass slides

individually 3 min after each mentioned temperature was stable and treated the solid coatings with
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ethanol for 1 min. Figure 2.4 shows the SEM images of the prepared samples. It can be seen that
by increasing the melt temperature from 40 to 80°C, the micro/nano structure of the coatings
changes gradually. At 40°C, the structure transforms to a smooth, elongated pattern at 50°C while

at 70°C and 80°C, that pattern is turned into an entangled and irregular morphology.

Figure 2.4. SEM images of AKD coating prepared from melts isothermally heated for 3 min at
different temperatures, followed by post-solidification ethanol treatment: (a) 40, (b) 50, (c) 60, (d)

70 and (e) 80°C.

From the results of Figures Al, 2.3 and 2.4 it seems that treatment of the melt and subsequent post-
solidification ethanol modification are both beneficial for increasing the number of pores on the
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surface. On the one hand, ethanol treatment contributes to the modification of the smooth areas of
the surface and on the other hand, the use of high-temperature melt results in the formation of more
surface pores. Although an extended heating time of the melt (isothermally) helps the development
of larger flakes on the solidified coating, combining a short heating time (3 min) with subsequent
post-solidification ethanol immersion provides the required morphology for having a
superhydrophobic surface in the final product. In contrast to the method of Feng et al. [83], this
approach is also beneficial for industrial applications since energy is a valuable source and
replacing it with a simple organic solvent that can be used for several times could be an alternative

solution.

To study the impact of post-solidification time on the surface morphology of AKD, we left the as-
solidified coating (obtained from the melt held at 70°C For 3 min) at room temperature for 4 days
to let the sample be cured over time with no extra modifications (Figure 2.5a). Moreover, to
investigate the effect of pre-curing ethanol treatment on such coatings, we dipped a similarly-
prepared solid sample in ethanol for 1 min and let it dry before curing at room temperature for 4
days (Figure 2.5b). According to Figure 2.5a, the sample cured over time has developed a big
flake-like microstructure, the morphology of which has been already shown by the previous studies
[39,83]. In addition, according to Figure 2.5b, after the formation of the stable phase over time,
ethanol can no longer play an effective role in changing the morphology of the sample. We
hypothesize that ethanol is effective when the smooth metastable phase is present in the sample
(uncured AKD). However, in the sample cured over time, this phase has been already transformed
to the stable phase and therefore, ethanol treatment has almost no influence.

In the next step, the effect of post-treatment time on the morphology of the ethanol-modified AKD

was studied. First, a glass slide was dip-coated in a 70°C melt, isothermally heated for 6 h. Then,
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the solidified coating was treated with ethanol (Figure 2.5c). Second, the very same sample was
cured over time for 4 days (Figure 2.5d). According to SEM images, it is seen that the entangled
and irregular micro/nano pattern available in the ethanol-treated sample before curing over time
(Figure 2.5¢) has turned into an organized micro scaled flake-like pattern after 4 days (Figure

2.5d).

Figure 2.5. SEM images of AKD samples prepared from heated melt at 70°C with different
isotherm times and post-solidification modification: (a) isotherm time was 3 min and the sample
cured over 4 days without any post-modifications, (b) a similarly-prepared sample of part (a) was
treated with ethanol prior to curing, (c) isotherm time was 6 h and then the solid coating was treated

with ethanol and (d) the same sample in part (c) left at room temperature for 4 days.

By comparing all the SEM images of AKD samples (Figures 2.2-2.5 and Figure Al), it is observed
that as-solidified AKD near its melting point (ca. 40°C) forms almost no micro/nano structures.

The smooth regions on the surface explain why the surface shows a slightly-hydrophobic behavior.
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However, by isothermally heating the melt for a longer period of time at high temperatures
(~70°C), these flat parts are converted to entangled micro/nano structures. The results show that
as the temperature of melt and isotherm time increase, more pores form on the surface. However,
even after a long time of heating the AKD melt at high temperatures, some flat regions still remain
on the surface. Here, it is shown that ethanol treatment is an effective method to turn these smooth
regions into micro/nano structures, which in turn will lead to improved wetting properties of the

surface.

FT-IR spectroscopy was used to determine the functional groups and available chemical bonds in
the samples. Figure A2 illustrates the spectra of three samples prepared from a 70°C melt
isothermally heated for 3 min: (i) as-solidified AKD, (ii) ethanol-treated AKD right after
solidification and (iii) cured AKD over time with no extra modifications. Sharp peaks at 1720 cm’
Land 1847 cm™ are related to C=C double bond and C=0 double bond in carboxyl group of lactone
ring, respectively [98]. Some of the structural motifs, such as the C(=0)O, are retained after
polymerization [99]. The peak at 1467 cm™ is related to the bending mode of CH> bonds.
Moreover, sharp peaks from 2845 cm™ to 2955 cm™ are because of C—H stretching vibrations.
According to Figure A2, it is seen that neither ethanol treatment nor long curing process of AKD

has a noticeable impact on the functional groups of the as-solidified AKD.

To study the relationship between the surface chemical bonds and the wettability, XPS analysis
was performed on the very same samples studied using FT-IR. Carbon and oxygen are two
elements that were detected by XPS, the peaks of which appeared at ~285 eV and ~532 eV,
respectively. According to Figure A3, the as-solidified sample, sample treated with ethanol and
sample cured over time are mainly composed of carbon with 92.47, 95.67 and 94.72 at.%,

respectively. According to the low amount of oxygen in the samples, which is between 4.33 to

39



7.53 at.%, it can be concluded that its effect on the wettability is negligible. The results are in
agreement with the study of Shen et al. [84], which indicated that AKD is dominated by saturated

hydrocarbon chains.

The XPS results reveal that in both processes of curing over time and ethanol treatment, there are
no noticeable changes in the chemical bonds, which is entirely in agreement with the FT-IR
conclusions. Comparing the results of XRD, SEM, FT-IR and XPS suggests that in the curing
process of AKD, surface morphology is the critical parameter and possibly has more influence on
its wetting behavior than the surface chemistry. During this process, the degree of crystallization
of AKD increases and air cushions and pores are formed on the surface resulting in improved
contact angle and hydrophobicity. It is observed that this phenomenon also happens in the
treatment of as-solidified AKD with ethanol. Organic solvent treatment has a substantial impact
on the surface morphology of solidified AKD and decreases the required curing time by

stimulating the formation of a porous structure on the polymer surface.

Moreover, the topography of the aforementioned samples was constructed using a confocal laser
scanning microscope (Figure 2.6). According to Figure 2.6a and 2.6c, there are so many bumps
and dents on the surface of the untreated samples. However, after treating the samples with ethanol,
the bumps are removed. The mean diameter and fraction of the Surface pores for the samples
prepared from isothermally heated melt for 3 min at 40°C and 70°C were measured by an image-
processing software and the results are reported in Table 2.1. According to the results, it is seen
that both elements of ethanol treatment and high melt temperature increase the pores fraction and
as a result, more air cushions are formed on the surface [14]. The roughness average (Ra) and Root
Mean Square (RMS) values of the surface (Table 2.1) show that, compared to untreated samples,

ethanol treatment has decreased the roughness of the samples. Therefore, it can be concluded that
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the surface roughness does not have a significant role in improving superhydrophobicity after
ethanol treatment. On the other hand, the increased fraction of the surface pores is more prominent

in enhancing these properties.
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Figure 2.6. Topography of AKD coating prepared from melts isothermally heated for 3 min at
different temperatures with different post-synthesis modifications: (a) the melt was isothermally
heated at 40°C without any post-solidification treatments, (b) the melt was isothermally heated at
40°C min and the solid coating was treated with ethanol, (c) the melt was isothermally heated at
70°C without any post-solidification treatments, (d) the melt was isothermally heated at 70°C min

and the solid coating was treated with ethanol.
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Table 2.1. The impact of ethanol treatment of the solid coatings, obtained from the isothermally

heated samples for 3 min at different temperatures, on the pores size and roughness of the samples

Melt Pores mean Pores fraction
Sample temperature diameter Ra (Um) | RMS (um)
. (%)
(°C) (km)
As- 40 0.119+0.056 9.75+3.45 0.680 0.858
solidified
AKD 70 0.202+0.138 19.00+3.27 0.867 1.194
Ethanol- 40 0.120+0.054 24.80+2.45 0.600 0.788
treated
AKD 70 0.139+0.046 27.38+3.00 0.720 0.934

To investigate the superhydrophobicity of the AKD coatings, advancing and receding contact
angles were measured at 9 randomly-chosen spots on each sample. Table 2.2 shows the average
values of the advancing and receding contact angles of the samples with water to compare the
impact of the molten AKD’s temperature, isothermal heating time of the melt and post-
solidification ethanol treatment on wetting properties. According to Table 2.2, advancing and
receding contact angles of as-solidified AKD from an isothermally heated melt at 40°C for 3 min
are 92.9+3.0 and 78.4+4.7°, respectively. It is seen that after ethanol treatment of the very same
sample for 1 min, the surface becomes superhydrophobic with significantly enhanced advancing
and receding contact angle values of 158.7+1.4 and 156.8+0.9°, respectively. It can be concluded
that the micro/nano structure that is formed on the surface of the samples after ethanol treatment
has increased the number of air pockets on the surface; therefore, due to the low surface energy of
solidified AKD, the final sample shows excellent superhydrophobicity. It is worth noting that this
treatment has also greatly improved the contact angle hysteresis (the difference between advancing

and receding angles) of the samples.
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Moreover, by increasing the temperature of the melt from 40 to 70°C and also heating the melt
isothermally for 6 h, it is observed that advancing and receding contact angle values of the
untreated samples significantly improve from 93.4+4.1 and 80.9+7.6° to 144+7.6 and 137.5+8.0°,
respectively. However, when we increase the heating time from 3 min to 6 h at 40°C, the advancing
and receding contact angle values only increase by 5.3% and 13.5%, respectively, which is entirely
in agreement with Figure Al. Based on these results, therefore, it can be concluded that increasing
the heating time at low temperatures (40°C) does not markedly change the surface morphology
and by measuring the dynamic contact angles, it is proved that the superhydrophobic properties of
these samples do not increase. In contrast, for the samples prepared from the melt at a higher
temperatures (i.e., 70°C), by increasing the heating time from 3 min to 6 h, advancing and receding
contact angles increase by 54.2% and 70.0%, respectively. According to Figure 2.3, an increase in
the heating time from 3 min to 6 h results in a morphology containing irregular patterns being more
prone to trapping air under the droplet. It also can be concluded that the impact of heating time is
significantly dependent on the temperature of molten AKD. We hypothesize that this phenomenon
occurs due to the polymerization process of molten AKD over time and can be an interesting

subject for future studies.

To study the effects of molten AKD’s temperature and ethanol treatment of the coatings on the
dynamic contact angles, we increased the temperature of the melt from 40 to 70°C (held isotherm
for 3 min) and treated the sample with ethanol after solidification. It is seen that the advancing and
receding contact angles are 160.5+1.1 and 158.5+1.5°, respectively; therefore, the molten AKD’s
temperature plays an important role in the wettability of the samples. In order to make the sample
with the highest dynamic contact angles, we optimized the values of AKD’s melt temperature,

melt isothermal holding time and ethanol treatment. When as-solidified AKD from an isothermally
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heated melt at 40°C for 3 min is compared to solid coating from the isothermally heated melt at
70°C for 6 h and then treated with ethanol, a remarkable rise is noticed (Table 2.2). The advancing
and receding contact angles increase from 92.9+£3.0 and 78.4+4.7° to 163.7+1.3 and 162.6£1.2°,
respectively. We also measured the dynamic contact angles of the cured samples over 4 days after
their solidification. When the dynamic contact angles of solidified samples treated with ethanol
are compared to the non-modified samples cured over time, it is found that the difference is not
noticeable. This shows that with the low surface energy of as-solidified AKD, the formed
micro/nano structures by ethanol treatment make the surface superhydrophobic in a very short
period of time. By comparing the results, it is clear that our facile, fast and low-cost method (i.e.,
isothermally heating the AKD melt at 40°C for 3 min and then treating the solid coating with
ethanol) is a good alternative to other methods of improving the hydrophobicity of this polymer
such as curing it over an extended period of time and/or heat treatment of the as-solidified samples.
In addition, since the organic solvent (ethanol), utilized in our method, can be used several times,

a huge amount of energy will be saved when the fabrication is scaled up for industrial applications.

In the previous section, it was shown that increasing both melt temperature and isothermal heating
time are beneficial for improving the superhydrophobic properties of AKD. Figure 2.7a shows the
impact of different melt temperatures from 40 to 80°C on the wetting behavior of AKD samples
from isothermally heated melt with different isotherm times. According to the results, by
increasing the melt temperature up to 70°C, the dynamic contact angles of all samples increase,
the optimal melt temperature of which is 70°C resulting in the highest advancing and receding

contact angles for all samples with different isotherm times.

Figure 2.7b demonstrates the impact of molten AKD isothermal heating time for 3 min, 3 h, 6 h

and 9 h at 70°C (the optimal temperature) on the advancing and receding contact angles of ethanol-
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treated samples. From this figure, it is clear that by increasing the melt heating time up to 6 h, both

advancing and receding contact angles of the ethanol-treated samples increase. The maximum

values, obtained at t = 6 h, are 163.7+1.3 and 162.6+1.2° for advancing and receding contact

angles, respectively.
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Figure 2.7. Advancing and receding contact angles of ethanol-treated solidified AKD from: (a)

isothermally heated melt at 40 to 80°C for 3 min and 6 h and (b) isothermally heated melt at 70°C

for3min, 3 h,6hand9h.
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Table 2.2. The impact of melt temperature, isothermally heating time, ethanol treatment and curing

over time (with no extra modifications) on advancing and receding contact angles of AKD

Melt . Receding

Sample temperature Isothermglly Advancing o | contact angle

°C) heating time | contact angle (°) ©)

40 3 min 92.9+3.0 78.4+4.7
I 6 h 97.8+6.0 89.0+7.0
As-solidified AKD 0 3 min 93.424.1 80.9+7.6
6 h 144.0+7.6 137.548.0
40 3 min 158.7+1.4 156.8+0.9
Ethanol-treated 6h 160.6+1.4 159.1+1.4
AKD 70 3 min 160.5+1.1 158.5£1.5
6h 163.7£1.3 162.6+1.2
40 3 min 159.8+0.7 157.7£1.5
As-solidified AKD 6h 160.9+1.9 156.0+2.0
cured after 4 days 20 3 min 160.8+1.7 157.1+14
6 h 161.3+1.3 157.440.7

By comparing Table 2.2 and Figure 2.7, it is seen that the as-solidified samples before ethanol
treatment are not superhydrophobic due to their smooth surface that covers a large region of the
samples. It is well worth mentioning that this phenomenon occurs when there are not enough air
cushions on the surface and the water droplet rests on the solid layer. This is interpreted as a
Wenzel state and the solid-liquid interface follows the smooth texture of the surface. As soon as
the as-solidified samples are treated with ethanol, it is seen that the advancing and receding contact
angles exceed 150° and the samples become superhydrophobic. This behavior is due to the regime
transition from Wenzel to Cassie [6]. During this process, so many micro/nano particles are formed

on the surface of the samples and the air is trapped in the pores.

The result from Figure 2.7 is in agreement with the SEM images shown in Figures A1, Figure 2.3
and Figure 2.4. We showed that by increasing the melt temperature and heating time, due to the

surface morphology change and increasing the pores fraction on the surface, dynamic contact
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angles increase (see Table 2.1). Besides, by comparing Figure 2.6a and 2.6b as well as Figure 2.6¢
and 2.6d, it can be seen that the outstanding large patterns are completely removed after ethanol
treatment. The mechanism of this process has been attributed to the solubility of the monomer in
the porogenic solvent and phase separation of the formed polymer after solvent evaporation
[100,101]. The role of ethanol is to dissolve the smooth structures containing monomers and help
nano-patterns to separate and stand out. This promotes the increase of pores fraction, which is

beneficial for improving the superhydrophobic properties of the surface.

In order to study the efficiency of the introduced dip-coating method on the materials other than
the glass slides, a piece of standard hydrophilic paper was examined. We followed the same
procedure, already mentioned in the Experimental section for coating the glass slides, to fabricate
a thin layer of AKD on the paper. The surface morphology of the paper sample prepared from an
isothermally heated melt at 70°C for 3 h with no ethanol treatment is illustrated in Figure 2.8a. It
is seen that there are some shallow porous structures embedded in a rather smooth surface. By
treating the same sample with ethanol for 30 s, these structures have transformed to entangled
patterns containing deep holes with different sizes that are indicated in Figure 2.8b. It seems that
ethanol treatment has significantly changed the smooth parts on the surface. The creation of these
pores results in the transition to Cassie-Baxter state and formation of air pockets on the surface
[5,6]. Moreover, we measured the dynamic contact angles of the droplet on the paper before and
after ethanol treatment. The results show that advancing and receding contact angles increase from
146.8+4.1 and 143.2+4.1° to 158.4+2.2 and 156.7+2.9°, respectively. It is worth mentioning that
not only has ethanol treatment increased the dynamic contact angle values, but it also has decreased
the standard deviations showing the improved consistency of the wettability over the entire

surface.
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Interest in the preparation of superhydrophobic papers due to their broad applications in the
industry is growing and as a result, several methods have been proposed to increase the contact
angle of papers. For example, Peng et al. prepared a superhydrophobic paper with enhanced
physical strength using a layer-by-layer self-assembly of poly (allylamine hydrochloride) (PAH)
and lignosulfonates-amine (LSA) that followed by 30 min of heat treatment at 160°C, which led
to a contact angle of as high as 151.7° [102]. Moreover, plasma treatments [103] and the rapid
expansion of supercritical solutions [76] are other technigues to increase the contact angle of paper
to more than 150°. Although these sophisticated methods have some advantages, they require
specialized and expensive instruments that make their applications limited. In our low-cost
method, presented here, we are able to obtain advancing contact angles of as high as 158.4+2.2°
through two simple steps without using any costly instruments or toxic chemicals (see Table Al
for comparison among all methods). Inset of Figure 2.8b shows a digital photo of water droplets
with a volume of ~3 ul on a printed standard hydrophilic paper that is coated with AKD melt
(isothermally heated at 70°C for 3 h) after treatment with ethanol. The non-wettable properties of

the paper are clearly shown by blue droplets standing on it.
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Figure 2.8. SEM images of an AKD coating obtained from an isothermally heated melt at 70°C
for 3 h on a piece of standard paper: (a) as-solidified and (b) the solid coating was treated with
ethanol for 30 s — inset: digital image of water droplets on the surface of the treated paper with

ethanol.

Finally, to find the efficiency of our method with other organic solvents, we repeated our
experiments by treating the AKD coating on the glass slides with ethanol, methanol and
isopropanol to measure advancing and receding contact angles of as-solidified AKD from an
isothermally heated melt at 70°C for 3 min. According to Table A2, it is seen that all the samples
are superhydrophobic and their advancing and receding contact angles exceed 150°. The difference
between the dynamic contact angle values for the organic solvents is not noticeable and all of them
are effective in improving the superhydrophobicity. These results show that this method has

flexibility in solvent selection and a wide range of available solvents can be used for surface
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treatment. However, due to lower flammability and toxicity, ethanol was chosen for this study and

is recommended for large-scale applications.

2.4 Conclusions

We used a facile method to transform inexpensive alkyl ketene dimer (AKD) to a
superhydrophobic surface in less than 10 min. A brief ethanol treatment of the as-solidified
coating, prepared from a 40°C melt, impressively boosted the advancing and receding contact
angles from 92.9 and 78.4° to 158.7 and 156.8°, respectively. This superhydrophobic performance
was even further improved by ramping up the temperature of the melt from 40 to 70°C, leading to
increased advancing and receding contact angles of 160.5 and 158.5°, respectively. The results
show that the temperature and isothermal heating of the AKD melt before solidification as well as
the solvent treatment of the solid coatings are crucial parameters that significantly influence the
wetting behavior of this material. By using ethanol treatment as a facile approach, the smooth
surface morphology of the samples successfully transformed to a very porous structure containing
micro/nano textures causing the transition of droplet state from Wenzel to Cassie [5,6,57]. Besides
ethanol, this technique was also demonstrated to be working with some other organic solvents such
as methanol and isopropanol. In addition to glass, our method seems to also work for other
substrates including paper. This study further approves the previous findings on the curing
mechanism of AKD, i.e., increasing the degree of crystallization by transforming from a
metastable to a stable state [40,82—-84]. Unlike the previous reports, however, instead of benefiting
from the low surface energy of non-eco-friendly compounds (like fluorochemicals) [63-65],
turning to sophisticated and expensive methods (e.g., supercritical carbon dioxide) [76,77], using
expensive polymers and highly toxic solvents [89] and utilizing post UV or microwave curing

[89], we sought to exploit a commonly used green chemical and innovated a simple method (dip-
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coating in ethanol) with a short reaction time (<10 min) without using any highly-toxic solvent or
post-curing step (Table Al).
Here we compare our material and method with three common methods to fabricate
superhydrophobic coatings:

Table 2.3. Comparison of the fabrication cost of superhydrophobic coatings

Material Fabrication Method | Fabrication Cost (per m?)
Aluminum Coatings Sputtering $100-200
Commercial Sprays - $3
Alkyl Ketene Dimer Dip-Coating $0.26

One of the common methods to fabricate superhydrophobic substrates is using aluminum as the
base and manufacturing micro/nano textures on the surface. Magnetron sputtering must be utilized
to fabricate a thin layer of aluminum as a superhydrophobic coating, which is a costly method ($40
per hour). Since the fabrication of 1 m? of aluminum takes several hours, the final
superhydrophobic coating will cost approximately a few hundred dollars. Using commercial
sprays is another method to improve the non-wettability of substrates. A 200 ml of commercial
sprays costs roughly $15 and it can cover up to 5 m2. Although this method is more facile and
cheaper than the previous one, it causes environmental issues and is not durable. The last one is
our facile method, where we used inexpensive AKD ($2.64 per kilogram) to fabricate
superhydrophobic coatings. To fabricate 1 m? of this coating, around 100 gr of AKD pellets must
be melted at ~40 °C. Consequently, the fabrication cost of 1 m? of this coating will be around less

than $1, significantly lower than the previous methods.
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Chapter 3. Further Step toward a Comprehensive Understanding of the Effect of
Surfactant Additions on Altering the Impact Dynamics of Water Droplets

3.1 Introduction

In the last decade, controlling the spreading and retraction of liquid droplets has become an
uprising field in various practical applications including spray cooling [41], inkjet printing [42],
aerosol drug delivery [43], surface cleaning [45] and agrochemical sprays [46]; as a result, this
area has widely attracted attention from researchers. For example, showing the remarkable
importance of this phenomenon in the industry, it has been reported that more than half of the
pesticides are wasted, due to their undesired bouncing on the crop leaves [104], which in turn,
results in low efficiency of the pesticides as well as environmental pollution. The impact dynamics
of pure liquids have been broadly explored by prior studies [8,87,105-108]. Two main
dimensionless parameters describing the behavior of the droplets during the impact are spreading
factor (d/D,) and flattening factor (h/D,), where d, h and D, are the instantaneous diameter,
height and initial diameter of the impinging droplet. Several studies have proposed theoretical and
computational models to predict the maximum spreading diameter of pure liquids during the
impact on horizontal substrates by applying the energy conservation between the two moments
just before the impact and the maximum diameter that the droplet reaches [109-114].

The most challenging issue in this field is the fact that in almost all the applications mentioned
earlier, a surface-active agent or a surfactant is added to the pure water, which results in a
significant change in its predicted dynamic behavior due to the time-dependent surface tension of
the impinging droplet. Thus, to control the impact outcomes of the aqueous surfactant-laden
droplets, it is indispensable to understand how these additives alter the impact dynamics [115—

119].
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To address this question, Crooks et al. studied the spreading and recoil phases of the surfactant-
laden droplets on hydrophobic parafilm surfaces using a high-speed camera at 1000 frames per
second (fps). They showed that when the concentration of the solution is below the critical micelle
concentration (CMC), the recoil behavior is controlled by the hydrodynamics in the droplets.
Moreover, for solutions having concentrations > CMC, this phenomenon is governed by the
demicellisation [118]. Pasandideh-fard et al., as one of the pioneers in this field, numerically and
experimentally investigated the influence of dynamic surface tension on the dynamic behavior of
water and surfactant-laden droplets on a flat stainless-steel. They showed that although surfactant
addition (~0.5xCMC) does not change the shape of the droplet in the spreading phase, it affects
the retraction dynamic [120]. In another study, Aytouna et al., used five different non-ionic
surfactants to study the effects of dynamic surface tension on the spreading and retraction of
aqueous surfactant-laden drops on a hydrophobic surface [121]. As a follow-up on the mentioned
studies, Gatne et al. investigated the role of diffusion and interfacial adsorption rate of surfactants
in the spreading and retraction phases of impact dynamics [122].

Despite the substantial role of surfactant additions in changing the dynamic behavior of pure water
droplets, only a few studies have characterized the impact dynamics of these droplets. Most of the
prior studies are focused on the role of dynamic surface tension on the impact dynamics. Moreover,
they are limited to the characterization of droplet impact on either a hydrophobic or hydrophilic
substrate [123]. Therefore, the current study aims to extend the existing literature to shed light on
the influence of critical parameters, including the ionic nature, molecular weight (MW) and
concentration (~0.2 — 2xCMC) of the surfactants, on the spreading and retraction of surfactant-

laden droplets.
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To our knowledge, this is the first comprehensive report on the influence of surfactant additions
to pure water on the impact outcomes. Moreover, the relationship between the contact time of the
droplet during the impact and performance of the surfactant additions is thoroughly studied. To
gain a solid conclusion on the influence of the mentioned parameters, we conducted a series of
systematic experiments, where the Weber number (We = pV2D,/y), which is a function of
density (p), impact velocity (V), initial diameter (D,) and surface tension (y) of the impinging
droplet, varied from ~6-353. We believe that the present work will contribute to obtaining a better
understanding of controlling the impact dynamics of the aqueous surfactant-laden droplets with an

insight into enhancing the efficiency of utilizing these surfactants in industry.

3.2 Experimental Section

Figure 3.1 shows the experimental apparatus used in the present work. This apparatus includes a
precise droplet generator (DSA25E, Kriiss, Germany) with a precision syringe controlled by a
personal computer. It also includes a calibrated vertical stand. Pursuant to the energy conservation

stating that the potential energy of the released droplet is equal to its kinetic energy at the moment
of impact, the impact velocity was measured based on the V = \/2gh, where g is the gravational
constant (9.81 m/s?) and h is the droplet release height. The vertical stand enabled us to obtain an

impact velocity of 0.4 to 2.4 m/s with 0.5 m/s increments by precisely varying the release height

of the droplets from 8 to 294 mm.
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Figure 3.1. Schematic of the experiment apparatus.

To clearly understand how contact time influences the impact dynamics in the presence of
surfactants, three substrates with various wetting properties ranging from hydrophilic to
superhydrophobic were used. Glass slides (AmScope, USA) were used as a hydrophilic surface.
For the hydrophobic sample, we used a thin sheet (~0.5 mm) of polytetrafluoroethylene (PTFE),
which was previously polished with 600, 800 and 1200 grit silicon carbide sandpapers (Allied high
tech productions, USA) to achieve a uniform surface. Prior to conducting each experiment, the
glass slides and PTFE substrates were cleaned with ethanol, rinsed with de-ionized (DI) water
(Resistivity = 18.2 MQ.cm, from MiliQ, Milipore, USA), wiped with Kimwipes (Kimberly-Clark

Professional, USA) and completely dried with compressed air at room temperature.

Finally, to produce our superhydrophobic substrates, we coated new glass slides with a thin layer
of molten alkyl ketene dimer (AKD) at 70 °C. Then, the coated slides were solidified after 2 min
and cured over 4-6 days at room temperature to become superhydrophobic. More details regarding
the fabrication of the superhydrophobic samples are given in Chapter 2 [12]. In order to ensure
that the non-wettability of the superhydrophobic samples does not change due to the surfactant

residues from the previous experiments, fresh samples were fabricated and used in each
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experiment. The static water contact angle of these samples was measured using a goniometer
(DSA25E, Kriss, Germany) at 5 randomly-chosen points. Moreover, we measured the surface free
energy of the substrates using the contact angle method [124]. We used pure water and
diiodomethane (Fisher Scientific, USA) as the polar and non-polar liquids, respectively. The total
surface tension of pure water and diiodomethane was measured with the above-mentioned
goniometer, which were equal to 72.8 and 48.5 mN/m, respectively. However, the dispersive and
polar components of the total surface energy of the liquids were found from the data available in
the literature [124]. To further investigate the surface morphology and measure the surface
roughness, all the substrates were characterized using a confocal laser scanning microscope (Zeiss

LSM 710, Germany) and scanning electron microscope (SU-70, Hitachi, Japan).

As it is shown in Figure 3.1, we placed the substrates on a flat table perpendicular to the needle
and captured the evolution of droplets using the Phantom high-speed camera (USA) at 10000 fps.
To obtain the frontal view of the droplet impact, the high-speed camera was aligned at 0° to the
samples and a powerful lighting system, which was equipped with a white reflector, was utilized
to provide sharp videos with high contrast. In the next step, to analyze the captured videos and
measure the droplet size, spreading and flattening factors, post-impact oscillations, etc., the
software of the camera was used to tune the brightness and contrast of the videos. Then, the videos

were analyzed with a commercial image-processing software (Tracker 5.1.5).

To study the influence of ionic nature of the surfactants on the impact dynamics, we used sodium
dodecyl sulfate (SDS), hexadecyltrimethylammonium bromide (CTAB) and n-decanoyl-n-
methylglucamine (MEGA-10), which are respectively categorized into three groups: (1) anionic,
(2) cationic and (3) non-ionic, in accordance with the composition and polarity of the heads of

their molecules. More details, including the chemical formula, ionic properties, molecular weight,
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CMC and the concentrations used in this study are given in Table 3.1. Note that all the mentioned
surfactants were purchased from Sigma-Aldrich (USA). We prepared 100 ml solutions of the
surfactants with each of the desired concentrations reported in Table 3.1. Then, the equilibrium
surface tensions of the solutions were measured at least 10 times for each sample at room
temperature using a goniometer (DSA25E, Kriiss, Germany) with pendant droplet method. For
each solution, a separate non-stick needle with an outer diameter of 1.52 mm and a disposable
syringe were used. It should be pointed out that before measuring the equilibrium surface tension
of the solutions, the instrument was calibrated by measuring the surface tension of DI water, which

is equal to 72.8 mN/m,

Table 3.1. Physicochemical properties and desired concentrations of SDS, CTAB and MEGA-10

. lonic MW CMC | Concentration
Surfactant Name | Chemical Formula Nature (g/mol) | (mM) (mM)
2
SDS C12H15S04 Anionic 288.4 7-10 g
16
0.2
. 0.45
CTAB C19H42BrN Cationic 364.5 0.92 0.9
1.8
05
MEGA-10 C17H35NOe Non-ionic 349.5 6-7 ;
14
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3.3 Results and Discussion

Table 3.2 shows the results of surface characterization of the impact substrates, including their
contact angle values with water and diiodomethane, surface free energy and root mean square
(RMS). More details of the surface morphology and topography of AKD, PTFE and glass
substrates are given in the supporting information (Figures A4 and A5). By comparing the surface
morphology (Figure A4), surface topography (Figure A5), surface free energy and roughness of
the substrates, it is seen that AKD having the lowest surface free energy of 11.02 mJ/mm?, highest
surface roughness of 2.92 um and distinct features resembling air pockets on the surface, shows
the highest non-wettability with a static water contact angle of 156.9+0.58°. PTFE and glass slides
with higher surface free energy and lower surface roughness show a lower degree of non-
wettability. This phenomenon has been comprehensively investigated in our recent study on the

superhydrophobic surfaces [12].

Table 3.2. Characterization of the impact substrates, including their contact angle values with

water and diiodomethane, surface free energy and RMS

Diiodomethane Surface Free RMS

Substrate | Water Contact Angle (°) | Contact Angle 9
©) Energy (mJ/mm?) (pm)
AKD 156.9+0.58 85+0.90 11.02 2.92
PTFE 102.9+2.72 75x1.12 23.42 0.48
Glass 73.15+1.83 70+1.03 38.06 0.13

The concentration of the surfactants has a vital role in the gas-liquid interfacial tension of solutions.
In order to study the influence of this parameter on the dynamic behavior of the aqueous surfactant-
laden droplets, the concentrations of SDS, CTAB and MEGA-10 solutions were varied in the range

of 2-16, 0.2-1.8 and 0.5-14 mM corresponding to ~0.2 to 2xCMC. Figure 3.2 shows the
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equilibrium surface tension of the solutions with respect to the concentration. According to the
results, by increasing the concentration of each solution, the corresponding equilibrium surface
tension dramatically decreases and reaches a plateau over the range of its CMC (indicated by
dashed lines), which is in agreement with previous reports [117,125]. At this point, by further
enhancing the concentration, no significant change occurs in the surface tension. Then, a bilayer

molecule of surfactants is formed on the interface [126].
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Figure 3.2. Equilibrium surface tension of SDS, MEGA-10 and CTAB with respect to the
concentration. The dashed lines indicate the CMC of each surfactant, which is equal to ~8, 7 and

0.92 mM for SDS, MEGA-10 and CTAB, respectively.

The solutions were divided into four groups based on their equilibrium surface tension, the results
of which are shown in Table 3.3. We were able to achieve a Weber number of ~6-353 by varying
the impact velocity (0.4-2.4 m/s) and equilibrium surface tension (34.84+0.89 to 56.09+0.81
mN/m) of the impinging droplets having a density similar to those of DI water [122] and an initial
diameter of 2.05+0.05 mm. It should be noted that based on the previous studies, surfactant

addition slightly alters the viscosity of water. However, this slight difference can be negligible
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compared to the remarkable decrease in the surface tension of the solution, which can considerably

influence the dynamic behavior of the solutions [122,127].

Table 3.3. Four groups of the solutions of SDS, CTAB and MEGA-10 at various concentrations

having comparable equilibrium surface tension values

Concentration | Equilibrium Surface Tension
Group | Surfactant Name (mM) (mN/m)

SDS 2 56.19+1.54

1 CTAB 0.2 55.05+2.07
MEGA-10 0.5 57.04+0.81

SDS 4 45.44+1.56

2 CTAB 0.45 47.47+£1.87
MEGA-10 2 44.27+0.78

SDS 8 35.12+1.16

3 CTAB 0.9 37.28+1.06
MEGA-10 7 35.26+0.56

SDS 16 35.08+0.84

4 CTAB 1.8 35.80+0.86
MEGA-10 14 34.64+0.83

Due to the significant difference among the equilibrium surface tension of each group, in order to
generate aqueous surfactant-laden droplets with a similar diameter of 2.05£0.05 mm, two non-
stick needles with an outer diameter of 0.33 and 0.58 mm were used. Since the surface tension of
DI water (72.8 mN/m) was markedly higher than that of the solutions, a larger non-stick needle
with an outer diameter of 1.52 mm was used, which resulted in DI water droplets having a diameter

of 4.09 mm.

For example, Figure 3.3 shows the shape evolution of the DI water droplet as well as the droplets
of the third group of solutions at ¢ = CMC (c is the concentration of the solutions) having an
equilibrium surface tension in the range of 35.12-37.28 mN/m, in the first 50 milliseconds (ms)
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after impacting the hydrophilic glass substrates. It is to be noted that the surface tension values of
the solutions at their critical micelle concentrations are very close with a difference of about 5
percent. Based on the surface tension and initial diameter of DI water droplets, to have a similar
Weber number of 46.07+1.38 for all the droplets, the release heights were 40.5 and 41.0 mm for

DI water and the solutions, respectively.

According to the energy balance, during the spreading phase of the impact, a portion of the energy
of the droplet at state 1 (just before the impact), including kinetic and capillary energies, transforms
into the capillary energy of the droplet at state 2, where the maximum spreading diameter occurs.
During the spreading phase, due to the viscous dissipation, the rest of the initial energies is lost. It
is to be noted that wetting area and t,,,,,, Which is the required time for the droplet to reach its

maximum diameter, are two of the main parameters influencing the energy loss [128].
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Figure 3.3. Comparison of the droplet evolution of DI water and surfactant-laden droplets,
including SDS 8 mM, CTAB 0.9 mM and MEGA-10 7 mM with an equilibrium surface tension
in the range of 35.12-37.28 mN/m during the first 50 ms after the impact on the hydrophilic glass
slides at We=46.07+£1.38. The initial diameters of surfactant-laden and DI water droplets are

2.05+0.05 and 4.09 mm, respectively. The scale bar is the same for the entire column.

As can be observed in Figure 3.3, at t = 0 ms, just before the impact (state 1), while the water
droplet is spherical, the droplets of other solutions are vertically elongated. The main reason behind
this phenomenon may be attributed to the fact that surfactant addition to pure water has reduced
its surface tension by weakening the hydrogen bonds among its molecules. Consequently, these
droplets having a lower surface tension are not capable of forming a perfect sphere, which can

have a remarkable influence on the impact dynamics of the droplets. As soon as the droplets hit
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the surface, their wetting area drastically enhances. At this moment, a shoulder region is observed
beneath the droplets horizontally advancing on the glass substrates with time. Then, the liquids
form a donut-like rim shape with a concave center (t = 7-11 ms) and reach their maximum diameter
in a short period of time. So far, the qualitative snapshots have shown that the surfactant addition
to DI water has not affected the shape of the droplets during the spreading phase, which is in

agreement with other studies [120,122].

Due to the stored surface energy in the droplets, the retraction phase starts after they reach the
maximum spreading diameter at state 2 [129]. At this moment, the aqueous surfactant-laden
droplets, unlike DI water, do not show a noticeable retraction and only a few weak oscillations are
observed, followed by resting on the glass slides after ~30 ms. On the contrary, the wetting
diameter of the DI water noticeably decreases; then, the droplet vertically oscillates on the
substrate for many cycles. It is evident that the surfactant addition has contributed to a decrease in
the vertical oscillations and an increase in the maximum spreading diameter of the impinging
droplets on the hydrophilic substrate, which is similar to what reported by the prior studies [122].
It can be concluded that surfactant addition decreases the capillary energy of the droplets in the
spreading phase by lowering the liquid surface tension. Consequently, the droplets tend to have a
larger wetting area on the substrate, which results in an increase in the energy loss during the

spreading phase [130].

The same experiments with the solutions and Weber numbers mentioned above were repeated on
the hydrophobic substrate (PTFE), the results of which are displayed in Figure 3.4. It is evident
that the aqueous surfactant-laden droplets have reached their maximum spreading diameter in a
shorter period of time (~8 ms) compared to that on the glass slides (~11-15 ms, Figure 3.3). Similar

to the previous section, surfactant addition to DI water has weakened the vertical oscillations of
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the droplets. It is worth mentioning that during the spreading, new surfactant-free interfaces are
created with a surface tension close to DI water, which then starts to decrease with time. The reason
behind this phenomenon is attributed to the diffusion of the molecules of the surfactants toward
the fresh interfaces and their adsorption at those areas, which are governed by the mobility of the

molecules [126].

Time (ms) Water SDS CTAB MEGA-10
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Figure 3.4. Comparison of the droplet evolution of DI water and aqueous surfactant-laden droplets
containing 8 mM SDS, 0.9 mM CTAB and 7 mM MEGA-10 with an equilibrium surface tension
in the range of 35.12-37.28 mN/m during the first 60 ms after impact on the hydrophobic PTFE
slides at We=46.07+£1.38. The initial diameters of surfactant-laden and water droplets are

2.05+0.05 and 4.09 mm, respectively. The scale bar is the same for the entire column.
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In the study of Gatne et al. [122], the dynamic surface tension of the SDS-laden droplet having a
concentration of CMC with respect to the surface age of the droplet was studied. It was shown that
at t=0 ms, the surface tension is equal to 71.61 mN/m, which is very close to that of water.
Interestingly, as the surface age of the droplet increases and reaches 100 and 1000 ms, the surface
tension decreases to 38.59 and 37.95 mN/m, respectively. It can be said that when new interfaces
are created on the droplet, it takes time for the added surfactants to reach an equilibrium state. This
equilibrium state is between the bulk concentration and the surface concentration in the droplet. It
was shown that this time scale is a function of the diffusion rate of the surfactants molecules [122].
In the present study, by comparing the equilibrium time scale of the surfactants, which is between
100 to 1000 ms [122], with the maximum spreading time scale of the solutions on PTFE (~8 ms),
it is evident that the droplets do not reach their equilibrium condition during the spreading phase.
Consequently, when the droplets reach their maximum diameter at state 2, each solution has a
different surface tension based on the diffusion rate of the surfactants. This phenomenon explains
why the solutions do not have a similar dynamic behavior in the spreading phase until the state 2
although the initial energy and equilibrium surface tension of all the droplets are the same at the

state 1.

By comparing Figures 3.3 and 3.4, it is seen that in both cases, SDS-laden droplets have a weaker
oscillation than the other solutions. The difference in the molecular weight of the surfactants can
be thought of as the main reason for this phenomenon [122]. Due to the lower molecular weight
of SDS in comparison with other surfactants (i.e., CTAB and MEGA-10, see Table 3.1), the
repopulation of molecules of the SDS on the outer interface of the droplet is faster than that of
others. This means that SDS reaches a lower surface tension than the other two surfactants in a

shorter period, resulting in a weaker vertical oscillation. This phenomenon is clearly seen in Figure
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4 (t = 13 ms), where droplets containing 0.9 mM CTAB and 7 mM MEGA-10 are elongated
vertically and the capillary wave is amplified, while the droplet of 8 mM SDS is fully spread on
the substrate. The static contact angle of all the droplets on the PTFE substrate, 100 ms after the
impact, was also measured by analyzing the captured videos. The average static angle of all the
surfactant-laden droplets is 46.38+6.13°, which is ~43° smaller than that of DI water and confirms

that the surfactant addition has increased the wetting area of the DI water 100 ms after the impact.

To further investigate the impact of non-wettability of the substrate on the dynamic behavior of
surfactant-laden droplets, another series of experiments with the same solutions were conducted
on the superhydrophobic AKD samples at the same Weber number. The snapshots of the evolution
of the droplets in the first 55 ms after the impact are shown in Figure 3.5. It is seen that there is no
considerable difference in the shape of the droplets in the first 3 ms, where the maximum spreading
diameter is observed. However, there are noticeable differences in the retraction phase of the

solutions, which need to be studied in-depth.
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Figure 3.5. Comparison of the droplet evolution of DI water and aqueous surfactant-laden droplets
containing 8 mM SDS, 0.9 mM CTAB and 7 mM MEGA-10 with an equilibrium surface tension
in the range of 35.12-37.28 mN/m during the first 55 ms after impact on the superhydrophobic
AKD substrates at We=46.07+£1.38. The initial diameters of surfactant-laden and water droplets

are 2.05+£0.05 and 4.09 mm, respectively. The scale bar is the same for the entire column.
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As observed at t = 12 ms, droplets containing 8 mM SDS and 7 mM MEGA-10 slightly deposit on
the substrate and do not show considerable oscillation. However, the CTAB-laden droplet is fully
elongated in an unstable condition and trying to rebound. It is seen that at t = 19 ms, while the
main droplet deposits on the surface and has a vertical oscillation, a small one is ejected from it,
which later coalesces with the big one, forming a single droplet (t = 38 ms). In the case of DI water,
at t = 8 ms, the droplet drastically recedes after reaching its maximum spreading diameter.
Moreover, at t = 25 ms, the water droplet is in an unstable condition, followed by the ejection of a
small droplet from the main one after a few milliseconds. It should be noted that unlike the

solutions, a complete rebound is observed for the water droplet at t = 38 ms.

When we compare the spreading and retraction of CTAB and MEGA-10 (c = CMC) with a similar
equilibrium surface tension and initial kinetic and capillary energies (state 1) as well as the
comparable molecular weights (364.5 and 349.5 g/mol, respectively), it is seen that their dynamic
behavior is not the same during the retraction phase. This phenomenon clearly reveals that besides
the molecular weight, the ionic nature of the surfactants has a remarkable influence on the impact

dynamics of the surfactant-laden droplets.

It is to be noted that the chemical structure of the surfactants includes a polar hydrophilic head
group with high interaction with water and a non-polar hydrophobic tail. When the surfactants are
dissolved in water, their non-polar tails are exposed to air and orientated at the free air/water
interface. In terms of the polar head of the surfactants, cationic, anionic and non-ionic surfactants
carry positive, negative and neutral charges, respectively. It is well documented that the zeta
potential of all the substrates in the current work is negative [102,131,132]. Consequently, in the
analysis of the impact dynamics of surfactant-laden droplets, the interaction of the surfactants polar

heads with negatively charged sites on the substrates must be taken into account.
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As such, when the impact dynamics of cationic CTAB and non-ionic MEGA-10 on AKD (Figure
3.5) are compared, it can be said that during the spreading and retraction phases, the positive
charges on the air/water interface of the CTAB-laden droplet are able to bind with the negatively
charged sites of the substrate. This leads to exposure of the hydrophobic tails of the solution toward
air, which improves the non-wettability of the surface. This phenomenon explains the reason why
the dynamic behavior of the droplet containing 0.9 mM CTAB 0.9 solution with the highest
molecular weight compared to the other solutions and a positively charged polar head is close to

that of DI water.

By comparing Figures 3.3, 3.4 and 3.5, it is evident that regardless of the wetting properties of the
substrates as well as ionic nature and molecular weight of the solutions, surfactant addition
enhances the wetting area and weakens the vertical oscillation of DI water. In addition, as the
spreading time on the hydrophobic and superhydrophobic substrates decreases, the influence of
the molecular weight and ionic nature of the surfactants are less noticeable in this phase. However,

the retraction phase is obviously influenced by these parameters.

To obtain a clear idea of the influence of each parameter on the impact dynamics, we conducted a
series of systematic experiments on all four groups of the solutions (Table 3.3), by varying the
impact velocity and Weber number in the range of 0.4-2.4 m/s and ~6-353, respectively. Then, all
the videos were quantitatively analyzed with a commercial image-processing software (Tracker
5.1.5) in order to extract the maximum spreading diameter, maximum flattening factor and impact

outcomes of each case.

First, we varied the impact velocity of each droplet at a fixed initial diameter (2.05£0.05 mm) and
concentration, the results of which are given in Tables A3-5. It is seen that at a constant

concentration, as the Weber number increases, the maximum spreading factor also increases in all
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cases, which is well aligned with prior studies [122]. Moreover, as expected, the maximum
spreading diameter of droplets is the highest for the hydrophilic substrates compared to the other
two. Our results also reveal that although increasing the concentration of the solutions might
enhance the chance of the molecules to repopulate on the new interfaces, this phenomenon has not

contributed to an increase in the maximum spreading diameter.

Figure 3.6a shows the maximum spreading diameter of DI water and surfactant-laden droplets with
different concentrations on the glass substrates with respect to the Weber number. As can be seen,
all data points of each solution, irrespective of their concentration, follow a power law. Next, a
power regression was fitted on each series, including DI water and solutions of SDS, CTAB and
MEGA-10. It is indicated that the maximum spreading factor of the aqueous surfactant-laden

droplets is proportional to ~We%?1, We®2?* and We®??, for SDS, CTAB and MEGA-10, respectively.
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Figure 3.6. Maximum spreading factor of DI water and surfactant-laden droplets on (a) glass, (b)

PTFE and (c) AKD substrates with respect to the Weber number.

Although all the solutions are almost similarly sensitive to a change in the Weber number with an

average power of 0.22+0.01, SDS-laden droplets have the largest maximum spreading diameter



with a prefactor of 1.27 compared to 1.02 and 1.15 for CTAB and MEGA-10, respectively. These
results confirm our observations in the previous sections, where the spreading diameter of SDS-
laden droplets was greater than that of the other solutions at c = CMC, suggesting that the prefactor

of this power law is a function of both molecular weight and ionic nature of the surfactants.

Figure 3.6b shows the maximum spreading factor of all the surfactant solutions on the PTFE
substrates regardless of their concentration, with respect to the Weber number only. Based on the
results, it is seen that the surfactant addition has contributed to an increase in the maximum
spreading diameter of the droplets compared to the DI water, especially for We<100. In addition,
by comparing the results of Figure 3.6a and b, it is seen that when the spreading time decreases by
using the PTFE substrate instead of the hydrophilic glass slides, the influence of molecular weight
and ionic nature of the surfactants are less noticeable. This might be attributed to the fact that with
a shorter contact time during the spreading phase, the surfactants do not have enough time to reach
their equilibrium state. The maximum spreading diameter of SDS, CTAB and MEGA-10 solutions

is proportional to ~We®24 We®25 and We®?2 with a prefactor of 1.03, 0.95 and 1.02, respectively.

Next, we measured the maximum spreading factor of the droplets on the superhydrophobic AKD
substrates (Figure 3.6c). It is observed that at low Weber numbers, surfactant addition has not
enhanced the maximum spreading diameter of the droplets. According to the results, for We<100,
the data points collapse onto a master curve (0.74We%%), which confirms our previous
observations regarding the surface characteristics. We hypothesize that the difference in the results
for ~We>100 might be due to the splashing phenomenon that results in an asymmetric spreading

and must be investigated further.

By comparing Figure 3.6a, b and c, it is concluded that the surfactant addition becomes more

effective as the spreading contact time increases. This means that by improving the non-wettability
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of the substrates, the influence of the studied parameters becomes less noticeable to the point that
in the case of superhydrophobic AKD, all the data points align on a master curve. Also, by
surfactant addition to DI water, the maximum spreading diameter of the droplets, similar to pure
liquids [118], follows a power law, in which the prefactor is a function of the molecular weight

and ionic nature of the surfactant and non-wettability of the surface.

According to Figures 3.3-3.5, it is obvious that during the retraction phase, the droplet oscillates
on the substrate for a certain period of time. Using a single-degree-of-freedom oscillating model
consisting of a mass, spring and damper is common in modeling the oscillation of small droplets
on the substrates [31,32,133]. Based on the oscillation theory [134], the energy dissipation of the
oscillating system can be determined via the damping coefficient. Consequently, to investigate the
influence of the molecular weight, concentration and ionic nature of the surfactants on the energy
dissipation during the retraction phase, we measured the maximum flattening factor of each case
as a representative of the damping coefficient of the system. Since no noticeable elongation is seen
for the droplet impact on the hydrophilic and hydrophobic substrates, this section is devoted to the

droplet impact on the superhydrophobic AKD substrates only.

Figure 3.7 shows the maximum flattening of the droplets on AKD with respect to the concentration
and type of the surfactant as well as the Weber number. Based on Figure 3.7a for the results of the
SDS-laden droplets, it is evident that the vertical oscillation markedly decreases with an increase
in the SDS concentration. The closest retraction behavior among the SDS solutions to DI water
belongs to the one having a concentration and equilibrium surface tension of 2 mM and 56.19+1.54
mN/m, respectively. In both cases (DI water and SDS solution), the maximum flattening factor
increases with an increase in the Weber number up to ~100. Then, by increasing the Weber

number, while the maximum flattening factor of the droplets containing 2 mM SDS solution
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drastically decreases from 2.88 to 1.56, that of DI water reaches 1.99 with a slightly decreasing

slope.

Moreover, by increasing the SDS concentration to 4, 8 and 16 mM, this decreasing trend continues
to the point that for the last two concentrations, which are equivalent to CMC and 2xCMC, the
maximum flattening factor of the droplets is approximately equal to 1 in all Weber numbers. Figure
3.7a clearly shows the significant role of concentration on the retraction phase. We hypothesize
that as the concentration increases, the surfactant molecules are more widely distributed in the
liquid droplet, which results in a remarkable increase in the energy dissipation of the oscillating

system due to having a more powerful damper.
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The results for the maximum flattening factor of the CTAB-laden droplets (Figure 3.7b) reveal
that the retraction dynamic of this solution, compared to the SDS (Figure 3.7a), is less sensitive to
the concentration. This means that even at high concentrations (CMC and 2xCMC), the impinging
droplet is able to experience the vertical elongation. Moreover, similar to the previous section, the

maximum flattening factor decreases with an increase in the concentration.

The same analysis was repeated for the droplets containing MEGA-10 (Figure 3.7c). It is seen that
for the first two concentrations (0.5 and 2 mM), the corresponding droplets have an almost similar
dynamic behavior as CTAB-laden droplets with the same equilibrium surface tension (groups 1
and 2). However, when the concentration increases to 7 mM (CMC) and 14 mM (2xCMC), the

droplets fully deposit on the substrate and no vertical elongation is observed.

By comparing Figure 3.7a, b and c, it is apparent that the molecular weight of surfactants plays a
crucial role in the retraction of the droplets. As can be seen, although the maximum flattening
factor of all the surfactant-laden droplets has decreased with concentration, the addition of SDS
with the lowest molecular weight (288.4 g/mol) compared to MEGA-10 and CTAB with a
molecular weight of 364.50 and 349.46 g/mol, respectively, has more contribution in this

decreasing trend.

Moreover, the role of the ionic nature of surfactants on their retraction is more noticeable at ¢ >
CMC (Figure 3.7b and c). This might be attributed to the fact that at higher concentrations, for
cationic surfactants, more surfactant molecules with positively charged heads are available at the
droplet surface, which are readily accessible to attract to the negatively charged surface of AKD,
resulting in an improvement in the non-wettability of the substrate. The higher numbers of cationic
charges on the droplet surface can possibly overcome the hydrophobic force created by the tails of

the air-exposed surfactants, which are detached from the droplet and are sitting on the substrate.
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This phenomenon explains the reason why at c = CMC, the dynamic behavior of CTAB (cationic)

is more similar to DI water compared to MEGA-10 (non-ionic).

To study the impact outcomes of the droplets on the superhydrophobic AKD substrates, the videos
were analyzed and similar to the previous studies on pure liquids [124,135-138], complete
rebound, deposition, partial rebound and splashing were identified by an increase in the impact

velocity, the results of which are shown in Figure 3.8.

The complete rebound of an impinging droplet is one of the remarkable characteristics of the
superhydrophobic substrates due to their low energy and presence of micro/nano patterns on their
surface, acting similar to air cushions [12,25]. The complete rebound happens when the kinetic
energy of the impinging droplet is sufficient enough to overcome the energy dissipated during the
impact. If the impact velocity of the impinging droplet is not sufficiently high, the droplets deposit
on the surface and form a pearl-like shape [139]. Note that for solutions having a viscosity close

to the DI water, mainly pinning/depinning of the contact line hinders the droplets rebound.

Based on the results (Figure 3.8), for DI water, a complete rebound is observed at We~9, which
aligns well with the threshold of approximately 0.3<We<20 for a complete rebound defined in
previous reports [139]. Furthermore, it is observed that the surfactant addition has reduced the
upper limit threshold of the complete rebound from We~20 to 7. The smaller threshold of a
complete rebound for the aqueous surfactant-laden droplets might be attributed to the damping

behavior of the surfactants that enhances the pinning effect and energy loss in the retraction phase.
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Figure 3.8. Impact outcomes of the DI water and surfactant-laden droplets on the

superhydrophobic AKD substrates.

When the impact velocity of pure liquids is higher than the threshold, they cannot get depinned
from the superhydrophobic substrate; consequently, no complete rebound will be observed. It is
reported for the DI water droplet having a We<59 that due to its high Weber number, the droplet
is vertically elongated, in an unstable thermodynamic condition. At this moment, the elongated
droplet minimizes its free energy, known as the Rayleigh-Plateau instability [140]. In this range of
Weber numbers, instead of a complete rebound, a partial rebound is observed. The recoiling phase
of a partial rebound is accompanied by two droplets: (1) the main droplet which pins on the surface
and (2) the smaller droplet, which detaches from the initial one (Figure 3.8). Compared to the DI
water, aqueous surfactant-laden droplets have a smaller threshold for a partial rebound due to their

higher energy loss in the retraction phase.

By comparing the impact outcomes of all the droplets, it is seen that the CTAB-laden droplets

show almost a similar dynamic behavior to that of the DI water. We hypothesize that the main
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reason behind this phenomenon is the high molecular weight and cationic nature of the CTAB
solutions discussed earlier. In the other cases (SDS and MEGA-10), there is no such interaction

likely due to their different ionic natures.

By further increasing the Weber number, it is seen that several small droplets form at the rim of
the impinging droplet on the surface, known as splashing [5,46,108,141]. Based on the previous
studies, this phenomenon can be described by a dimensionless number, K=We%*° Re®?, where Re
is the Reynolds number (Re = pV D, /u). One of the major shortcomings of this method is that it
is not able to consider all the physical aspects affecting the splashing (e.g., the ambient pressure)
[142]. However, in the present study, the experiments were conducted at atmospheric pressure and
this dimensionless number can be used to describe this phenomenon [46]. Our results show that
when the DI water droplet, having a Weber number of ~88, reaches the maximum spreading
diameter, several smaller droplets are formed on its periphery, which resembles the splashing.
Existing literature has introduced a threshold of We = 59 for splashing of the DI water droplets
confirming that our results are well fitted in this range [143]. A few milliseconds after the
formation of those small droplets, they coalesce and result in a partial asymmetric rebound. For all
aqueous surfactant-laden droplets, the splashing occurs at We = 70, corresponding to K = 63,
which is almost similar to what is obtained for DI water droplets. This shows that the splashing is
mainly a function of the initial kinetic energy rather than the surface tension of the liquid. As a
result, to control the impact dynamics of the droplets, especially in the applications that the
probability of environmental pollution is high, it is indispensable to primarily control the initial

Kinetic energy.
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3.4 Conclusions

We comprehensively investigated the influence of surfactant addition with different ionic natures
and molecular weights on the impact dynamics of DI water droplets. To achieve this goal, three
impact surfaces (hydrophilic, hydrophobic and superhydrophobic) were used and the experiments
were conducted at Weber numbers ranging from ~6-353. Our results revealed that the efficiency
of the surfactant additions in enhancing the maximum spreading diameter is proportional to the
surface non-wettability. As the impact surface becomes more hydrophobic, the influence of the
surfactant addition becomes less noticeable. Furthermore, the maximum flattening factor analysis
of the impinging droplets on the superhydrophobic substrates showed the significant role of the
molecular weight, concentration and ionic nature of the surfactants in the retraction dynamic. As
the molecular weight or concentration increases, the damping ability of the oscillating system
significantly improves, which results in a greater energy dissipation. On the other hand, by binding
to the negatively charged sites of the substrate, positive charges of the cationic solutions make the
impact dynamics more similar to DI water. Finally, it was shown that surfactant addition does not
noticeably change the splashing behavior of the droplets. According to our results, splashing is
mainly a function of the initial kinetic energy of the impinging droplets before the impact. Thus,
it is essential to control their initial Kinetic energy to prevent this phenomenon, mainly when
droplets cause environmental pollution (e.g., pesticides, detergents, etc.) due to the undesired
bouncing. Controlling the size and initial velocity of the impinging droplets are two common

methods to address this issue.
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Chapter 4. Impact Dynamics and Freezing Behavior of Surfactant-Laden Droplets on Non-

Wettable Coatings at Subzero Temperatures

4.1 Introduction

In the past decade, icephobic coatings have found broad applications in high-tech industrial fields,
including powerlines [18], wind turbines [19], aircrafts [20] and heat exchangers [21]. The focus
of studies in this field can be divided into several main categories, including surface chemistry and
morphology of icephobic coatings [52,144,145], ice nucleation and adhesion of sessile droplets
[146,147], droplet impact [148-151] and fabrication of superhydrophobic coatings as a passive

method for anti-icing [16,26,152].

Extensive studies have been conducted on the impact dynamics of water droplets on
superhydrophobic surfaces at freezing temperatures [153,154]. In one of the recent reports, Maitra
et al. investigated the influence of viscosity on the impact of supercooled water droplets on non-
wettable coatings at —17 °C. They showed that at freezing temperatures, higher viscosity results in
a smaller spreading diameter, a larger wetting area and a slower retraction velocity compared to
the same parameters obtained at room temperature [148]. In another study, Mishchenko et al.
presented an experimental and theoretical investigation of water droplet dynamics at freezing
temperatures. They investigated a broad range of parameters influencing the impact dynamics to
analyze how supercooling alters the wetting properties of hydrophilic, hydrophobic and
superhydrophobic substrates. According to their results, due to the unique properties of highly-
ordered superhydrophobic surfaces, the ice formation was prevented above the transition

temperature of ~ -25 to —30 °C [20].

Additives in water result in significant changes in its properties (i.e., surface tension, density,

viscosity, etc.) Not only have these changes remarkable effects on the dynamic behavior of the
81



droplets at freezing temperatures, but they might also alter the chemistry and morphology of the
substrates. Based on the previous studies, due to the stretching of molecules, addition of flexible
polymers similar to poly(ethylene oxide) to water results in a significant increase in energy
dissipation. This phenomenon improves the stability of the surface of the droplets and suppresses
the scattering of secondary droplets from the liquid [155]. Moreover, Carpenter et al. studied the
effect of surface chemistry on ice nucleation of saltwater at subzero temperatures as low as —40
°C. They used two sodium chloride solutions with different concentrations to represent the salinity
of seawater and briny water. It was shown that salt addition improves the bouncing of the water
droplets and also delays the ice nucleation [156]. Additionally, Emelyanenko et al. [157] studied
the ice nucleation Kkinetics of the droplets of alkali metal chlorides deposited on a
superhydrophobic coating. They observed an extraordinary freezing delay for droplets containing

additives due to their higher energetic barrier compared to deionized water for the ice nucleation.

Surfactants, which are commonly used as additives, lubricants and cleaning agents in numerous
industrial processes [158,159], can influence the dynamic behavior of water and the wettability of
the substrates. It is well documented that surfactants solutions have a time-dependent surface
tension at room temperature, significantly affecting their spreading, retraction and impact
outcomes [118,120,122,160]. For example, it has been shown that sodium dodecyl sulfate
solutions enhance the heat transfer efficiency in spray cooling processes by promoting foaming in
the droplets [161]. However, to the best of our knowledge, the dynamics and freezing behavior of
surfactants solutions at subzero temperatures have not been studied. Understanding this behavior
is crucial since surfactants could be used in some applications where surfaces are essential to avoid
ice formation. Some examples are solar panels, wind turbines, heat pumps and power lines. For

instance, some studies suggest that application of surfactants for cleaning the photovoltaic panels
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could retain their solar conversion efficiency over time [34,35]. In another report, a surfactant
added nanofluid was suggested for improving the thermal performance of wickless heat pipe solar
collectors [36]. Therefore, as surfactants and other similar fluids are becoming part of the many
subzero applications [162], it is important to study their dynamic behavior on superhydrophobic

surfaces at freezing temperatures.

The present work aims at investigating the dynamic behavior and freezing of surfactant-laden
droplets impacting a superhydrophobic coating at the temperatures range of —10 to —30 °C. To
achieve this goal, a series of systematic experiments were devised to understand the role of
concentration, molecular weight and ionic nature of the surfactants on the spreading, retraction,
freezing time and ice buildup growth rate of the droplets. We used three surfactants of different
ionic nature, anionic, cationic and non-ionic, with concentrations ranging from 0 to 2 times of their
critical micelle concentration (CMC). We believe that our results can contribute to a better
understanding of the dynamic behavior of aqueous solutions at low temperatures to control and

manipulate the impact dynamics and freezing behavior of droplets.

4.2 Experimental Procedure

Figure 4.1 shows the experimental apparatus of this study. To conduct the experiments at subzero
temperatures of —10 to —30 °C with —10 °C increments, a medical upright freezer (VLT650,
Accucold, USA) was used. To capture the front view of the impacting/freezing droplets, its door
was replaced with a 50 mm thick insulating polystyrene foam, in which a 150 x 150 mm viewing
window of polished acrylic plate was embedded. A 20 cm cylindrical stage made of plastics was
used as the sample holder. This freezer was equipped with an infrared thermal sensor (TMP007,

Texas Instruments, USA) aimed at the substrate within 2 cm. Also, a DHT22 digital temperature
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and humidity sensor was placed next to the substrate to ensure that its temperature remains equal

to that of the environment.

Figure 4.1. Schematic of the experimental apparatus. The components of the experimental
apparatus include: (a) droplet generator, (b) infrared thermal sensor, (c) light source, (d) humidity
and temperature sensor, (e) substrate, (f) stage, (g) argon supply entry, (h) viewing window, (i)

high-speed camera, (j) PC and (k) insulating door.

Since the icephobicity of superhydrophobic coatings could be compromised by formation of a
plausible frost layer on their surface, the relative humidity of the freezer atmosphere was kept
under 15% by flowing high-purity argon (Airgas, USA) to the freezer prior to conducting each
experiment (Figure 4.1). A syringe, equipped with a nonstick needle for droplet generation, was
mounted on the insulating door of the freezer. Due to the significant difference in surface tension
of the solutions compared to water, three needles with diameters of 0.008, 0.013 and 0.023 in.
were used to generate droplets with a diameter of 2.05+£0.05 mm. It is to be noted that each needle
was rinsed with deionized water (resistivity = 18.2 MQ.cm, from Milli-Q, Millipore, USA) and

dried with compressed room-temperature air prior to conducting each experiment. According to

V = .,/2gh, where V is impact velocity and g and h are the gravitational constant (9.81 m/s?) and
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release height, respectively, we designed the experimental apparatus to have a release height of 60

mm. Consequently, the impact velocity of all the conducted experiments was 1.08 m/s.

A high-speed camera (MicroLab 340, Phantom, USA) was used to capture the impact dynamics
of the impinging droplets and their consequent freezing at 5000 frames per second (fps). The high-
speed camera was aligned at 0° with respect to the sample for capturing the frontal shape evolution
of the droplets. In order to avoid any heat generation or vibration produced by powerful light
sources during the experiments, only three rows of 24 volts led strips were used as the light source.
Since the light source was controllable from outside of the freezer, to minimize any effects on the

environment temperature, it was turned on only a second before the droplet release.

The next step was to obtain the critical parameters related to the spreading, retraction and freezing
of the droplets. The captured videos were cut into two parts of impact dynamics and freezing.
These two parts were analyzed using Tracker 5.1.5 and Phantom Camera Control (PCC 3.5) image-
processing software, respectively. It is to be noted that the measurements done using the high-
speed camera were repeated three to five times for each experiment and the average and standard
deviations are reported. We used superhydrophobic alkyl ketene dimer (AKD) as the impact
substrates. To fabricate these coatings, first, we melted the AKD pellets (Solenis, USA) on a hot
plate at 70 °C. Then, a glass slide (AmScope, USA) was dipped in the molten AKD for a few
seconds. The freshly solidified AKD was cured over 4-6 days in a desiccator at room temperature
to become superhydrophobic. The advancing and receding contact angles of the fabricated
substrates with deionized water were measured using a goniometer (DSA25E, Kriiss, Germany),
at least at 5 randomly-chosen spots, which were equal to 158.6+0.84 and 152.7+0.64°,
respectively. To ensure that the surface chemistry of the substrates does not change due to the

droplet impact, a freshly produced superhydrophobic sample was used in each experiment. More
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details regarding surface characterization of the samples used in the current work, including the
surface free energy, roughness and morphology, can be found in our recent comprehensive studies

on non-wettable AKD coatings [12,160,163].

To study the influence of concentration, molecular weight and ionic nature of surfactants on the
impact dynamics and freezing behavior of the solutions, three well-known surfactants, sodium
dodecyl sulfate (SDS, anionic), hexadecyltrimethylammonium bromide (CTAB, cationic) and n-
decanoyl-n-methylglucamine (MEGA-10, non-ionic) were used (Sigma-Aldrich, USA). To
prepare the solutions, a specific amount of each surfactant was dissolved in deionized water at
room temperature to reach the desired concentration. The physicochemical properties, including
the chemical formula, ionic nature, molecular weight and CMC as well as the concentrations of
the surfactants used in the current work are given in Table 4.1. Then, the equilibrium surface
tension values of the solutions were measured at least 5 times using a goniometer (DSA25E, Kriiss,
Germany) with the pendant drop method. To ensure the accuracy of the results, the instrument was

calibrated by measuring the surface tension of deionized water (72.8 mN/m).
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Table 4.1. Physicochemical properties and the concentrations of SDS, CTAB and MEGA-10

solutions used in the present study

Surfactant name SDS CTAB MEGA-10
Chemical formula C12H15S04 | C19H42BrN | C17H35NOe
lonic nature Anionic Cationic | Non-ionic
Molecular weight (g/mol) 288.4 364.5 349.5
CMC (mM) 7-10 0.92 6-7
4 0.45 2
Concentration (mM) 8 0.9 7
16 1.8 14

To quantitatively analyze the dynamic behavior of water droplets and solutions, three

dimensionless parameters of maximum spreading factor (d,,,4/do), retraction ratio (dyinq;/ dmax)
and dimensionless final wetting diameter (dsnq;/do, hereafter called relaxing diameter) were
extracted from the high-speed frames. Note that d, dp,qx and dgnq are the initial, the maximum

(at the end of the spreading phase) and the final (at the end of the retraction phase) diameters of

the droplets, respectively.
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4.3 Results and Discussion

4.3.1 Equilibrium Surface Tension

According to the literature, the gas-liquid interfacial tension mainly depends on the concentration
of the solutions when surfactants are present [122]. Thus, it is essential to study the role of
concentration on the impact and freezing dynamics of surfactant-laden droplets. Figure 4.2 shows
the equilibrium surface tension of the solutions with respect to the type and concentration of the
surfactants. The concentrations of SDS, CTAB and MEGA-10 solutions altered in the range of 4—
16, 0.45-1.8 and 2-14 mM, respectively, equivalent to ca. 0.5xCMC to 2xCMC. As it is observed,
at low concentrations, the equilibrium surface tension of all the solutions is equal to ~44.73+£0.51
mN/m. In all cases, as the concentration increases to CMC, the equilibrium surface tension
markedly drops and reaches the minimum of ~34-35 mN/m. At this point, by increasing the
concentration of the solutions further to 2xCMC, no notable change is observed in the surface
tension values, which is in agreement with the previous studies on these solutions [160,164]. This
phenomenon is interpreted as the formation of micellar bilayers on the surface, which prohibits
any further changes in the surface tension of the solutions with increase in the concentration

[165,166].
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Figure 4.2. Equilibrium surface tension of the SDS, CTAB and MEGA-10 solutions with respect

to their concentration.

Based on the data of Figure 4.2, we divided the solutions into three groups with each having an
almost similar equilibrium surface tension to separately study the influence of molecular weight
and ionic nature of the surfactants on the droplet dynamics at subzero temperatures. The first group
includes 4 mM SDS, 0.45 mM CTAB and 2 mM MEGA-10 surfactants solutions with an average
equilibrium surface tension of 45.44+1.56, 44.47+1.20 and 44.27+0.78 mN/m, respectively. The
second and third groups include SDS, CTAB and MEGA-10 at CMC and 2xCMC with an average
equilibrium surface tension of ~34-35 mN/m. It has previously been shown that the viscosity and
density of surfactants solutions are slightly different from those of water and are negligible
compared to the remarkable changes in the time-dependent surface tension [122,127]. Hence, the
Weber number (pV2d,/y), which is a function of density (p), impact velocity (V), initial diameter

(d,) and surface tension (y) of the droplets was in the range of 53—71 for the solutions and ~33 for
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the water droplets having the same impact velocity and density of 1.08 m/s and 997 kg/m?,

respectively.

4.3.2 Impact Dynamics of Droplets

In this section, we study the influence of concentration, molecular weight and ionic nature of the
surfactants in the solutions on the impact dynamics of the droplets at freezing temperatures of —
10, —20 and —30 °C and compare our results with the dynamic behavior of water droplets. For
example, Figure 4.3 presents the results of the first 45 milliseconds (ms) of water as well as 4 mM
SDS, 0.45 mM CTAB and 2 mM MEGA-10 solutions with the same equilibrium surface tension
of 44.73+0.51 mN/m after impacting the superhydrophobic coatings at —20 °C. Generally, due to
the conservation of energy during the impact, the total energy of the droplets at state 1 (just before
the impact), including the initial kinetic and capillary energies, transform to the capillary energy
at state 2, where the droplets have reached their maximum diameter (~t = 3-5 ms). Then, the
equilibrium of the stored capillary energy (at the end of the spreading phase) and the dissipated

energy during the spreading determine the ability of the droplets to retract [128].
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SDS
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Figure 4.3. High-speed frames of the impact dynamics of water droplets as well as the droplets of
surfactants solutions on the superhydrophobic AKD at —20 °C. The solutions used in this
experiment include 4 mM SDS, 0.45 mM CTAB and 2 mM MEGA-10 with an equilibrium surface
tension of 44.73£0.51 mN/m. The impact velocity was 1.08 m/s. The scale bar is the same for all

the frames.

By a close look at Figure 4.3, it is observed that the water droplet slightly spreads as soon as it hits
the superhydrophobic substrate and forms a cap-shaped droplet at t = 1 ms. After a few
milliseconds, it is seen that the droplet has fully spread on the substrate and reached its maximum
diameter. At this point, the water droplet expeditiously recedes, shortens its wetting diameter and
reaches its maximum vertical height in less than 5 ms. Next, by overcoming the dissipated energy
during the impact, a complete rebound is observed for the elongated water droplet at a Weber

number of ~33, which is in agreement with previous studies [143].
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When we compare the dynamic behavior of water droplets with the surfactants solutions in Figure
3, it is seen that in all the cases, the surfactant-laden droplets with an equilibrium surface tension
of 44.73£0.51 mN/m have an almost similar spreading behavior to water droplets in the first 5 ms.
However, more quantitative analysis needs to be performed to clearly elucidate the influence of
high concentration (CMC and 2xCMC) on the spreading phase of the solutions. On the other hand,
in the retraction phase (t > 5 ms), while the water droplet is fully elongated (t = 10 ms), the SDS
solution is not experiencing any vertical oscillations. Meanwhile, MEGA-10 and CTAB solutions
show a more similar dynamic behavior to that of pure water by having an elongation perpendicular
to the substrate. In terms of the impact outcomes, while SDS and MEGA-10 solutions completely
deposit on the substrates (t = 15-45 ms), CTAB solution experiences a partial rebound, in which a
secondary droplet ejects from the liquid (pointed by red arrows in Figure 4.3), showing the
instability of the droplet. Consequently, it can be said that at almost a similar equilibrium surface
tension, the noticeable retraction phase observed in water droplet was inhibited in the surfactant-
laden droplets in the following order: SDS>MEGA-10>CTAB, where SDS wards off the vertical

oscillations more than the other surfactants.

Next, the effects of substrate temperature, as well as the concentration and molecular weight of the
surfactants solutions, on the impact dynamics of droplets were further investigated by running the
experiments at the three different temperatures (—10, —20 and —30 °C) and four different surfactant
concentrations (0, ~0.5xCMC, CMC and 2xCMC). Additionally, the interactions between the
surfactant molecules and the impact substrate were thoroughly studied. The maximum spreading
factor, retraction ratio and relaxing diameter of the droplets were measured for water and the
solutions against their type and concentration at different temperatures, the results of which are

shown in Figures 4.4-4.6, respectively.
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Figure 4.4a shows the results obtained for the maximum spreading factor of SDS solutions and
water droplets against the substrate temperature. According to the results, in all concentrations,
SDS-laden droplets have a larger maximum spreading factor than water droplets. This higher
maximum spreading factor becomes more noticeable at higher concentrations, where surfactants
can significantly reduce the equilibrium surface tension of the solutions to approximately 34-35
mN/m (Figure 4.2). Based on these results, for the SDS concentration of 4, 8 and 16 mM, at —20
°C for example, the maximum spreading factor of droplets are 2.36+0.02, 2.49+0.03 and
2.53+0.07, respectively, which are noticeably higher than 2.16+0.04 for water droplets. This trend

agrees well with the corresponding surface tension values reported in Figure 4.2.

Furthermore, the maximum spreading factor of water droplets decreases from 2.25+0.04 to
2.16£0.04 and 2.15+0.04 as the temperature drops from —10 to —20 and —30 °C, respectively. A
similar trend is also seen in the maximum spreading factor of SDS solutions regardless of their
concentration. This behavior can be attributed to the fact that the viscosity of the droplets is a
function of temperature. It is well documented that the viscosity of water droplets increases with
a power of 1.64 with a decrease in the temperature [148,167]. Consequently, energy dissipation,
which is a function of viscosity, increases with a decrease in the temperature and results in a
reduction in the maximum spreading factor. Although the viscosity of the SDS solutions and water
droplets are not entirely identical, it is a reasonable assumption to expect a similar trend in both

cases.
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Figure 4.4. Maximum spreading factor of water droplets as well as the droplets of SDS, CTAB

and MEGA-10 solutions of various concentrations at —10, —20 and —30 °C. The impact velocity

was 1.08 m/s.
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Energy dissipation (E) is a function of viscosity (u), the initial droplet diameter (d,), impact

velocity (V) and the lamella height (h) of the droplets, where E o pud,°V2/h [148]. The lamella
height is defined as the smallest height of the droplet in the impact, which occurs due to the mass
conservation when the droplet reaches the maximum diameter. In Figure 4.4a, we show that the
maximum spreading factor increases with concentration, resulting in a reduction in the lamella
height. To combine both influences of concentration and viscosity on the energy dissipation, it can
be said that any increase in either the concentration or the viscosity of the solutions enhances the

energy dissipation in the spreading phase.

Figure 4.4b shows the maximum spreading factor of water and CTAB-laden droplets versus
concentration of the solutions and temperature of the substrate. It is seen that similar to Figure
4.4a, CTAB-laden droplets have a higher maximum spreading factor than water droplets.
However, they do not follow a similar trend to that of SDS solutions with concentration. These
results suggest that in addition to the equilibrium surface tension, which is a determining parameter
in spreading of the droplets, there are other elements influencing the maximum spreading factor.
Similar to SDS, it is seen in Figure 4.4b that decreasing the temperature of substrates results in a
reduction in the maximum spreading factor of the solutions and water droplets due to the enhanced
viscous effects. Based on Figure 4.4c, the maximum spreading factor of the MEGA-10 solutions
follows a similar trend to that of SDS solutions; it increases with concentration and decreases with

reducing the temperature.

Overall, regardless of the concentration, molecular weight and ionic nature, it can be concluded
that surfactant-laden droplets have a higher maximum spreading factor compared to water droplets
at subzero temperatures. For example, while water droplets at —30 °C have the smallest maximum

spreading factor of 2.15+0.04, this parameter has increased to 2.57+0.03 for 16 mM SDS solution.
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In addition to the concentration and type of surfactants, we showed that temperature also alters the
dynamic behavior of the droplets; however, our results are contrary to the previous studies
conducted at room temperature, which have introduced only Weber number as the governing

element in the determination of the maximum spreading factor [118,168].

In the next step, we compared the contact time of droplets at different temperatures to investigate
the role of viscosity and energy dissipation in this parameter. Contact time is defined as the time
that a droplet is in contact with the substrate before its complete rebound. Since we did not observe
a complete rebound for surfactant-laden droplets, the results of this section are limited to the
contact time of water droplets. When the temperature of the substrate decreases from —10 to —20
and —30 °C, the contact time of water droplets increases from 13 to 15.2 and 16.8 ms, respectively.
Here, two competing factors determine the dissipation energy, namely viscosity and lamella
height. As mentioned before, viscosity increases with decreasing the temperature and on the other
hand, lamella height increases since the maximum droplet diameter decreases. The increase in
droplet contact time is an evidence showing that the viscosity effect is dominant and results in an

enhancement in energy dissipation [135,156].

In order to reveal the influence of the studied parameters on the retraction phase of the solutions
at subzero temperatures, we analyzed the retraction ratio of the solutions and compared the results
with those of water droplets (Figure 4.5). This parameter, which is the ratio of the diameter of the
droplets at the end of the retraction phase to their maximum spreading diameter, can have a value
between 0 to 1. A value of 1 means that the droplet is not able to retract to its initial condition and
fully spreads on the substrate. Conversely, a value of 0 corresponds to the ideal retraction and

complete expulsion of the droplets from the substrate.
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Figure 4.5a shows the retraction ratios of SDS solutions and water droplets with respect to the
substrate temperature. As it is evident, regardless of the concentration, SDS-laden droplets have a
higher retraction ratio compared to water droplets. For example, 4 mM SDS solution has a
retraction ratio of 0.62+0.02 at —10 °C, which is three time as large as that of water droplets. At
this temperature, when the SDS concentration increases from 4 to 8 and 16 mM, the retraction
ratio also increases from 0.62+0.02 to 0.88+0.01 and 0.93+0.01, respectively, showing the key role
of concentration in this phase. As the concentration increases, the ability of the droplets to retract
and reach their initial conditions decreases. For example, regardless of the temperature, the
retraction ratio of SDS solutions with a concentration of 8 and 16 mM is close to 1, meaning that
the droplets fully spread on the substrate with no noticeable retraction. Additionally, when the
temperature of the substrate decreases from —10 to —20 and -30 °C, at a low surfactant
concentration (0.5xCMC), enhanced viscosity has no noticeable effect on this parameter. This

shows the more pronounced effects of surface tension compared to viscosity.

The retraction ratios of CTAB solutions are shown in Figure 4.5b. It is seen that CTAB-laden
droplets, similar to SDS solutions, have a higher retraction ratio than water droplets. The retraction
ratio of 0.45 mM CTAB solution at —20 °C is 0.43+0.01, which is almost two times as large as that
of water droplets. CTAB-laden droplets have a smaller retraction ratio compared with SDS
solutions and it is almost independent of the concentration. This means that CTAB-laden droplets,
even at high concentrations, have a more similar dynamic behavior to water droplets compared to
SDS solutions at almost a similar equilibrium surface tension. Interestingly, the retraction ratio of
CTAB-laden droplets does not follow a specific trend with the temperature either. The reason is
that for CTAB solutions, we observed a partial rebound, resulting in the ejection of a secondary

droplet. If the secondary droplet coalesces with the main one, the retraction ratio increases;
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otherwise, due to the reduction in the final wetting diameter of the droplets, the retraction ratio

decreases.
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Figure 4.5. Retraction ratio of water droplets as well as the droplets of SDS, CTAB and MEGA-

10 solutions of various concentrations at —10, —20 and —30 °C. The impact velocity was 1.08 m/s.
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MEGA-10 solutions (Figure 4.5¢) behave similar to SDS, where the retraction ratio increases with
concentration and it is always larger than that of water droplets. For example, the retraction ratio
of the droplets at —10 °C increases from 0.62+0.02 to 0.75+0.05 and 0.85+0.04 for the solutions
having a concentration of 2, 7 and 14 mM, respectively. Moreover, due to the increased viscosity
effects, the retraction ratio increases by lowering the temperature. For instance, the retraction ratio
of 2 mM MEGA-10 increases from 0.62+0.02 to 0.65+0.04 and 0.72+0.14 by reducing the

temperature from —10 to —20 and —-30 °C.

By comparing Figure 4.5a-c, it is evident that the retraction ratio of SDS solutions is larger than
that of the other solutions at a similar equilibrium surface tension, especially at high concentrations
of CMC and 2xCMC. Since the initial kinetic and capillary energies of all the droplets at the
releasing point are almost the same, there must be other parameters governing the impact dynamics
of the droplets. To reach a solid conclusion, therefore, the specific role of molecular weight and

ionic nature of the solutions must be separately investigated.

Surfactant-laden droplets have a lower capillary energy than water droplets during the spreading
phase due to the diffusion of the surfactant molecules toward gas-liquid and solid-liquid interfaces,
created during spreading and their replacement with the water molecules at those interfaces. This
phenomenon weakens the hydrogen bonds existing among the water molecules and makes the
surface tension of the solutions time-dependent, always having a value lower than pure water. The
diffusion rate was shown to be a function of the mobility of the surfactant molecules
[122,160,161,169]. By comparing the results of Figure 4.5a-c, one can conclude that SDS
molecules with a smaller molecular weight (288.4 g/mol) compared to CTAB (364.5 g/mol) and
MEGA-10 (349.5 g/mol) are able to diffuse toward the freshly created interfaces quicker than the

other surfactants. Then, at a similar equilibrium surface tension, the SDS solutions reach their
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equilibrium value (Figure 4.2) at a shorter time compared to the other solutions. Note that the
equilibrium surface tension is the equilibrium state between the concentration of the surfactants at

the interface and inside the droplet.

So far, we showed that solutions containing surfactants with a smaller molecular weight reach their
equilibrium surface tension faster and they have a weaker retraction. However, when the retraction
ratios of CTAB and MEGA-10 solutions at a similar equilibrium surface tension are compared, a
significant difference is observed, especially at high concentrations of CMC and 2xCMC. Since
these two surfactants have a close molecular weight (~4% difference), this noticeable difference
in retraction ratios could be due to the ionic nature of the solutions. Surfactants consist of two
components: a hydrophobic nonpolar tail and a hydrophilic polar head. When they are dissolved
in water, their molecules arrange on the interfaces. We hypothesize that the orientation of the
surfactant molecules on the superhydrophobic AKD and the type of bonding between the droplet
and substrate are the parameters differentiating the dynamic behavior of CTAB and MEGA-10

solutions.

It has previously been shown that the zeta potential of AKD coatings is negative [170], providing
the surface with numerous negatively charged sites. In MEGA-10, which is non-ionic, the
hydrocarbon chains of the surfactant molecules can have hydrophobic interactions with the
coating. Consequently, surfactant molecules arrange on the substrate with their heads up, which
results in hydrophilization of the coating. On the other hand, the polar heads of the CTAB
molecules can attract to the negatively charged sites of the coating resulting in exposure of the
hydrophobic tails of surfactant molecules toward air and hydrophobization of the substrates [171].
Additionally, by increasing the concentration of CTAB solutions, a second layer of surfactant

molecules, due to the hydrophobic interactions, can interact with the existing layer on the solid-
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liquid interface and increase the accumulation of surfactant molecules at those areas. This type of
distribution could be another reason for the significant difference between the dynamic behavior

of CTAB-laden droplets, which seems to act very similar to water droplets and the other solutions.

To sum up, it can be said that CTAB solutions have a significantly different dynamic behavior
compared to MEGA-10 solutions with only ~4% difference in their molecular weights due to three
main reasons: (1) the polar heads of the CTAB molecules can attract to the substrate and restrict
the mobility of the molecules resulting in a delay in reaching the equilibrium surface tension, (2)
improving the non-wettability of the coatings by hydrophobization and (3) formation of a second

layer of surfactants on the solid-liquid interface.

Since the final wetting area of the droplets at the end of the retraction phase has a critical role in
the probability of ice nucleation, we analyzed the relaxing diameter based on the captured high-
speed frames. This dimensionless number is the ratio of the final diameter at the end of the
retraction phase (~t = 50-60 ms) to the initial diameter of the droplets at the time of the impact.
The results of this analysis for the droplets of water and surfactants solutions are given in Figure

4.6a-c at different temperatures.

Figure 4.6a shows the droplets relaxing diameter for water and SDS solutions. It is seen that even
at a low concentration of 0.5xCMC at —10 °C, the SDS solution has a significantly higher relaxing
diameter of 1.51+0.05 compared to water (0.45+£0.03). Moreover, increasing the SDS
concentration from 4 to 8 and 16 mM, at this temperature, has resulted in an increase in the relaxing
diameter from 1.51+0.05 to 2.22+0.08 and 2.44+0.04, respectively. Although the enhanced
viscosity at low temperatures has not influenced the relaxing diameter of SDS solutions, it has
increased this parameter for water droplets from 0.45+0.03 to 0.64+0.02 with a decrease in the

substrate temperature from —10 to —30 °C.
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Figure 4.6. Relaxing diameter of water droplets as well as the droplets of SDS, CTAB and MEGA-

10 solutions of various concentrations at —10, —20 and —30 °C. The impact velocity was 1.08 m/s.
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Figure 4.6b shows the same parameter for CTAB-laden and water droplets. It is evident that
CTAB-laden droplets, regardless of the concentration, have a higher relaxing diameter compared
to the water droplets. For example, 0.45 mM CTAB has a relaxing diameter of 1.07£0.01 at —10
°C, which is significantly higher than that of water (0.45+0.03). It is to be noted that similar to the
previous sections, the ability of CTAB solutions in promoting a larger wetting diameter is almost

independent of the concentration and not as high as that of SDS solutions.

According to Figure 4.6¢, the MEGA-10 solutions, similar to SDS solutions, have a higher relaxing
diameter than water droplets. As a proof, the relaxing diameters of MEGA-10 solution droplets,
having concentrations of 2, 7 and 14 mM, at —10 °C, are 1.49+0.03, 1.87+0.12 and 2.13%0.06,
respectively, which are all higher than that of water (0.45+0.03). The enhanced viscosity effect is
also clearly seen for MEGA-10 solutions, where the relaxing diameter of 2 mM MEGA-10 solution
increases from 1.49+0.03 to 1.51+0.51 and 1.66+0.31 with a decrease in the temperature from —

10 to —20 and 30 °C, respectively.

By comparing the relaxing diameters of SDS, CTAB and MEGA-10 solutions at CMC, with an
equilibrium surface tension of ~34-35 mN/m, it is seen that CTAB solutions are more capable of
preserving retraction properties of water droplets at freezing temperatures. This is most likely
attributed to the larger molecular weight of CTAB compared to SDS and the attraction of its
molecules to the negatively charged sites of the substrate with their heads down, which is not
feasible in MEGA-10 solutions (non-ionic). This bonding of CTAB molecules with the coating
makes the impact surface more hydrophobic and restricts the repopulation of the molecules on the

gas-liquid interface.
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4.3.3 Freezing of Droplets

According to the literature, the freezing time of the droplets at a specific temperature is a good
indicator of the energetic barrier for ice nucleation [157]. In order to study the freezing time of
water and surfactants solutions, we continued capturing the shape evolution of the droplets with
the high-speed camera at 5000 fps in the first 6 min after the impact. Since the freezing time of all
the droplets at —10 °C was extremely prolonged tireezing > 6 min, to better understand the role of
surfactants in this phenomenon, we only report the freezing time of the droplets at —20 and —30 °C
(Figure 4.7). It must be noted that the freezing time was determined by capturing the changes in
the optical transparency of the droplets. However, for the solutions with a retraction ratio close to
1 (i.e., SDS and MEGA-10 solutions at CMC and 2xCMC), the ice buildup was not clearly
traceable since the droplets were in the Wenzel state. In these cases, we determined the freezing

time based on the volume change, which occurs during freezing of the solutions.

The freezing rate is mainly governed by the rate of heat conduction between the droplet and
substrate as well as the heat convection between the droplet and ambient atmosphere [37,38]. The
heat conduction rate through the substrate is described as dQ /dt = —kAAT, where k, A and AT
are the heat conduction coefficient, interfacial area and the temperature difference between the
droplet and substrate, respectively. As shown in Figure 4.7, at —20 °C, for 4 mM SDS solution, the
freezing time is 4391+943 ms, which is significantly lower than that of water droplets
(14472+4607 ms). As the concentration increases to 16 mM, the freezing time decreases further
to 1917+£250 ms. One of the reasons for the observed acceleration in freezing is clearly attributed

to the heat transfer rate between the droplet and the substrate.
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Figure 4.7. Freezing time of water droplets as well as the droplets of SDS, CTAB and MEGA-10

solutions. Ts represents the temperature of the substrates which is equal to —20 and —30 °C.

In the previous sections, it was shown that regardless of the concentration, SDS droplets easily
spread on the substrate, inhibit the retraction and enhance the droplets relaxing diameter (Figure
4.6). This significant increase in the wetting area leads to the dissolve of the insulating air pockets
existing on the superhydrophobic coatings [12], which leads to an increase in the heat conduction
coefficient. Consequently, by transition of the wetting state of the droplet from Cassie-Baxter to
Wenzel, the contact area between the liquid and solid phase increases [172]. As a result, freezing
is accelerated in the SDS solutions and the energetic barrier for ice nucleation on the

superhydrophobic coatings is reduced at subzero temperatures of —20 and —30 °C.
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For the 2 MM MEGA-10 solution, the presence of MEGA-10 molecules has slightly accelerated
the freezing time of the solution compared to water droplets from 14472+4607 to 11362+857 ms
at —20 °C. This slight decrease in the freezing time considerably increases with concentration to
the point that it reaches 2108+359 ms at 14 mM. Note that the same trend is also observed for the
freezing behavior of MEGA-10 solutions at —30 °C. By comparing the droplet impact results of 4
mM SDS and 2 mM MEGA-10 solutions at —20 °C (Figures 4.6 and 4.7), it is seen that although
there is no significant difference between the relaxing diameters of these solutions (1.48+0.07 and
1.51+0.12 for SDS and MEGA-10, respectively), SDS-laden droplets freeze more rapidly. This
might be attributed to the smaller molecular weight of SDS compared to MEGA-10, resulting in a
higher diffusion rate of its molecules toward the interfaces to reduce the surface tension and

possibly filling up more air pockets of the surface.

Unlike SDS and MEGA-10, compared to water droplets, it takes more time for the CTAB-laden
droplets to freeze at —20 °C regardless of the concentration. The freezing times of CTAB solutions
with concentrations of 0.45, 0.9 and 1.8 mM were measured to be 30168+5811, 20102+3083 and
18718+3932 ms, respectively (Figure 4.7-top). Similar to the previous cases, freezing time
decreases with an increase in the surfactant concentration, which could be attributed to the smaller

surface tension at higher concentrations.

At -30 °C, an extraordinary delay in the freezing time from 295+49 for pure water to 22931420
ms for 0.45 mM CTAB is observed. To better understand this behavior, the freezing time and
relaxing diameter of water droplets were compared with those of the 0.45 mM CTAB solution at
—30 °C (Figures 4.6 and 4.7). It can be seen that the presence of surfactant molecules has resulted
in a higher relaxing diameter of 1.19+0.06 compared to that of pure water with a value of

0.64+0.02. Despite this higher relaxing diameter, it seems that heat conduction is not accelerated
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and therefore, the ice nucleation in the solid-liquid interface of the CTAB solutions probably has
a larger energetic barrier. We hypothesize that the unique interactions between CTAB molecules
and AKD substrates could be the reason for the delay in freezing. The negatively charged sites of
the AKD coatings attract the positive charges of the CTAB heads. The heads-down arrangement
of the CTAB molecules provides the possibility of forming a second layer of molecules, tails to
tails, on top of the first layer by hydrophobic interactions. The CTAB double molecular layer could
act as an insulating layer against heat transfer between the droplet and the substrate and enhance
the energetic barrier for ice nucleation. This may explain the extraordinary delay seen for CTAB-
laden droplets at freezing temperatures of —20 and —30 °C. Since the freezing time decreases at
higher concentrations, one can conclude that after a critical concentration, where a bilayer is

formed on the surface, any further increase in this parameter accelerates freezing.

The influence of molecular weight, concentration and ionic nature of surfactants was also
investigated on the ice front propagation inside the droplets. The freezing dynamics of all droplets
were captured on superhydrophobic AKD coatings at —20 and —30 °C. For example, Figure 4.8
shows the droplet freezing dynamics of water and the solutions in the first 30000 ms after the start
of freezing at —20 °C. In all cases, the first freezing stage starts with a rapid kinetic crystal growth
at t = 0 ms (pointed with red arrow). This stage, which is identified by a change in the transparency
of the droplets, starts from one contact point of the droplet with the solid-liquid interface and

progresses throughout the whole droplet in less than 50 ms.
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Figure 4.8. Freezing stages of water droplets as well as the droplets of SDS, CTAB and MEGA-
10 solutions with concentrations of 4, 0.45 and 2 mM, respectively, having an equilibrium surface
tension of 44.73+0.51 mN/m. The temperature of the substrate is equal to —20 °C. The scale bar is

the same for all the frames.

Since the freezing starts from the solid-liquid interface, it can be said that the ice nucleation for
the droplets of water and solutions is heterogeneous. It is to be noted that previous reports have
introduced this type of ice nucleation as the main mode of crystallization for water droplets at the
freezing temperatures of —20 and —30 °C [157,173]. In the next stage of freezing, when the droplet
becomes fully opaque, it remains at the equilibrium temperature of 0 °C and an ice front is observed
progressing vertically toward its tip (~ t = 1000 ms). The second stage happens isothermally and

is a function of the heat transfer through conduction and convection among three phases [37,38].

We measured the time required for the ice front to progress from the solid-liquid interface until it

finally contains the whole droplet, the results of which are given in Table 4.2. These results show
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that in all cases, lowering the temperature of the substrate from —20 to —30 °C decreases the
required time for ice front propagation. For example, by decreasing the temperature from —20 to —
30 °C, the required time for ice front progress of water droplets is approximately reduced by 9
seconds, which is due to the higher heat transfer rate at lower temperatures. Additionally, it is seen
that in almost all cases, as the concentration of the surfactant increases, the ice buildup process is

accelerated.

Table 4.2. The time required for ice front formation inside the solutions and water droplets at —

20 and -30 °C

Concentration (mM) | Temperature (°C) | Ice front formation time (s)

-20 33.4+3.3

045 -30 23.243.3

-20 25.2+1.2

CTAB 09 -30 23.5+3.6

18 -20 29.1+1.7

' -30 20.9+2.6

) -20 33.8+4.1

-30 17.9+6.1

-20 25.0+2.4

MEGA-10 ! 30 17.2455

14 -20 21.1+1.8

-30 12.6+0.8

4 -20 30.9+1.6

-30 18.3+3.4

-20 16.5+1.1

SDS 8 -30 11.241.6

16 -20 15.240.1

-30 9.3+0.9

-20 36.6+4.2

Water 0 30 27.5%6.2

By comparing the results presented in Figure 4.7 and Table 4.2, it is evident that in all cases,

increasing the concentration of the solutions makes both the droplets freezing time and the ice
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front progress faster, possibly due to enhanced heterogeneous nucleation assisted by surfactants
[174,175]. This shows that the extraordinary freezing delay observed in the previous section for
CTAB solutions is more likely due to the formation of the insulating CTAB-bilayer on the coating
and slower diffusion of their molecules toward interfaces compared to the other solutions. This
leads to preservation of more air pockets on the surface and a lower heat conduction coefficient
between the solid and liquid phases, which can lead to a higher energetic barrier for the

heterogeneous ice nucleation.

4.4 Conclusions

We investigated the influence of the physicochemical properties of surfactants, as commonly used
additives in various industrial applications, on the dynamic behavior and freezing of the droplets
on non-wettable coatings at low temperatures. We elucidated the roles of concentration, molecular
weight and ionic nature of three well-known anionic, cationic and non-ionic surfactants on these
phenomena. Our results revealed that surfactants with smaller molecular weights and higher
concentrations, compared to the other solutions, promote higher maximum spreading factors.
Additionally, we showed that when the surfactant molecules and substrate have opposite charges,
the surface non-wettability increases and the droplet behaves more similarly to water in the
spreading and retraction phases. It was also shown that as the temperature of the substrate
decreases, due to the enhanced viscous effects, the ability of the droplet to spread and retract
decreases. In terms of freezing time, surfactants solutions generally freeze faster than pure water
due to having a higher heat transfer rate with the substrate and a larger interfacial area, which are
the results of the transition of the wetting state from Cassie-Baxter to Wenzel. An extraordinary
freezing delay was observed, however, for CTAB solutions at —20 and —30 °C. This freezing delay

could occur due to the interaction of the positive charges in the CTAB solutions with the negatively
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charged sites of the AKD substrates. This phenomenon results in (1) hydrophobization of the
substrate, (2) preservation of more air pockets on the surface and (3) formation of an insulating
layer on the solid-liquid interface, which increase the energetic barrier for heterogeneous ice
nucleation. Furthermore, it was shown that in all cases, the presence of surfactant molecules assists

the heterogeneous freezing of the droplets at both subzero temperatures of —20 and —30 °C.
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Chapter 5. Applications of AKD in Micro-Electro-Mechanical Systems (MEMS)

5.1 Fabrication and Characterization of Co-Sputtered Nickel-Tungsten Thin Films

5.1.1 Introduction

Over the past few years, nickel-tungsten (Ni-W) alloy coatings have gained much attention owing
to their novel mechanical [47,48], tribological [49], thermal [50] and anti-corrosion properties
[51]. As such, due to their high hardness, they are considered as a potential alternative to hard
chromium coatings [176]. There are two techniques for the fabrication of Ni-W alloy films,

including magnetron sputtering [177,178] and electrodeposition [179].

According to literature, electrodeposition is the most common and facile method to fabricate Ni-
W coatings with low W content (less than ~23 atomic percent) [177]. Consequently, several studies
have been conducted on the metallic alloys prepared by this method in order to characterize the
mechanical properties and microstructure of the electrodeposited coatings [179-183]. Although
this method is simple and effective, it suffers from some shortcomings that make it less attractive
for the synthesis of such alloys. One drawback of this wet chemistry process is its limitation to be
applied to all types of substrates. Furthermore, lack of uniformity in the fabricated coatings and
generation of hazardous waste products during processing are some other major concerns of this

method.

In order to fabricate Ni-W films, magnetron sputtering has been utilized as an alternative approach
to electrodeposition. Since magnetron sputtering, which is a physical vapor deposition (PVD)
method, is conducted under vacuum and uses pure targets as starting materials. This method is
significantly cleaner than electrodeposition and can precisely control the composition of coatings.
To our knowledge, there have been only a few reports on the sputtered Ni-W alloy thin films with

thickness under 2-3 pum [177,184,185]. In one study on sputtered ~50 nm Ni-W coatings, it was
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shown that the samples containing up to 24.2 atomic percent (at.%) W were completely
nanocrystalline while by increasing the W content to 30.8 and 66.3 at.%, respectively, amorphous-
nanocrystalline and nanocrystalline phases appeared in the microstructure [185]. The authors
demonstrated that the correlation of hardness with W content in nanocrystalline Ni-W alloys,
containing up to 20 at.% W, is linear; thus, it will not be reliable to utilize the traditional models
to predict the solid solution strengthening behavior of such materials [185]. It is worth noting that
based on the traditional models, the hardness from alloying is correlated to the W composition in

the form of a parabolic equation [186,187].

In another study, Ni-W thin films were annealed at 800 K for 1 h to investigate the impact of heat
treatment on their mechanical properties and microstructure. It was shown that for samples
containing less than 25 at.% W, a softening was observed after annealing due to the grain growth
and drop in hardness. On the contrary, by increasing the W content from 25 to 85 at.%, although
the grain size of the samples increased by approximately 10 folds (from ~10 to ~100 nm) after
annealing, the hardness increased [184]. This hardness enhancement could be more attributed to

the phase composition of the coating rather than the grain size and Hall-Petch effect.

The present study aims to investigate the impact of W content on the mechanical properties and
surface morphology of the co-sputtered Ni-W alloy thin films. According to the literature, the
majority of studies in this area have focused on the Ni-W alloys with W contents below 40 at.%.
Thus, this is the first study on co-sputtered Ni-W alloy films focusing mostly on the impact of the
W content and alloy phase on the mechanical properties and surface morphology of the films with
thicknesses of < 2.5 um. A series of experiments were carried out on a broad composition range
of Ni-W alloy thin films from pure Ni to pure W deposited on silicon wafers using magnetron co-

sputtering under vacuum at low sputtering pressure (0.27 Pa). The silicon wafer substrates were

113



coated with a thin (~20 nm) buffer layer of titanium (Ti) prior to co-sputtering. By controlling the
sputtering power of Ni and W guns as well as the sputtering pressure and without any further heat
treatment, a high hardness of 21.9£2.0 GPa was achieved for the sample containing 79 at.% W
with a thickness of 2.5 um. We believe that this study is a step forward toward enhancing the
understanding of microstructure and surface morphology of Ni-W thin films as potential substrates
used in a wide variety of high-tech applications including micro- and nano-electro-mechanical

systems [188].

5.1.2 Experimental Procedure

To produce the Ni-W alloy thin films, we used an ATC-Orion 5 UHV magnetron sputtering system
(AJA International, USA) equipped with three targets: Ni (99.999%), Ti (99.995%) and W
(99.95%). All three targets had a diameter of 2 inches (50.8 mm) and were purchased from AJA
International. Single-side polished silicon wafers with an orientation of (1 0 0), a diameter of 100
mm and a thickness of 500 um (UniversityWafer, USA) were used as substrates. High-purity argon
(Ar) was used as the sputtering gas. Prior to co-sputtering Ni and W, a thin layer (~20 nm) of Ti
was deposited on the silicon wafers at cathode power of 50 Watts for 12 min. The purpose of this
interlayer is to reduce the residual stresses of the samples [189] and have a more uniform coating
with enhanced adhesion [190]. In addition, this layer acts as a barrier against Ni and W diffusion
to the substrate, which generally occurs due to their relatively low energy barriers and tendencies
for forming complex structures with the substrate [191]. Before the sputtering process, plasma of
both Ni and W targets was running with a closed shutter for almost 1 min to ensure that no
contamination is present. The target to substrate distance of the sputtering instrument was ~140
mm. It is worth noting that we conducted a standard sputtering without substrate bias. The

substrates were at room temperature at the beginning of the sputtering and the experiments were
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conducted without cooling/heating the substrates. No plasma etching was performed on the
substrates prior to deposition. During the sputtering, the base pressure of the vacuum chamber and
the sputtering pressure were set at ~1.3x10° Pa (~10 Torr) and 0.27 Pa (2.0 mTorr), respectively.
To achieve the desired composition of Ni-W alloy films (i.e., W content of 0 to 100 at.% with
~20% increments) with a thickness of approximately 1-2.5 um, the radio frequency (RF) power
and direct current (DC) power of the Ni and W guns (cathodes) were varied from 100-270 and 40-
250 Watts, respectively. All the details of the sputtering process including the sputtering time, the
power of both Ni and W guns and the final elemental composition of the samples are given in
Table 5.1. The thickness of the coatings was measured using a DEKTAK 150 surface profilometer

(Veeco, USA). Note that our sputtering machine was not equipped with a crystal monitor module.

To determine the composition of the films, energy dispersive spectroscopy (EDS) was performed
on the samples at a voltage of 20 kV with a scanning area of ~10 umx10 pum using a Hitachi SU-
70 (Hitachi, Japan). Moreover, in order to identify the phases in the samples, we used a
PANalytical X'Pert Pro diffractometer (Malvern, UK) with Ni-filtered Cuxk, X-ray radiation having
a wavelength of 0.15418 nm. The X-ray diffraction (XRD) patterns were collected with a step size
of 0.01" and acquisition time of 40 s per step size in the diffraction angle range of 20 to 110°. The
collected patterns of pure Ni and pure W were then compared against the International Center for
Diffraction Data (ICDD) reference codes to identify the phases. It must be noted that prior to the
phase characterization of the thin films, the XRD instrument was calibrated with standard
reference material (1976b) from NIST (National Institute of Standards and Technology) to ensure
that no peak shifting comes from the instrument. Scanning electron microscopy (SEM) was
conducted on a Hitachi SU-70 system (Hitachi, Japan) to capture the surface features as well as

the growth pattern of the samples. It is to be noted that in order to ensure the quality and accuracy
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of the SEM results, all the images were captured several times. Furthermore, in order to construct
the surface topography of the thin films and measure the surface roughness, we performed atomic
force microscopy (AFM) using a Dimension lcon module (Bruker, USA). We used a silicon
cantilever with a length of 110-140 um, a spring constant of 20-80 N/m and a frequency of 312-
347 kHz. During the AFM experiments, the scanning area and rate were 0.50 umx0.50 um and
0.3 Hz, respectively. Next, the AFM images were analyzed with commercial image-processing
software (Gwyddion 2.55). Finally, the hardness of each coating was measured using a Tukon
1202 digital microhardness tester (Buehler, USA) equipped with a Vickers indenter. All the
hardness measurements were performed on at least 15 randomly-chosen spots on the surface of
the samples. The indentation force load and dwell time were 0.098 N and 10 s, respectively. For
each run, the lengths of the diagonals of the Vickers indent were measured with the instrument’s
high-resolution optical microscope at 50x objective magnification (500x total). The Vickers

hardness was then measured using Eqg. (5.1):

1854.4F
V= (5.1)
where Hy is the Vickers hardness in GPa, F is the applied load on the sample during the indentation

in N and d is the average length of the indent diagonals in mm.

5.1.3 Results and Discussion

The composition of the co-sputtered Ni-W coatings of different alloy compositions (0-100 at.%
W) was determined by using energy dispersive spectroscopy (EDS), the results of which are shown
in Table 5.1. In order to identify the phases present in the films, we collected their XRD patterns

in the range of 20° <20 < 110°, which are displayed in Figure 5.1. The intense peak observed in
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all the XRD patterns at 20 ~69° belongs to the (1 0 0) plane of the silicon wafer substrates

[192,193].

Figure 5.1a shows the XRD patterns of the pure Ni, which perfectly matched with reference code
04-002-1862 [194]. The most intense peak at 26=44.49° corresponds to the (1 1 1) plane of the
face-centered cubic (FCC) Ni [195,196]. Moreover, the other peaks present at 51.82, 76.36, 92.92
and 98.44° matched with (2 0 0), (22 0), (31 1) and (2 2 2) planes of FCC Ni, respectively. By
the addition of 20 at.% W to Ni host (Figure 5.1b), the intense peak of pure Ni is slightly shifted
to the lower diffraction angles from 44.49 to 43.20°, which is in agreement with other studies
[184]. Also, the (2 2 2) plane of Ni is shifted from 98.44 to 94.82°. The reason behind this peak
shifting might be mostly due to the incorporation of the larger W atoms (rw = 1.41 A) [197] Ni
lattice with a smaller atomic radius (rni = 1.28 A) [197], which leads to an increase in the average
of the nearest neighbor distance (i.e., interplanar or d-spacing) [198]. When the W content
increases to 39 and 55 at.% (Figure 5.1c and d, respectively), a weak and broad peak is observed
at 20=42.75 and 41.53°, suggesting the presence of an amorphous (and/or nanocrystalline) phase

[188].

Based on the equilibrium phase diagram of Ni-W binary system (with a solubility limit of ~12
at.% W in Ni) [199], one expects to see a mixture of intermetallic compounds, including NisW,
NiW and NiW: in these range of compositions (Figure 5.1c and d). However, due to the high
guenching rates in magnetron sputtering, this method becomes a non-equilibrium synthesis
process. Consequently, the intermetallic phases might get bypassed in favor of formation of
metastable amorphous phases [200-202]. It is worth mentioning that the sharp peaks in Figure

5.1b suggest a solubility limit of 20 to 39 at.% of W in Ni, which is in contrary to the equilibrium
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phase diagram of this system. One of the main reasons for the observed discrepancy is the non-

equilibrium nature of sputter deposition that could result in supersaturation [203].

It is seen that by increasing the W content from 39 to 55 at.%, the broad peak is still present in the
pattern. To better reveal this trend, two films were fabricated by enhancing the W content to 79
and 100 at.% (Figure 5.1e and f, respectively). According to Figure 5.1e, the intense peak at
20=43.21°, which most likely refers to the solid-solution of the Ni in BCC-W, suggests that the
film is phase pure and the structure is nanocrystalline. Based on the 01-077-3490 reference code
[192,194,204], the most intense peak appears in the XRD results of the pure W sample at
20=39.97° and the other peak at 26=86.25° are indexed as (1 1 0) and (2 2 0) planes of body-
centered cubic (BCC) W. To identify the phases present in the Ni-79 at.% W film, Figure 5.1e and
f should be compared. It is seen that with incorporation of Ni with smaller atoms into the host
lattice (W), the d-spacing has decreased and two peaks of pure W have shifted from 39.97 and

86.25° to higher diffraction angles of 43.21 and 94.83°, respectively.

118



Ni(ll1) Si(100)

Ni (200)
i Ni(220) Ni(311) yy .
Pure Ni }L N aNi (222)(a)
(1L1)
(100)
(222)
Ni-20 at.%W N (b)
(100)
Amorphous peak and/or NC

Ni-39 at%wW J/ \ I ()

(100)

Amorphous peak and/or NC

Ni-55 at.%W (d)

(110) (100)
(220)

Ni-79 at. %W 1 A (e)

W (110) (100)
W (220)
Pure W N (H
[ [ [ I | [ ] I ] 1 ] ] [ ] [ I [
20 40 60 80 100

20 (Degree)
Figure 5.1. X-ray diffraction (XRD) patterns of co-sputtered Ni-W films on silicon wafer
substrates with respect to the W at.% of the samples: (a) Pure Ni, (b-e) Ni-W films with 20, 39, 55
and 79 at.% W, respectively and (f) Pure W. It is to be noted that “NC” in (c) and (d) refers to

nanocrystalline phase.

The XRD peaks, shown in Figure 5.1, were also used to calculate the average crystallites size of

each sample. We fitted the signal intensity and diffraction angle of the patterns using a Gaussian
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distribution function based on Eqg. (5.2), where a is the peak height, x, is the peak center position,

s is the standard deviation controlling the peak width and b is the vertical off-set of the peak.

—(x=x0)*

f(x)=b+ae 257 (5.2)

Then, we applied the results to the Scherrer equation defined as:

g kA
~ Bcos (6)

(5.3)

where k is a constant dimensionless shape factor equal to 0.90 in the present study, A is the X-ray
wavelength (1.54178 A), 6 is half of the diffraction angle in radian and g is the peak full width at
half maximum intensity measured based on the fitted XRD peak using the Gaussian distribution
function in radian. It is to be noted that the reported crystallite size values in Table 5.1 have been

obtained from the most intense peak of the non-amorphous samples which was observed at 39<26

<45°,

Table 5.1. Summary of the sputtering parameters, including the sputtering time and cathodes
(guns) power as well as the thickness, elemental composition (determined by EDS) and the grain

size (from the Scherrer equation) of the Ni-W alloy thin films

Sputtering Cathode (gun) _ _ Crystallite Size
Sample | Time Power (Watts) | Thickness | Ni W based on the
(min) Ni W (um) (at.%) | (at.%) | Scherrer equation
(RF) | (DC) (hm)

1 210 250 - 1.8 100 0 42
2 210 270 40 2.2 80 20 84
3 210 195 55 15 61 39 -

4 210 200 100 2.2 45 55 -

5 210 150 150 2.5 21 79 67
6 75 - 200 1.0 0 100 31
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According to the results obtained from Scherrer equation, it is seen that the crystallite size of the
sample containing 20 at.% W is almost twice as large as that of the pure Ni. This relation is also
seen in the previous studies, where the crystallite size of Ni-20 at.% W was 24+16 nm compared

to pure Ni with a crystallite size of 10+3 nm [185].

To better understand the impact of W addition on morphology of the films, the surface and cross
section of each sample were thoroughly examined by using SEM and displayed in Figure 5.2 (the
full-size versions of the cross-sectional SEM images are given in Figure A6 in Appendix A). It is
evident from Figure 5.2a for pure Ni that the surface is uniform and mainly consists of pointy
features with a mean diameter of 51.58+13.33 nm. Note that these features resemble the growth of
(1 11) planes of FCC Ni in [1 1 0] direction. By incorporating W atoms into the Ni structure up
to 20 at.%, some larger features (compared to pure Ni), with a mean diameter of 77.29+9.05 nm,
are seen, which are surrounded by smaller ones with a diameter of 29.58+5.33 nm. These features
are marked in Figure 5.2b by blue and red arrows, respectively. When we compare the surface
morphology of this sample with its cross-sectional SEM image (inset of Figure 5.2b), a conical
growth pattern is observed, resembling two different surface features previously shown. Moreover,
we compared the surface morphology of the co-sputtered Ni-20 at.% W film in this work with the
one previously reported for an electroplated Ni-W alloy coating with 24 at.% W [198]. The
comparison revealed that in both cases the surface morphology follows the same pattern showing
a mixture of differently shaped features of various sizes. However, the surface features of the films

in this study are much smaller than those of the electroplated coating (2.54+1.42 um).

When the W content increases to 39 at.% (Figure 5.2c), the features with sharp borders, previously
observed in Figure 5.2b, transform to a very smooth surface with some patterns underneath. There

are a few large bumps on the surface, showing a non-uniform pattern in the film. By comparing
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Figure 5.1c and 5.2c, it is concluded that this sample contains amorphous and/or very fine
nanocrystalline structure which is not observed in either plan or cross-sectional SEM views. Note
that SEM of Ni- 39 at.% W was conducted at high magnifications; however, no surface features

was captured, due to the surface being extremely smooth.

When the W content increases to 55 at.% (Figure 5.2d), it is seen that by moving from the Ni-rich
coating (Figure 5.2¢) to the W-rich coating (Figure 5.2d), some small features with a diameter of
36.38+10.64 nm appear on the surface. Considering the small size of these features formed on the
surface, it is suggested that the coating is still in the transition phase from an
amorphous/nanocrystalline to a nanocrystalline structure. By increasing the W content to 79 at. %,
it is seen that two different patterns having small (25.63£6.19 nm, red arrows) and large
(84.25£29.18 nm, blue arrows) features are formed on the surface (Figure 5.2e). The EDS results
verified that the elemental composition of both patterns are identical and contain 21 at.% Ni and
79 at.% W. Therefore, as it is shown in the inset of Figure 5.2e, the difference in the patterns might
be due to irregular directional growth of the atoms during the deposition. By comparing Figure
5.2a-e, it is evident that the mean diameter of the surface features has relatively decreased by

~50%, showing that in higher W concentrations, more grain/columnar boundaries are obtained.

The SEM image of pure W in Figure 5.2f shows that the W atoms have grown in needle-like
patterns having a mean length of 65.24+19.98 nm with different orientations. Moreover, the cross-
sectional SEM image of this sample presents the columnar growth of W atoms on the substrate,

which represents the growth of the BCC films in the close packed [1 1 1] direction [205].
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Ni-20 at.% W

T

Ni-39 at.% W

Figure 5.2. Scanning electron microscopy (SEM) images of the co-sputtered Ni-W thin films with
respect to their W content: (a) pure Ni, (b-e) Ni-W coating with 20, 39, 55 and 79 at.% W,
respectively and (f) pure W. The red and blue arrows in b and e, point to the two types of surface
features observed in these samples. Insets: the cross-sectional SEM images of each sample. The

full-size versions of the insets are given in Figure A6 of Appendix A.

To investigate the effect of W content on the surface topography and roughness of the films, we
conducted a series of experiments using AFM, the results of which are shown in Figure 5.3. In
Figure 5.3a, the topography of the pure Ni film shows that the surface is composed of numerous

large bumps with a diameter and a maximum height of 49.23+13.05 and 9.8 nm, respectively. By
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increasing the W content of the samples from 0 to 20 (Figure 5.3b), the size distribution of the
features on the surface changes. The AFM result reveals that there are some round features with a
diameter of 21.80+2.74 nm (pointed by red arrows) surrounded by larger ones having a diameter
of 52.16+5.34 nm (pointed by blue arrows). By comparing Figure 5.3a and b, it can be concluded
that the addition of W to the Ni structure has decreased the peak-to-valley difference from 17.2

nm for pure Ni to 13.3 nm for Ni-20 at.% W.

Similar to the SEM results, by increasing the W content to 39 and 55 at.% (Figure 5.3c and d,
respectively), the large bumps seen in Figures 5.3a and b disappear and no distinct pattern is
detectable. The 39 and 55 at.% W samples have the peak-to-valley differences of 1.8 and 1.1 nm,
respectively, significantly lower compared with those of the previous samples. This could be due
to the different growth pattern of these two samples than the pure nanocrystalline samples. The
structure growth orientation in such amorphous/nanocrystalline mixed systems does not follow a
particular direction and as a result, no distinct texture appears on the surface. The observed smooth
morphologies in SEM images (Figure 5.2c and d) and the amorphous/nanocrystalline phase

identified by XRD (Figure 5.1c and d) are in agreement with this hypothesis.

The 79 at.% W sample (Figure 5.3e) shows globular features on the surface with an average
diameter of 27.05+£6.57 nm. Among all the nanocrystalline samples, the one with Ni-79 at.% W
has the finest surface features. Finally, the surface topography of sputtered pure W is shown in
Figure 5.3f, demonstrating needle-like patterns that resemble the (1 1 0) planes of the BCC

structure (Figure 5.2f) [205,206].

AFM was used to find the surface roughness of the samples, the results of which are reported in
Table 5.2. The roughness average (Ra) and root mean square (RMS) values of the surface suggest

that the W content plays an important role in the surface roughness of the Ni-W thin films. The
124



RMS of pure Ni is 2.4 nm and by increasing the W content to 20, 39 and 55 at.%, it decreases to
1.9, 0.1 and 0.1 nm, respectively. These results show that the last two samples are markedly
smoother than the other ones. Furthermore, the maximum roughness average (Ra) of crystalline
samples follows the same trend as RMS and decreases with increasing the W content from 0 to 55
atomic percent. The decreasing trend in the surface roughness with increasing W content might be
attributed to the fact that surface morphology of pure Ni is pointy (Figure 5.2a), while the surface

morphology of pure W is needle-like (Figure 5.2f).

Comparing the SEM and AFM results of the films illustrated in Figures 5.2 and 5.3, respectively,
indicates that by increasing the W content, the size of the surface features of nanocrystalline
samples decreases, which is in agreement with the findings of relevant studies in the literature
[185]. Moreover, the roughness analysis of the AFM images, shows that the peak-to-valley
difference values and the roughness of crystalline samples are also reduced as the W content

increases, which might be due to the surface texture and growth patterns of the samples.

Table 5.2. The impact of W content on the roughness average (Ra) and root mean square (RMS)
values of the co-sputtered Ni-W coatings with respect to the elemental composition and

microstructure

Structure (based on the XRD

Sample | RMS (nm) | Ra (nm) (patterns)

Pure Ni 24 1.9 Nanocrystalline
20 at.% W 1.9 1.5 Nanocrystalline
39 at.% W 0.1 0.1 Amorphous and/or Nanocrystalline
55 at.% W 0.1 0.1 Amorphous and/or Nanocrystalline
79 at.% W 1.1 0.9 Nanocrystalline

Pure W 1.0 0.8 Nanocrystalline
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Ni-39 at % W

Figure 5.3. Atomic force microscopy (AFM) of the co-sputtered Ni-W thin films with respect to
their elemental composition: (a) pure Ni, (b) Ni-20 at.% W, (c) Ni-39 at.% W, (d) Ni-55 at.% W,
(e) Ni-79 at.% W and (f) pure W. The red and blue arrows in b point to the two types of surface

features observed in the sample.

To investigate the influence of W content on the mechanical properties of the co-sputtered Ni-W
thin films, we measured the hardness of the samples at 15 randomly-chosen spots using a
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microindentation system equipped with a Vickers indenter. Based on the results, the relation
between the hardness and elemental composition of the samples does not follow the same pattern
in all W composition intervals. Thus, to get a clear idea of the influence of W content on hardness,
all the data points were divided into three groups ( W<40, 40<W<55 and 55<W<80 at.%) and a

linear regression model was fitted to each region, the results of which are displayed in Figure 5.4.
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Figure 5.4. Comparison of Vickers microindentation hardness of the co-sputtered Ni-W thin films
of the present work with relevant studies of the literature with respect to the W content [184,185].
The force load and dwell time of indentation in our hardness measurements were 0.098 N and 10
s, respectively. Linear regression was fitted to each series of data points to quantitatively indicate

the dependency of the hardness on the W addition. c is the W content in the films in atomic percent.

In the first region, in which W content varies from 0 to ~40 at.%, the hardness enhances by an
increase in the W content. A hardness of 6.3+0.6 GPa was measured for the nanocrystalline pure
Ni film, which is in perfect agreement with relevant previous studies [184,185,207]. When the W
content increased to 20 at.%, the hardness increased by ~28% and reached to 8.4+0.5 GPa. At this

127



point, as can be seen in Figure 5.4, the hardness values of nanocrystalline Ni-W alloys containing
up to 20 at.% W are almost in the same range as those reported in other studies [184,185], which
verifies the accuracy of our method and instrument. Note that here the increase in the rate of Hy
with W content is~ 0.17c (c = W content in at.%), which is close to the values of 0.11c and 0.17c
reported by previous studies [184,185], respectively. This increasing trend in the hardness of Ni-
W alloys continues with the addition of more W. According to Figure 5.4, the hardness of the
sample with 39 at.% W is 12.8+1.0 GPa, which is considered a sharp increase for such systems.
To put this into perspective, such high hardness could be achieved from a pure nanocrystalline Ni

if the grain size is reduced from 200 to almost 40 nm [208].

With increasing the W content to 55 at.%, the hardness slightly increases to 14.0+0.9 GPa.
However, the rate of hardness increase (Hv ~ 0.07c) is considerably lower than that of the previous
hardness-composition regime (Hyv ~ 0.17c), which could be attributed to the formation of the
amorphous phase, previously discussed in the XRD results (Figure 5.1c and d). By increasing the
W addition to 79 at.% and disappearance of the amorphous phase, the hardness increases sharply
with a rate of Hy~ 0.33c to 21.9+2.0 GPa, which is the highest value obtained in the current study.
By comparing the increasing rate of hardness in the fully crystalline regions, it is seen that the
hardness increases with a higher rate in the W-rich region. Mishima et al. [209] conducted a
thorough study on role of transition metal and B-subgroups solutes on solid solution hardening of
Nickel. They found that in case of transition metal elements an extra hardening is observed over
what is expected from the same treatment on B-subgroup elements. This extra hardening in case
of transition metals is historically attributed to their electronic interaction with the host Nickel
[210]. In solid solutions, in addition to a climb-glide mechanism, which is dominant in unalloyed

nickel, the solute atoms act as pinpoints and provide further resistance to dislocation motion [211].
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Therefore, considering the effect of W concentration and its extra hardening as a transition metal,
it is plausible that with increasing W concentration, its hardening effect adds up to the alloy in a
nonlinear fashion and results in higher hardness after a certain point. The hardness is then dropped
to 14.7+1.7 GPa for the nanocrystalline pure W.

To get a solid grasp of the underlying mechanisms of increasing hardness in Ni-W alloys, more
in-depth literature studies was carried out. The effect of reduced grain size on the strength of
materials is well known as the Hall-Petch equation proposed in the 1950s [212,213]. In the current
study, we showed that based on the Scherrer equation (Table 5.1), the crystallite sizes of the
samples are between 31 and 84 nm, which are very close. Thus, it is not possible to interpret the
hardness results based on the crystallites size. Therefore, the contribution of solid solution
strengthening from W in nanocrystalline Ni could be remarkable and considered as the main
mechanism for the observed hardness improvement, which is also aligned with the findings of
Rupert et al. on sputtered Ni-W thin films with 0-20 at.% W [185]. Here, the obtained hardness
values for the films up to 20 at.% W are very comparable to those reported by Ref [185], who only
studied the mechanical properties of the films containing 0-20 at.% W with a single-phase solid
solution. Note that the authors observed an amorphous phase for the W content of 30.8 to 66.3

at.%, but did not discuss their mechanical properties in details.

By comparing the hardness results of the present study with those reported in Ref [184], it is
evident that both studies follow the same increasing hardness trend up to 80 at.% W. The only
considerable difference is related to the rate of hardness increase. The higher hardness obtained in
our study might be due to the fact that the W-rich samples are hard BCC, as confirmed by the XRD
and SEM results (Figures 5.1f and 5.2f). However, in Ref [184], instead of BCC W, a metastable

phase of W, namely B-W, which is less hard than BCC W [205], was present in the sample
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containing 75 at.% W. It is well documented that formation of these two phases is a function of
the sputtering pressure [205]. With a lower sputtering pressure, it is more likely to have BCC W.
In this work, we were able to form harder BCC W by having a lower sputtering pressure (0.27 Pa
compared to the 1.3 Pa of Ref [184]). The transition of metastable B-W to BCC W can also be
done by heat treatment of the thin films at high temperatures (~800 K) for more than one hour,

which is a time and energy consuming process [184].

5.1.4 Conclusions

In the present study, the correlation between the elemental composition, microstructure and
mechanical properties of the co-sputtered Ni-W thin films was thoroughly investigated. A series
of Ni-W alloy films with a thickness of <2.5 um were co-deposited on silicon wafers with a thin
layer of Ti (~20 nm). To study a wide range of Ni-W alloys, the sputtering time and power of Ni
and W guns were optimized to fabricate thin films with desired thickness and composition (the W
content varied from 0 to 100 at.% with ~20% increments). The prepared samples were
characterized by energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), scanning
electron microscopy (SEM) to determine the elemental composition, solid phases and surface
morphologies, respectively. Moreover, the atomic force microscopy (AFM) was performed to
study the surface roughness of the samples, reported here for the first time. The hardness of the
fabricated coatings was also measured using a microhardness tester by the Vickers method. Our
results showed that the nanocrystalline structure, surface morphology, surface roughness and
hardness of the Ni-W thin films are dominated by the W content. Based on the results, samples
containing up to 20 at.% W had a nanocrystalline structure, for which the hardness would increase
with a slope of 0.17 by the addition of W. Furthermore, samples having 39 to 55 at.% W composed

an amorphous phase of Ni-W. Although the hardness was less sensitive to the W content
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(Hv~0.07c) due to the presence of the amorphous phase in this region, it still increased by adding
more W. The lowest surface roughness, RMS of 0.1 nm, belonged to two samples in this group
having 39 and 55 at.% W. When the W content increased to 79-100 at.%, the nanocrystalline phase
re-formed, the surface features were refined and the hardness also increased significantly. Finally,
a high hardness of 21.9+2.0 GPa (Ni-79 at.%W) was achieved by controlling the sputtering power

and pressure, without further heat treatment.

5.2 Improving the Non-Wettability of Ni-W Thin Films Using AKD

5.2.1 Introduction

The presence of moisture or water droplets is one of the most challenging issues in micro-electro-
mechanical systems (MEMS). Due to the high wettability of the components used in MEMS, when
a water droplet is introduced into the system, it completely spreads through the whole device and
sticks to the components. This phenomenon can significantly affect the performance of electronic
devices and reduce their lifespan by causing severe damages. One efficient way to solve this issue
is coating the components with a thin hydrophobic layer to repel the water droplets and reduce the
moisture [214]. In the present work, we used alkyl ketene dimer (AKD) to fabricate a thin layer of
non-wettable material on nickel-tungsten thin films, as one of the potential components used in
this industry [215]. To do so, we coated the Ni-79 at.% W thin film, which was the hardest sample

according to the results of section 5.1.3, with a very thin layer of alkyl ketene dimer (AKD).

5.2.2 Experimental Procedure

In order to fabricate a very thin layer of AKD, we used a solution of 5 weight percent (wt. %) AKD
in n-hexane (>95.0%, Sigma-Aldrich, USA). First, 0.328 gr of AKD pellets (the same AKD pellets
from Chapter 2) were dissolved in a specific amount of solvent at room temperature. Then, the

solution was stirred with a magnetic stirrer for 2 min to become completely homogeneous. Finally,
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we immersed the Ni-W thin film, containing 79 at.% W, in the solution for a few seconds. The
AKD solution on the substrate got dried at room temperature after one minute. Note that we
reduced the thickness of the AKD layer as much as possible to avoid any interferes with the surface
hardness of the substrates. In order to study the influence of the AKD coatings on the wetting
properties of the Ni-W thin film, the static, advancing and receding contact angles were measured
at 9 randomly-chosen points of both treated and untreated substrates using a goniometer (DSA25E,

Kriiss, Germany).

5.2.3 Results

Figure 5.5 shows a sessile water droplet having a volume of 5 pl on the treated (left) and untreated
(right) Ni-W thin film. It is seen that the thin layer of AKD has improved the static contact angle
of the surface from 89.5 to 108.5°. The reason for not reaching higher contact angles similar to
Chapter 2 is attributed to the fact that the wetting properties of the AKD coatings are functions of
the surface roughness and morphology. When the thickness of the AKD layer decreases, it is less
likely to develop enough micro-textures on the surface to trap air pockets. Consequently, having
fewer surface air pockets results in an increase in the solid-liquid interfacial area. As it was
previously shown in Chapter 1, contact angle decreases with an increase in the solid-liquid

interfacial area.
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Treated Sample Untreated Sample

Figure 5.5. Static contact of a water droplet having a volume of 5 pl on the untreated Ni-79 at.%

W thin film (right) and treated sample with 5 wt.% AKD solution in n-hexane (left).

Table 5.3 shows the average values of the static, advancing and receding contact angles of the
untreated silicon wafer as the reference sample and Ni-79 at.% W sample, before and after
treatment with the 5 wt.% solution of AKD in n-hexane. It is seen that not only has the AKD
coating enhanced the static and dynamic contact angles of the Ni-W thin film, but it has also
improved the uniformity of the samples. For example, by coating the Ni-W thin film with this
solution, the receding contact angle of the sample has increased from 81.26 to 100.53°.
Additionally, the standard deviation of the same case has decreased from 5.10 to 1.35°. This shows
that by coating the surface with a very thin layer of AKD, the surface of the treated substrate

becomes more uniform than the untreated one.
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Table 5.3. Static, advancing and receding contact angles of untreated silicon wafer, untreated Ni-

79 at.% W and treated Ni-79 at.% W with the 5 wt.% solution of AKD in n-hexane

Static contact | Advancing contact | Receding contact
Sample
angle (°) angle (°) angle (°)
Untreated Silicon 98.60+2.75 99.59+2.20 90.05+6.09
Ni-79 at.% W (untreated) 92.56+3.72 93.55+3.57 81.26+5.10
Ni-79 at.% W (treated) 108.68+3.39 110.72+2.32 100.53£1.35
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Chapter 6. Concluding Remarks and Future Directions

6.1 Conclusions

A facile method has been presented in this work to reduce the curing time of alkyl ketene dimer
(AKD) from 4-6 days to less than 10 min. Other studies have addressed this issue by utilizing
expensive materials, complex methods, non-eco-friendly compounds and highly toxic solvents
(see Table Al). However, our method is straightforward, inexpensive and basic, where only a
green chemical is used to address this issue without any post-curing steps. It has been shown that
the surface morphology of the freshly solidified AKD, prepared from molten AKD at 40 °C, is
completely smooth with no distinguished micro-textures. When the same sample is treated with
ethanol, its surface morphology transforms to a porous structure with numerous micro-textures,
resembling air pockets on the surface. This results in a reduction in the solid-liquid interfacial area,
a significant increase in the contact angle and superhydrophobicity of the substrate. Additionally,
the influence of the melt time and temperature on the wetting properties of the fabricated coatings
was investigated. According to the results, as the melt time and temperature increased to 6 hr and
70°C, respectively, the advancing and receding contact angles reached their maximum value of
160.5 and 158.5°. This method was also shown to be working with other organic solvents,
including methanol and isopropanol. As a proof of concept, this technique was applied to various
materials, including glass slides, standard paper and co-sputtered nickel-tungsten thin films. It was
seen that in all cases, the contact angle increased by 20 to 80%.

In the next step, a detailed investigation on the influence of physicochemical properties of
surfactants, as commonly used additives in the industry, on the dynamic behavior of droplets
impinging on surfaces of various wettabilities was given in Chapter 3. The Weber number of the

impinging droplets was altered in the range of ~6 to 353. Our results showed that the presence of
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surfactant molecules in the solutions always promotes a larger wetting area. As the non-wettability
of the substrates decreases (from superhydrophobic to hydrophilic substrates), the enlarged wetting
area caused by the surfactants becomes more noticeable. Additionally, the dynamic behavior of
the surfactant-laden droplets is notably dependent on the concentration, molecular weight and ionic
nature of the surfactants. When the concentration increases or molecular weight decreases, due to
the increase in the energy dissipation of the system, the surfactant-laden droplets show weaker
oscillations in the retraction phase. However, there was an exception for the cationic solution,
which might be due to the interaction between the positive heads of the surfactant molecules with
the negatively charged sites of the superhydrophobic AKD. This type of interaction leads to
exposure of the hydrophobic tails of surfactants toward the air, resulting in an enhancement in the
non-wettability of the coatings. Furthermore, it was shown that surfactants molecules hinder the
ability of the droplets to minimize their wetting area and detach from the substrate in the retraction
phase by dissolving the air pockets beneath the droplet and increasing the solid-liquid interfacial
area.

Ultimately, the impact dynamics and freezing of these solutions were comprehensively studied at
subzero temperatures of —10 to —30 °C using superhydrophobic AKD substrates. Our results
showed that the temperature-dependent viscosity of the solutions plays a vital role in the dynamic
behavior of the droplets. As the temperature decreases, the maximum spreading factor decreases
and the final wetting area of the droplet increases due to the enhanced viscous effects. Regarding
the influence of physicochemical properties of surfactants on the freezing behavior of the droplets,
it was shown that surfactant-laden droplets generally freeze faster than pure water. This faster
freezing is due to the higher heat transfer rate of the surfactant-laden droplets with the substrates

due to having a larger solid-liquid interfacial area than pure water droplets and dissolving the
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insulating air pockets existing on the superhydrophobic surface. It is worth mentioning that an
extraordinary freezing delay was seen for the cationic solutions at —20 and —30 °C. This might be
due to the different orientations of their molecules compared to the other surfactants. This type of
orientation, where the molecules are arranged on the surface with their heads down, leads to an
increase in the energetic barrier of the heterogeneous ice nucleation. This phenomenon might
happen due to the hydrophobization of the substrate, preservation of more air pockets on the
surface and formation of an insulating layer on the solid-liquid interface. Furthermore, regardless
of the physicochemical properties of the surfactants, the presence of the surfactants molecules
assists the heterogeneous freezing of the droplets at all subzero temperatures.

6.2 Future Works

In Chapter 2, we reduced the curing time of AKD from 4-6 days to lower than 10 min by treating
the freshly solidified AKD, prepared from molten AKD at 40 °C, with ethanol. We were able to
increase the contact angle of the coatings by approximately 80%. Following the work we presented
here, it would be scientifically very interesting to further investigate the mechanism of this reaction
by testing the effect of ethanol on the colloidal properties of AKD in the solution. Since this
approach is very simple and viable for scale up, it would also be interesting to study other polymers

and substrates with this method to tailor desirable morphologies for specific applications.

We also studied the influence of physicochemical properties of surfactants on the impact dynamics
of the droplets. It was shown that the molecular weight of the surfactants has a key role in
determining the impact outcomes and impact dynamics of the droplets. In the following of the
presented work in Chapter 3, it would be interesting to eliminate the other governing parameters,
including the ionic nature and chemical structure of the surfactants from the experiments and only

focus on the molecular weight as a critical parameter affecting this phenomenon. To do so, one
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can prepare the surfactants solutions of the same family with a similar chemical structure and ionic
nature but different molecular weights. Then, by conducting a series of systematic experiments, it
is possible to accurately understand the relationship between the molecular weight and impact

parameters (e.g., maximum spreading factor) of surfactant-laden droplets.

Furthermore, in all our cases, the impact substrate was flat. It has been shown in previous studies
[8] that decorating the superhydrophobic surfaces with cylindrical macrotextures influences the
retraction behavior of water droplets. Since surfactant-laden droplets have a time-dependent
surface tension, any acceleration or delay in the contact time or spreading and retraction time of
the droplets might have remarkable effects on their impact dynamics. As a result, it would be
interesting to study the dynamic behavior of surfactant-laden droplets impinging on flat and curved

surfaces having different textures.

In Chapter 4, we studied the influence of the physicochemical properties of the surfactants on the
impact dynamics and freezing behavior of the droplets at subzero temperatures. In our case, due
to the limitations we had with the experimental apparatus, we were not able to adjust the falling
height of the droplets to alter the impact velocity. It also has been shown in Chapter 3 that impact
dynamics and impact outcomes of the surfactant-laden droplets at room temperature are a function
of their initial kinetic energies. Consequently, it would be interesting to study the influences of this
parameter on the impact dynamics, impact outcomes and freezing behavior of surfactant-laden

droplets at subzero temperatures.
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Appendix A: Supporting Information

Figure Al. SEM images of AKD coatings prepared from a melt isothermally held at different
times at 40°C, and undergone different post-synthesis modifications: (a) isotherm time was 3 min
without any post-solidification treatments, (b) isotherm time was 3 h without any post-
solidification treatments, (c) isotherm time was 6 h without any post-solidification treatments, (d)
isotherm time was 3 min and the solid coating was treated with ethanol, (e) isotherm time was 3 h
and the solid coating was treated with ethanol, and (f) isotherm time was 6 h and the solid coating
was treated with ethanol. Red arrows show particles with irregular random morphologies on the

solid coatings with no post treatment.
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Figure A2. FT-IR spectra of solidified AKD from the isothermally heated melt at 70°C for 3min

(a) as-solidified, (b) solid coating was treated with ethanol, and (c) the as-solidified sample cured

over time with no extra modifications.
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Figure A3. XPS scan surveys of AKD coating from the isothermally heated melt at 70°C for 3

min (a) as-solidified, (b) solid coating was treated with ethanol, and (c) the as-solidified sample

cured over time with no extra modifications.
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Figure A4. Scanning electron microscopy (SEM) images of the impact substrate: (a) AKD, (b)
PTFE and (c) Glass. All the substrates were coated with a thin layer (~2 nm) of platinum prior to

imaging for better electrical conductivity.
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Figure A5. Surface topography of the impact substrates obtained using laser scanning confocal

microscopy: (a) AKD, (b) PTFE and (c) Glass.
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Pure Ni

Ni-20 at.% W

Ni-39 at.% W

Figure A6. Cross-sectional scanning electron microscopy (SEM) images of the co-sputtered Ni-
W thin films with respect to their W content: (a) pure Ni, (b-e) Ni-W coating with 20, 39, 55, and

79 at.% W, respectively, and (f) pure W.
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Table Al. Comparison of the method, operation parameters, chemicals used, contact angle, and

hysteresis of the present study with those of the literature

. Treating Hysteresis/
Summary of Reaction . . Contact L
method time (h) temperature Equipment Chemicals used angle (°) Sliding Ref.
(°C) angle (°)
Dissolving the Rapid Expansion
AKD powder of Supercritical | Liquid nitrogen, | 110-1602 20-50 [77]
. - 40, 60 and . L
in supercritical 1 65 Solutions Liquid carbon
CO; at 100- (RESS) dioxide
300 bar apparatus 152-173° - [76]
Ammonium
Co- .
. hydroxide,
condensation .
of TEOS with Methyltriethoxy
. >12 110 - silane, Phenyl | 140-175° 2-40 [63]
a fluorinated . :
alkvl silane triethoxysilan,
(>|l: AS) Tetraethylortho
silicate (TEOS)
Chemical
vapor 1H,1H,2H,2H-
deposition Sealed vessel erfluorooctyltr
(CVD) of 5 125-150 pe <y 155p <5 [65]
POTS on and oven iethoxysilan
- (POTS), TEOS
silica-coated
paper
Solid AKD X
Heat-treatment 1 50 Oven None 155-160 - [216]
Ethanol 0.05 40 156-158° 2
treatment of Present
the AKD solid Hot plate Ethanol Study
coating 6 70 162-163° 1

& Dynamic contact angle

b Static contact angle
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Table A2. The impact of treating the solid coatings, obtained from the isothermally heated melt at

70°C for 3 min, with different organic solvents on advancing and receding contact angles

Solvent Ethanol | Methanol | Isopropanol
Advancing contact angle (°) | 160.5£1.1 | 159.4+1.7 | 161.9+1.2
Receding contact angle (°) | 158.5+1.5 | 158.2+1.7 | 160.5%1.3

Table A3. The relation between the maximum spreading factor of SDS-laden droplets and Weber

number on the hydrophilic glass, hydrophobic PTFE and superhydrophobic AKD

Maximum Spreading Factor
Surfactant | Weber Number Glass PTFE | AKD
5.75 1.78 1.61 1.28
2 mM 29.48 2.53 2.33 2.08
SDS 71.90 3.08 3.03 2.84
133.02 3.58 3.35 3.90
211.40 3.85 4.19 4,71
7.11 1.65 1.50 1.31
36.46 2.77 2.48 2.18
4;8!' 88.92 3.64 3.13 2.78
164.49 3.61 3.62 3.61
261.41 3.89 3.83 4.36
9.42 2.09 1.65 1.46
48.27 3.06 2.73 2.34
SSng/l 117.73 3.34 3.33 3.01
217.79 3.86 3.74 3.83
346.11 4.21 4.08 4.33
9.21 1.81 1.58 1.40
47.22 2.94 2.81 2.32
1gg]SM 115.18 3.55 3.38 3.36
213.07 3.99 3.76 3.80
338.61 4.24 3.91 3.86
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Table A4. The relation between the maximum spreading factor of CTAB-laden droplets and

Weber number on the hydrophilic glass, hydrophobic PTFE and superhydrophobic AKD

Maximum Spreading Factor
Surfactant Weber Number | Glass | PTFE AKD
5.87 1.84 1.61 1.47
30.09 2.40 2.31 2.08
0.2mM CTAB 73.39 3.09 2.99 3.05
135.77 3.77 3.62 3.78
215.77 4.03 3.96 4.25
6.81 1.64 1.66 1.50
34.89 2.45 2.34 2.12
0.45mM CTAB 85.11 3.06 2.87 2.75
157.45 3.50 3.45 3.57
250.22 4.18 4,01 451
8.67 1.60 1.46 1.32
44.43 2.67 2.50 2.25
0.9 mM CTAB 108.37 3.08 3.08 2.99
200.48 3.60 3.58 3.66
318.61 4.00 3.93 3.65
9.03 1.65 1.57 1.36
46.27 2.53 2.43 2.12
1.8 mM CTAB 112.86 3.23 3.16 2.87
208.79 3.67 3.57 4.03
331.81 4.07 3.82 3.88
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Table A5. The relation between the maximum spreading factor of MEGA 10-laden droplets and

Weber number on the hydrophilic glass, hydrophobic PTFE and superhydrophobic AKD

Maximum Spreading Factor
Surfactant Weber Number | Glass | PTFE AKD
5.67 1.78 1.62 1.44
29.04 2.33 2.36 1.95
0.5 mM MEGA-10 70.83 2.96 2.84 2.79
131.04 3.42 3.38 3.79
208.25 3.73 3.82 3.78
7.30 1.80 1.68 1.39
37.42 2.34 2.29 1.98
2 MM MEGA-10 91.27 3.05 2.73 2.64
168.84 3.37 3.27 3.47
268.32 3.69 3.87 3.61
9.30 1.89 1.60 1.54
47.66 2.71 2.46 2.20
7 mM MEGA-10 116.24 3.25 3.08 3.07
215.05 3.64 3.46 3.43
341.76 3.85 3.76 3.49
9.61 1.85 1.64 1.42
49.25 2.68 2.61 2.24
14 mM MEGA-10 120.12 3.09 3.08 2.74
222.21 3.77 3.49 3.30
353.14 3.89 3.76 3.44
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