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ABSTRACT

The icephobic performance of bioinspired superhydrophobic surfaces (SHSs),
including lotus and petal surfaces, has received significant attention in recent years.
Herein, the icephobic performance of rod-coated, structured polypropylene (PP), and
smooth polymer surfaces with tunable wettability are clarified with several
observational techniques. An assessment of the effects of wettability and surface
energy on ice adhesion (mie) reveal that petal and lotus surfaces lose their
superhydrophobicity under sub-zero conditions. It is also shown that the Ti. values
of rough surfaces increase with hydrophobicity and smooth hydrophobic surfaces
with low surface energy have better icephobic performance than rough surfaces.

The limitations of SHSs in anti-icing applications have focused attention on
bioinspired lubricant-infused slippery surfaces (LISSs). However, little work has
been done to determine the effects of LISS material parameters on ice repellency. To
analyze these effects, we spin-coated lubricant-elastomer layers (LELs) of varying
thicknesses onto smooth and structured PP surfaces using a one-step approach. It
was found that smooth LISSs coated with a thick LEL have ultra-low contact angle
hysteresis (CAH) and tie compared to SHSs and smooth surfaces. LISSs also have
superior dynamic mobility, stability, transparency, anti-dusting, and self-repairing.
Increasing the thickness of the LEL coating on the smooth PP reduces the Tice.

To clarify the effects of surface energy, oil, and nanoparticle content on icephobic
performance, durable one-step silicone-oil-infused slippery coatings were prepared
and used to produce a grid map of wetting behavior for tuning the wettability,
morphology, and slippery properties. An analytic relationship between oil and
nanoparticle content and Tic was also developed. Results revealed that LISSs with
slight hydrophobicity have slippery properties and an order magnitude lower Tic
than the Tice found in SHSs. The 20-wt% silicone-oil-infused slippery coatings with
small amounts of nanoparticles are potential in icephobic applications.

Universal Decimal Classification: 532.6, 539.61, 544.72

Library of Congress Subject Headings: Surfaces (Physics); Surface chemistry:
Hydrophobic surfaces; Ice prevention and control; Adhesion; Polymers; Elastomers;
Polypropylene;  Surface energy; Coatings; Silicones; Lubrication and lubricants;
Nanoparticles
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LIST OF ABBREVIATIONS

AAO anodic aluminum oxide

ACA advancing contact angle

BMIm 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
CAH contact angle hysteresis

CcC closed-cell

CNT classical nucleation theory

DC dry-coated

DMPA dimethylolpropionic acid

DSC differential scanning calorimetry

IPA isopropyl alcohol

LECC lubricant-elastomer infused closed-cell
LEL lubricant-elastomer layer

LEOC lubricant-elastomer infused open-cell
LESPP lubricant-elastomer infused smooth polypropylene
LIC lubricant-infused coated

LICLE lubricant-infused cross-linked elastomer
LINMC lubricant-infused nanoparticle modified coating
LISP lubricant-infused smooth polymer

LISS lubricant-infused slippery surface

MNPP polypropylene with micro-nano-structures
MPP polypropylene with micro-pillars

MPR melt-processible rubber

NMC nanoparticle modified coating

NPP polypropylene with nano-pillars

oC open-cell

PAA poly(acrylic acid)

PC polycarbonate resin

PDMS polydimethylsiloxane

PE polyethylene

PES polyester

PES-0 blank polyester

PET polyethylene terephthalate

PFD perfluorodecalin

PFPP perfluoroperhydrophenanthrene

PMMA poly(methylmethacrylate)

PP polypropylene

PS polystyrene

PU polyurethane

PVC polyvinyl chloride

PVDF polyvinylidene fluoride



RCA receding contact angle

RIIDC repeated icing/ice-detachment cycles
SANC self-assembled nanoparticle coating
SEM scanning electron microscope

SHS superhydrophobic surface

5iO2 NPs silica nanoparticles

SLIPS slippery liquid-infused porous surface
SMPR smooth melt-processible rubber

SPC smooth polycarbonate resin

SPDMS smooth polydimethylsiloxane

SPE smooth polyethylene

SPMMA smooth poly(methylmethacrylate)
SPP smooth polypropylene

SST shear stability test

STHV smooth fluorothermoplastic

TCL triple-phase contact line

THV fluorothermoplastic

TST thermal stability test

WCA water contact angle

LIST OF PARAMETERS

Tice ice adhesion shear strength

Pw wetting pressure

Pewn effective water hammer pressure

Pc capillary pressure

We Weber number

Re Reynolds number

Oh Ohnesorge number

0 droplet density

Vo impact velocity

D initial droplet diameter

u droplet viscosity

o surface tension

J ice nucleation rate

AG free Gibbs energy

K kinetic prefactor

ks Boltzmann constant

Te critical radius

Yw ice-water interfacial energy

AGty difference in volumetric free energy of bulk ice vs bulk liquid
AH volumetric fusion heat of ice melting
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air-water contact area fraction

solid-vapor interface tension/surface energy of solid
solid-liquid interface tension

water contact angle on a rough surface

surface roughness factor

solid contact area fraction at a liquid-solid interface

critical surface free energy

slope of the Zisman plot

dispersive component for the surface energy of a solid
dispersive component for the surface tension of a liquid droplet
polar component for the surface energy of a solid

polar component for the surface tension of a liquid droplet
oil-water spreading coefficient in the presence of air
surface tension of water droplet

water-oil interfacial energy

surface tension of oil/lubricant

solid-oil interface tension

solid-water interface tension

water contact angle

contact angle of oil on a smooth solid surface

contact angle of water on a smooth solid surface
advancing contact angle

receding contact angle

freezing delay time

intrinsic surface energy

diameter at the top of a micro-pit

diameter at the bottom of a micro-pit

distance between the tops of two adjacent micro-pits
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1 INTRODUCTION

Biomimetics has an important reference value for scientists to study smart materials
and face environmental challenges. Research on bioinspired surface materials with
special functions has received extensive attention in some fields. These fields include
chemistry, materials science, physics, engineering, and biomedicine.[1]
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Figure 1. Wettability, morphology, and functions of structures found on various organisms. (a)
Lotus leaf reproduced from ref. [2,3]. (b) Water strider leg reproduced from ref. [1,4—7]. (c)
Mosquito eye reproduced from ref. [8—10]. (d) Gecko foot reproduced from ref. [11,12]. (e)
Rose petal reproduced from ref. [13]. (f) Butterfly wing reproduced from ref. [14—16]. (g) Cicada
wing reproduced from ref. [17—19]. (h) Namib desert beetle reproduced from ref. [20].
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Plants and animal structural surfaces with special functions are common in nature.
Examples these include superhydrophobic surfaces (SHSs) with low adhesion, which
are found on self-cleaning lotus leaves,[2] water-walking water spiders,[4] and
mosquitos with anti-fog and anti-reflective eyes.[8] High-adhesion SHSs, another
common feature, are found in rose petals[13] and self-cleaning gecko feet.[11] Other
examples include butterfly wings with directional adhesion and structural
coloring,[14] anti-reflective cicada wings,[17] and water-collecting Namib desert
beetle backs.[20] The wettabilities, morphologies, and functionalities of these
organismal structures are illustrated in Figure 1. The surface chemistries and
morphologies of such structures can serve as an inspiration for the development of
new synthetic surfaces.

The agglomeration of ice, frost, wet-snow, and supercooled water droplets (0-500
pum) under cold conditions can negatively affect exposed outdoor infrastructures
such as air-sea-land transportation facilities and energy systems.[21,22] Strategies to
mitigate the formation and accumulation of ice can be divided into active de-icing
and passive icephobic approaches.

Examples of the active approach include electrothermal (heating), chemical (salts),
and mechanical removal (scraping, vibration, or twisting) methods. However, the
active approaches can be environmentally unfriendly, energy- and time-consuming,
and expensive.[23,24] Since the 1950s, much research has focused on the
development of preventive, economic, effective, and low-pollution-icephobic
materials.[25-27] Notably, the number of passive icephobic strategies developed has
increased significantly from 2004.[28]

1.1 FUNDAMENTALS OF ICEPHOBIC MATERIALS

The research on icephobic and anti-icing materials has rapidly increased in recent
years. (Figure 2) An icephobic surface is defined as one in which the ice adhesion
shear strength (tice) less than 100 kPa,[29,30] and a Tiee of below ~ 55 kPa allows for
the self-removal of formed ice by a strong breeze.[31]
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Figure 2. Number of articles published per year on icephobic or anti-icing topics. (Obtained
from Web of Science).
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An optimal icephobic material will: i) inhibit the sticking and minimize the
contact time of impinging supercooled water/ice (dynamic property); ii) delay ice
nucleation (static property); and iii) have a low adhesion shear strength for ice that
formes on its surfaces.[23,27,32]

In designing icephobic materials, it is particularly important to understand the
complex nature of icing. Icephobic strategies are generally aimed at ice reduction
either before or after icing. Before icing, the icephobic strategies involve either
dynamic droplet impact or static ice nucleation.

1.1.1 Droplet impact dynamics

Droplet impact dynamics can be divided into three stages. The first stage is spreading,
during which a droplet spreads radially outward until it achieves its maximum
diameter. The second stage is a retraction, and the third stage is the equilibrium or
rebound phase, in which the diameter of the droplet remains constant. If the energy
of the droplet is sufficiently large, it can rebound.[33-35] Figures 3a-b demonstrate
the effects of impact velocity and surface properties on impact behavior.[36]
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Figure 3. (a) Effect of impact velocity on impact behavior. (b) Effect of surface structure on
impact behavior. (Adapted from ref. [36]) (c) Schematics of wetting and anti-wetting states.[37]
(d) Impact behavior of droplet at different Reynolds and Weber numbers.[38]
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The impact behavior of a droplet is affected by two downward pressures and an
upward pressure. The downward pressures are the wetting pressure (Pw) and the
effective water hammer pressure (Pewn), both of which cause the droplet to penetrate
the micro-nano-structures of the surfaces. Although the droplet impact will, in
general, be asymmetrical, Pewn arises only from the velocity component
perpendicular to the surface. The upward pressure is the capillary pressure (Pc),
which acts to prevent the droplet from penetrating the surface structures. When Pc
is less than the sum of the two downward pressures, the impacting droplet will stick
to the surface; otherwise, the impacting droplet remains on the surface in an anti-
wetting state. (Figure 3¢)[37,39]

Several dimensionless parameters are used to characterize droplet impact
dynamics, including the Weber (We), Reynolds (Re), Ohnesorge (Oh) numbers, and
the factor K.[36,40]

VoD _ inertial forces
Re = 20D _ inertial forces 1
u viscous forces ( )
2 L

_0oVp® _ inertial forces
We = o surface tension (2)
Oh = po_VWe viscous forces (3)

ooD Re  +inertial forces *surface tension

K = Oh * Re! % (4)

where, 9, Vo, D, p, and o are the droplet density, impact velocity, initial droplet
diameter, droplet viscosity, and surface tension, respectively. The effects of Re and
We on the impact behavior are shown in Figure 3d.[38] When the value of K is greater
than 57.7, splashing occurs.[40]

One very effective approach to preventing icing is to ensure that impinging
droplets fall before freezing, which can be achieved if the contact time between the
surface and the droplets during the slipping process is sufficiently reduced.[32,41]

1.1.2 Supercooling and ice nucleation

Under cold conditions, ice nucleation is inevitable. To achieve an anti-icing effect
prior to freezing, it is essential to delay ice nucleation or reduce the freezing
temperature, which can be achieved by changing the surface morphology and/or
chemistry.[32]

The formation of ice nuclei requires a thermodynamic energy barrier,[42] and the
formation and subsequent growth of critical ice nuclei take a certain amount of
time.[23] Therefore, before the water nucleates bulk water will remain in the liquid
metastable state below the equilibrium melting temperature (0 °C) in a condition
referred to as a supercooled state. [43]

According to classical nucleation theory (CNT), its initial minimum size of a
critical ice nucleus appears at air-water and/or external solid-water interfaces.
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(Figure 4a) Formation at an air-water interface corresponds to homogeneous
nucleation, which acts on the bulk volumetric liquid phase by evaporative cooling.
Homogeneous nucleation generally occurs at a temperature below -40 “C. Formation
at a solid-water interface corresponds to heterogeneous nucleation. In nature, liquids
are often mixed with impurities (dust, bacteria, etc.) or in contact with container walls.
In general, ice nucleation at above -40 "C involves heterogeneous nucleation, which
must overcome less free energy than homogeneous nucleation.[5,23] (Figure 4b)

(f) .- ..' . : vapor || (b) Nucleation —~ Growth
: ooy g N
° ing
W .
® o .

Radius of ice nucleus (r) '—::;:—%‘:—:_—’:.;?—
ASC r=260m

20C r.=22nm
26C_r = 1.7 nm

Free Gibbs energy AG

Figure 4. (a) Schematic of ice nucleation. (Adapted from ref. [28]) (b)Homogeneous and
heterogeneous nucleation barriers based on classical nucleation theory. (Adapted from ref.
[21,28,44,45])

Under the CNT, the ice nucleation rate of a supercooled water droplet on a surface
(J) is defined as:

J=Kexp (15) ©)

where, AG is the thermodynamic free Gibbs energy required to form a critical ice
embryo and is also the maximum bulk free energy required during ice nucleation. K
is a kinetic prefactor that expresses the diffusion of water molecules to form an ice
embryo. ks is the Boltzmann constant. T is the temperature.[46] The value of AG is
dependent on the actual contact area.[47]

The formation of ice involves the formation and subsequent growth of a critical
ice embryo. The ice nucleus remains thermodynamically stable until reaching a
critical radius (rc), after which it grows spontaneously.[48] The value of r. is
calculated as follows:

— 2w
¢ T AGg, (6)
Yy =28.0+0.25T @)
AG, = = ®)
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where, yiw is the ice-water interfacial energy in units of mJ/m?2. AGtvis the difference
in volumetric free energy between the bulk ice and the bulk liquid. AH is the
volumetric fusion heat of ice melting, which is 350 MJ/m3at -10 "C. Tm is the melting
temperature (273 K).[21,28,49] When the roughness of a low-surface-energy solid
surface is lower than r., ice nucleation will be delayed, resulting in a condition similar
to homogeneous nucleation.[41]

Under humid conditions, chilled surfaces will rapidly condense microdroplets (=
10 um) and frost, resulting in the nucleation of ice.[23,27] The formation mechanisms,
features, and densities of the two main physical icing types (glaze and rime) are listed
in Table 1.[50]

Table 1. Formation mechanisms, features, and densities of different ice types.[50-52]

Type of ice Mechanism of ice formation Feature of ice Ice density
o Supercooled freezing rain, drizzle,
) ) Transparent
and wet snow with a diameter . A
. high density 3
ranging from 70 ym to a few hard ~0.9 glcm
millimeters completely wet a solid e
. difficult to remove
surface to form glaze ice.
Soft rime
low densit
In high-humidity cold conditions, owWheitr;sw 0.2-0.6 g/cm?
supercooled water vapor with a :
. ) brittle
diameter ranging from 5-70 um -
freezes quickly on a solid surface Hard rime
: Opaque 0.7-0.9 g/cm®
low-medium strength

1.1.3 Ice adhesion

The ice adhesion shear strength (tic), which is the maximum force required to
remove ice per unit area of cross-section,[53] is an important parameter for
characterizing ice repellency following water nucleation.[27] The work of adhesion
of a liquid droplet on a solid surface (Wadn) can be calculated using the Young-Dupré
equation based on the redefinition of Gao and McCarthy:[54-56]

Wadn = v, (1+ cos 6g) 9)

where, yuv is the liquid-vapor surface tension of the liquid droplet and Or is the
receding contact angle.

At a molecular level, the Tie on a solid surface originates from van der Waals
forces, electrostatic interaction, hydrogen bonding, or covalent chemical bonding.
However, only solid surfaces with hydroxyl groups can induce hydrogen bonding.
Only surfaces with specific chemical and crystal arrangements can produce covalent
chemical bonding at a distance range of 0.1-0.2 nm. Thus, for most solid surfaces the
van der Waals force and electrostatic interaction are the mechanisms producing Tice.
The electrostatic interaction is caused by interattraction between the charge on the
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ice surface and induced charge on the solid surface. Mechanical interlocking creates

the van der Waals force, which can be affected by viscoelastic properties.[32,57-60]
When the ice layer and the solid surface textures have mechanical interlocking,

the ice adhesion strength (F) is expressed with the following equation. (Figure 5a)

F =F,an+ O(Fon+ Fagn) (10)

where, Fadn is the adhesive strength. ¢ is the air-water contact area fraction. Feonis the
cohesive strength.[61] The value of the cohesive force is about 1600 kPa and is much
greater than the adhesive force.[23] Therefore, this explains the rough surface with
mechanical interlocking effect has a large ice adhesion.
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Figure 5. (a) Model of cohesive and adhesive failure on a rough surface with mechanical
interlocking effect.[61] (b) Ice adhesion obtained through normal force.[62] (c) Ice adhesion
measured through sessile microdroplet adhesion with a surface tension tester.[63] (d) Ice
adhesion measured through centrifugal force.[64] (e) Ice adhesion measured through 0° cone
test method.[65] (f) Ice adhesion measured by horizontal force gauge.[55]

The measured value of ice adhesion depends on the measurement method used
and the type of icing. To date no uniform standard has been developed to measure
ice adhesion;[32] in general, five approaches are used, as shown in Figure 5b-f.

1.2 SURFACE PROPERTIES

There have been a number of recent studies on the relationship between ice adhesion
and dry material parameters. Meuler et al. reported that, when the receding contact
angle is less than 120" on a smooth surface, Tie and the parameter (1+cosOrc) are
linear.[55] Under certain conditions, linear correlations between Tie and surface
energy, water contact angle, and contact angle hysteresis have also been
reported.[58,66-68] The effects of lubricant-infused slippery surface (LISS)
parameters on icephobic applications have also been explored. Vogel et al. showed
that closed-cell (CC) structures are superior to open-cell (OC) structures in the
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immobilization of lubricant.[69] Liu et al. demonstrated the effects of surface
chemistry, length scale, and surface morphology on freezing delay time, ice adhesion,
and lubricant retention.[70] These studies show how icephobic materials can be
achieved through the control of surface properties such as surface structure and
energy and wettability.

1.2.1 Surface structure

Surface modification techniques typically involve physical and chemical methods.
The most common physical methods include photolithography, femtosecond laser
ablation, plasma etching, spin coating, spray coating, electrospinning, template
method, ion-assisted deposition, and phase separation. The most common chemical
methods include sol-gel method, electrochemical deposition, atomic layer deposition,
layer-by-layer deposition, and hydrothermal synthesis.[71,72] (Figures 6-7)
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Figure 6. Characteristics of physical methods.[71,72] The schematics of the photolithography,
electrospinning, ion-assisted deposition, and phase separation reproduced from ref.[73-76].
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Figure 7. Characteristics of chemical methods.[71,72] The schematic of the sol-gel, atomic
layer deposition, layer-by-layer deposition, and hydrothermal synthesis processes are
reproduced from ref. [77-80].

1.2.2 Wettability

Surface wettability is a joint function of surface structure and chemical
composition.[71,81] Wettability can be described in terms of the water contact angle
(WCA). It is generally accepted that a solid surface will be hydrophilic when WCA <
90°; Conversely, the surface will be hydrophobic at WCA > 90°. A solid surface with
a WCA > 150° is defined as a superhydrophobic surface (SHS). The contact angle
hysteresis (CAH) is the difference between the advancing contact angle (ACA, Oadv)
and the receding contact angle (RCA, Orec).[82]

23



Hydrogen bonding between water molecules and a solid substrate are used to
absorb water and produce an adhesive force. The strength of the adhesive force on a
solid substrate depends on the magnitude of the hydrogen bonding. The cohesive
force exists in the water. A hydrophobic surface will have a weak adhesive force and
a strong cohesive force, while a hydrophilic surface will have a strong adhesive force
and a weak cohesive force.[83,84] (Figure 8)
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Figure 8. (a) Schematic of adhesive and cohesive forces at a liquid-solid interface.[85] (b)
Relationship between wettability, water contact angle and interaction force.[86]

In the static state, wettability is determined by the interface balance of the three
phases (solid, liquid, and vapor).[41] The WCA of a liquid droplet on an ideally
smooth and chemically homogeneous surface is expressed with Young’'s equation,
which was first proposed in 1805:[54]

(Ysv—7¥sL)
cosO = (11)

YLv

where, O is the water contact angle. v is the interface tension. Subscripts S, L, and V
indicate solid, liquid, and vapor, respectively. (Figure 9a)

As Young's equation will be invalid for a liquid droplet on a rough surface, in
1936, Wenzel derived the following equation of wettability on a rough surface:[87]
(Figure 9b)

cos 6*= Rcos6 (12)

where, 0" is the WCA on a rough surface. R, the surface roughness factor, is the ratio
of the actual area of the rough surface to its geometrically projected area. A water
droplet in the Wenzel state will completely penetrate a textured structure, forming a
homogeneous and continuous triple-phase contact line (TCL).[88]

However, the Wenzel model will not be effective for a solid texture with air
pockets. To account for this, in 1944, Cassie and Baxter formulated the WCA on a
heterogeneous rough solid surface:[89] (Figure 9c)

cos0 = dg(cos 6+1) -1 (13)

where, 0" is the WCA on a rough surface with a discontinuous TCL. ¢s is the solid
contact area fraction between the liquid droplet and the solid substrate.
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Figure 9. (a) Young’s wetting mechanism.[88] (b) Wenzel wetting mechanism.[88] (c) Cassie-

Baxter wetting mechanism.[88,90] (d) Wetting mechanism on petal surface.[90]

There are two representative SHS wetting modes: the lotus and petal states. When
the CAH < 10°, the SHS will be a lotus surface with a Cassie-Baxter state. A lotus
surface will have low adhesion and self-cleaning property. (Figure 9c) The actual
contact area between a droplet and lotus surface will generally be less than

10%.[91,92]

At CAH>10’, the SHS will be a petal surface with high adhesion. A water droplet
on a petal surface will penetrate its micro-structures (Wenzel state) while leaving air
cushions in the nanostructures (Cassie-Baxter state). As such, a petal surface will be

in a Cassie-Wenzel intermediate state.[13] (Figure 9d)
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Figure 10. Timeline of major advances in the field of liquid repellency.[32]
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1.2.3 Surface energy

Surface energy and surface tension are the energies used to define the unit surface
area.[93] Surface tension is associated with the liquid surface, while the surface
energy is used for solid surface. Surface energy is a characteristic parameter of the
composition of the solid surface and is given in units of dyne/cm or mN/m.[94]

The surface energy of a solid affects its interaction with the surrounding media in
terms of, e.g., adsorption, wetting, and adhesion.[95] The numerical value of surface
energy is usually derived from measurements of the contact angle of a liquid on the
solid’s surface based on an application of Young's equation (Equation 11). In Young's
equation, yrv and the contact angle 0 on an ideally flat surface can be obtained. As
the solid-liquid interface tension yst is not directly measurable,[95,96] the Zisman
and Wu methods are used to calculate it and obtain the surface energy of the solid,
YSV.

The Zisman method assumes that the surface energy of a solid will be equal to the
maximum surface tension of a liquid for which the solid-liquid contact angle is 0°.
The maximum surface tension of a liquid is defined as the critical surface free energy
(vc). The relationship between 0 and yLv, which is plotted in Figure 11, is derived as
followed:

cos O = 1—b(yLV- ysv) (14)

where, b is the slope of the Zisman plot. The Zisman method is only applicable to
non-polar surfaces.[97]

cosl

=

"
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Figure 11. Zisman plot based on measured data.[98]

&

The Wu method applies the harmonic mean to describe the surface energy of a
solid as the sum of the surface tensions of a dispersive (y9) and polar components
(yP). Solid-liquid interfacial energy, yst, can be expressed as follows:[99,100]

d_d P p
4vsvyy  Msv¥iv

= + - d.,.d - p_.p (15)
VsL T YsvT YLy g+ yd,, VB vy
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It had been shown that the surface energies of various hydrocarbon and
fluorocarbon groups decreases in the following order: -CHz > -CHs > -CF2 > -CF2H >
-CFs. Research has indicated that the surface energy of a smooth surface aligned with
hexagonal-closed-packed —CFs groups can be as low as 6.7 mJ/m2.[101]

1.3 TYPICAL ICEPHOBIC MATERIALS

Icephobic materials can have either a solid or liquid surfaces. Over the past few
decades, research on icephobicity has discovered several classic icephobic materials.

Li et al. reported that the ice nucleation rate of a hydrophilic surface is about one
order of magnitude lower than that of a hydrophobic surface.[102] Wang et al.
demonstrated that a soft material polydimethylsiloxane (PDMS) elastomer (Sylgard
184) can be used for anti-icing applications because the difference in modulus
between the ice and the soft material results in a strain mismatch when the ice is
removed. Increasing the PDMS elastomer thickness reduces the ice adhesion.[103]
(Figure 12a) Cui,[66] Bharathidasan,[104] and Susoff[65] et al. found that smooth
surfaces with low surface energy and slight hydrophobicity can demonstrate low ice
adhesion values. Good candidates for icephobic materials include low-surface-
energy fluoropolymer, silicone polymer, and fluorosilicone copolymer coatings.[105]

Materials with lubricating layers have also been shown to be resistant to ice.
Lubricating layers can be formed from the air (SHS), liquids (organic LISS or aqueous
lubricating layer with hygroscopic polymers[106]), or other media. (Figure 12b) The
other media include materials in which phase change releases heat,[107] antifreeze
proteins,[108] or particles that display a photothermal effect under near-infrared
irradiation.[109]
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Figure 12. (a) Ice adhesion as a function of the square root of the inverse of the thickness
(1/thickness)'2.[103] (b) Anti-icing mechanisms of materials using air, liquid, or other media ad
lubricating layers.[23]

A summary of the ice adhesion values of various materials is given in Figure 13.

The most commonly studied of these materials in the context of icephobicity are SHSs
and LISSs.
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Figure 13. Summary of the ice adhesion values for various materials.[32]

1.3.1 Superhydrophobic surfaces

Owing to their extraordinary water repellency, SHSs are considered to have
significant potential for use in icephobic applications. The main mechanism of the
low ice adhesion on an SHS is the freezing of water in a Cassie-Baxter state, in which
air pockets between the SHS and the ice reduce the actual contact area. In addition,
the heterogeneous wetting state of the SHS reduces the amount of heat transfer,
delaying the freezing of water on the cold surface.[23,92]

Kulinich et al. found that SHSs with low CAH exhibited ~ 4 - 5.7 times lower ice
adhesion than smooth surfaces with similar surface chemistries.[64] He et al.
demonstrated that, when the contact area fraction of solid on an SHS is less than 0.068,
the SHS will maintain its superhydrophobicity at the dew point.[110] Guo et al. found
that micro-nano-structured SHSs have the longer freezing delay times (~ 7000s) than
either micro-structured, nano-structured, or smooth surfaces at -10 °C.[63]
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Mishchenko et al. reported that at temperatures between -25 to -30 “C, impacting
supercooled water would roll off a highly ordered SHS before freezing, resulting in
an ice-free state.[111]

Not all SHSs, however, are icephobic. The limitations of SHS in their icephobic
applications are that weak stabilities at high temperatures, pressures, humidities, and
impact speeds, and weak mechanical resistances. [112-114]

Varanasi et al. showed that, in cold and humid environments, frost forms in the
textures of an SHS, resulting in a transition from a Cassie-Baxter to a Wenzel state.
The increased contact area significantly increases ice adhesion.[112] Kulinich et al.
reported that, following several de-icing processes, the surface textures of an SHS are
gradually destroyed, resulting in enhanced ice adhesion.[113] Surface structures
damaged in this manner are difficult to repair, making SHSs generally useless in
icephobic applications.

1.3.2 Lubricant-infused slippery surfaces
1.3.2.1. Overview

In 2011, Aizenberg proposed a novel type of lubricant-infused slippery surface (LISS)
inspired by Nepenthes plants, comprising a Teflon porous membrane and
perfluorinated lubricants. Such surfaces exhibit an extraordinary slippery property
and are omniphobic. In other words, they can repel various liquids, including water,
hydrocarbons, crude oil, blood, and ice.[115]

LISSs have soft smooth surfaces with physical and chemical homogeneity. The
lubricants completely wet solid surfaces through roughness, chemical affinity, or
electromagnetic interaction. The LISSs exhibit extremely low CAHs and effective
slippery properties even in high humidity environments.[53,69,115,116]

The commonly used solid materials and lubricants used to fabricate LISSs and the
applications of the resulting surfaces are shown in Figure 14. The fabrication of a
conventional LISS is a two-step process involving the formation of a porous substrate
followed by infusion of a lubricant layer. The lubricant locks in the porous textures
via van der Waals and capillary forces.[115]
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Figure 14. Commonly used solid materials, lubricants, surface structures, and applications of
lubricant-infused slippery surfaces.[31,115,117-122]

In addition, the slippery property of a LISS will be activated by external stimuli
such as temperature, magnetic or electric fields, mechanical stimuli, changes in pH,
or light.[123] (Figure 15) For example, Wang et al. reported that a lubricant-infused
porous graphene sponge covering a shape-memory polymer (trans-1,2-polyisoprene)
had a slippery property in a compressed state. When the compressed structure
rebounded under electrical stimulation, the surface lost its slippery property.

1.3.2.2. Stability

Because the lubricants in conventional LISSs are prone to depletion, migration, and
evaporation, it is important to improve lubricant retention. The three criteria for
maintaining thermodynamic stability are: i) the lubricant is non-volatile and unable
to cloak the condensate liquid; ii) the lubricant and condensate liquid are immiscible;
and iii) the lubricant wets the solid surface more easily than a condensate
liquid.[114,115] Five common approaches to improving LISS stability are shown in
Figure 15.
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Figure 15. Stimuli-responsive lubricant-infused sllppery surfaces LISSs) and common
approaches to improving LISS stability.[69,124-127]

The cloaking behavior of a water droplet is determined by its oil-water spreading
coefficient in the presence of air (Sow():[128]

Sow(a) = Ywa™ Ywo™ Yoa (16)

where, v is the interfacial tension. Subscripts o, w, and a correspond to oil/lubricant,
water, and air, respectively. The condition Sow > 0 corresponds to a lubricant that
can cloak a water droplet and be easily lost through evaporation, while Sow@ < 0
indicates that the water droplet is non-cloaking and the lubricant is non-volatile
(Figure 16a-b). Sett et al. studied the cloaking behavior and solubility of several
lubricants with different viscosities and working fluids. Their combined findings on
cloaking behavior and solubility are shown in Figure 16¢.

To understand the third criterion, that is, that the solid surface is more susceptible
to wetting by the lubricant than by a test liquid, the interfacial energies of three
configurations are considered. Under configuration W, the solid surface is
completely wetted by the test liquid; Configurations 1 and 2 are that the solid surface
is completely wetted by the lubricant with or without a layer of the test liquid,
respectively. (Figure 16d) We can then represent the interfacial energies as:

AE1=R(yoa cos Ooa- Y,,, COS 8wa)— Yow (17)

AE2=R(y0a cos Ooa- Y,,, COS Gwa)+ Ywa~ Yoa (18)
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where, Ew, Ei, and E:2 are the interfacial energies of Configurations W, 1, and 2,
respectively. R is the surface roughness factor. 0oa and Owa are the contact angles of
oil and water on a smooth solid surface, respectively. When AE1=Ew — E1 >0 and AE:
= Ew — E2> 0, the third criterion is satisfied.[115]
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Figure 16. (a) Cloaking behavior and solubility between condensate liquid and lubricant on a
LISS.[129] (b) Cloaking behavior of a water droplet on a textured surface infused with different
surface-energy lubricants.[128] (c) Combined cloaking behavior and solubility results between
various lubricants and working fluids: FAIL indicates miscible and cloaking lubricant-fluid pairs;
PASS indicates immiscible and non-cloaking pairs; SO-5 indicates silicone oil with viscosity 5
cSt; Carnation oil indicates mineral oil; BMIm indicates ionic liquid and 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide; IPA indicates isopropyl alcohol.[129] (d)
Schematics of Configurations W, 1, and 2.[115]
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1.4 AIMS OF THE STUDY

This study focused on dry rod-coated surfaces, structured polypropylene (PP)
surfaces, smooth polymer surfaces, and lubricant-infused slippery surfaces (LISSs)
to develop simple, low-cost, and durable icephobic materials. The following specific
goals were addressed:

e Verification of icephobic performance on the smooth polymer, rough
hydrophobic, petal, and lotus surfaces using several observational
techniques;

e Assessment of the roles of wettability and surface energy on ice adhesion
and heterogeneous ice nucleation;

e Development of icephobic applications through the fabrication of stable and
durable LISSs with lubricant-elastomer layers using a facile one-step
procedure;

e Assessment of the effects of underlying structures and lubricant-elastomer
layer thickness on ice adhesion;

e Fabrication of eco-friendly and inexpensive LISSs via a fast, one-step coating
approach;

e Assessment of the effects of oil and nanoparticle content and surface
morphology and energy on the icephobic performance of LISSs.
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2 EXPERIMENTAL

2.1 COATED SURFACES

Schematics of our processes for fabricating of dry-coated (DC) and slippery lubricant-
infused coated (LIC) surfaces are shown in Figure 17.
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Figure 17. Processes for fabricating (a) dry-coated and (b) slippery lubricant-infused coated
surfaces. The schemes are not drawn to scale.

To produce a self-assembled nanoparticle coating (SANC), a nanoparticle
modified coating (NMC) solution was blended completely for 3 h at 1400 rpm. The
NMC solution comprised a polyvinylidene fluoride (PVDF) binding agent, toluene
solvent, and hydrophobic silica nanoparticles (5102 NPs, 14 nm). A simple and low-
cost one-step rod coating method was used to coat the uniform NMC solution onto
an aluminum (Al) substrate, and the coated surface was then cured at 250 "C for two
minutes to obtain the DC surface. A detailed description of the DC surface fabrication
process is given in Publication [ .Each DC surface was designated as DC-w, where
w is the weight percentage of SiO2 NPs.

To fabricate a slippery LIC surface, a silicone oil with a viscosity of 100 cP was
added to an NMC solution with a volume ratio of PVDF, toluene, and silicone oil of
2/2/1 to produce a lubricant-infused nanoparticle modified coating (LINMC) solution.
The well-blended LINMC solution was coated onto the Al substrate using a one-step
rod coating method to produce a cured slippery LIC surface. A detailed description
of LIC surface fabrication process is given in Publication III. Each LIC surface was
designated as LIC-x-y, where x and y are the weight percentages of silicone oil and
SiO2 NPs, respectively.
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2.2 POLYMER SURFACES
2.2.1 Dry polymer surfaces

Schematics of the structured polypropylene (PP) surface fabrication processes are
shown in Figure 18. A smooth PP (SPP) disc with a 25-mm diameter was fabricated
directly using an injection molding method, while a PP with micro-pillars (MPP) was
obtained by injection molding with a micro-structured Al mold. The micro-
structured Al mold was made with a micro-working robot. A nano-structured PP
(NPP) surface was fabricated by anodizing electropolished Al foil to produce a nano-
porous anodic aluminum oxide (AAO) film, which was then injection-molded to
produce an NPP surface. A micro-nano-porous Al mold was formed by anodizing
an electropolished micro-structured Al foil, which was then injection-molded to
produce a micro-nano-structured PP (MNPP) surface.
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Figure 18. (a) Smooth polypropylene (SPP). (b) Fabrication of PP with micro-pillars (MPP). (c)
Fabrication of nano-structured PP (NPP). (d) Fabrication of micro-nano-structured PP (MNPP).
The schemes are not drawn to scale.

Several smooth dry polymer surfaces, including smooth fluorothermoplastic
(STHV), polyethylene (SPE), melt-processible rubber (SMPR), polycarbonate resin
(SPC), polyester (PES-0), and poly(methylmethacrylate) (SPMMA), were also
fabricated. A detailed description of the fabrication of each structured PP and smooth
polymer surfaces is given in Publication [ .
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2.2.2 Slippery lubricant-infused polymer surfaces

Schematics of the fabrication of several types of PP surface with a slippery lubricant-
elastomer layer (LEL) are shown in Figure 19. The dry SPP, closed-cell (CC), and
open-cell (OC) surfaces were first formed. The CC and OC structures were high-
aspect-ratio structured PP surfaces with micro-pits and micro-pillars, respectively.
To increase the chemical affinity between the PP substrates and the LELs, the formed
dry PP surfaces were modified using silanization. Homogeneous 40 wt-% PDMS, 60
wt-% silicone oil with 100-cP viscosity were then combined with PDMS curing agent
(10:1 by weight) to form lubricant-infused cross-linked elastomer (LICLE) solutions.
Finally, the LICLE solutions were coated on respective silanized PP substrates using
a spin coating method and then cured to obtain PP surfaces with slippery LELs with
thicknesses of 300 pm and 600 pum. The slippery lubricant-elastomer infused polymer
surfaces were designated as LESPP, LECC, and LEOC. A detailed description of this
process is given in Publication II.
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Figure 19. Fabrication of (a) LESPP, (b) LECC, and (c) LEOC. The schemes are not drawn to
scale.

Six additional slippery lubricant-infused smooth polymer (LISP) surfaces were
prepared via injection molding using 20 wt% silicone oil based on the polymers THV,
PE, MPR, PC, PES, and PMMA. A detailed description of this process is given in
Publication III.

2.3 CHARACTERIZATION

The morphology and wettability of all specimens were characterized and the surface
energies of the dry surfaces were also measured. The icephobic performance of each
dry surface was assessed by applying an ice adhesion shear strength test (Figure 20a),
differential scanning calorimetry (DSC), and a delayed ice nucleation test (Figure
20b), as described in Publication I .

The icephobic performance of each slippery lubricant-infused polymer surface
was quantified by applying an ice adhesion shear strength test. The optical
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transmittance of each PP surface with a slippery LEL was determined using a UV-
Vis-NIR spectrometer. The dynamic mobility, stability, and self-repairing
characteristics of each PP surface with a slippery LEL were also examined, as
described in Publication II.

The icephobic performance of each LIC surface was measured using an ice
adhesion shear strength test and the DSC method. The lubricant retention capability
of each LIC surface was determined by applying a lubricant shear stability test, as
described in Publication III.

Figure 20. (a) Schematic of ice adhesion shear strength test process. The scheme is not drawn
to scale. (b) Schematic of delayed ice nucleation test process. The scheme is not drawn to
scale. (c) Classification of all surface materials.

3 RESULTS AND DISCUSSION

3.1 DRY SURFACES
3.1.1 Surface properties

The morphologies of the dry rod-coated surfaces are shown in Figures 21 a-c.
Scanning electron microscope (SEM) images of the respective DC surfaces reveal that
substrates covered with dense uniform overlayers. As the concentration of SiO2 NPs
increases, the structures of the DC surfaces become more compact. The DC-6 surface
exhibits the highest roughness; on this surface, a hierarchical structure of individual
spherical SiO2 NPs (16-25 nm) and their micro-scaled aggregates (0.2-5 um), which
induces superhydrophobicity, has formed.
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The morphologies of the respective structured PP surfaces are shown in Figures
21 d-f. The MPP surface comprises evenly distributed micro-pillars with 20-um
diameters, heights, and spacings. The NPP surface comprises irregularly distributed
nano-pillars with diameters of 40-76 nm. The MNPP surface comprises a hierarchical
structure formed by regular micro-pillars and irregular nano-pillars. The nano-

pillars are superimposed over the entire surfaces of the micro-pillars and the base
surfaces between micropillars.

¥ 50.0 ym QXY 1,00 um (.
Figure 21. SEM images of surface morphologies on samples (a) DC-0, (b) DC-2, (c) DC-6, (d)
MPP, (e) NPP, and (f) MNPP. (Publication I)

The wettability and surface energy of each rod-coated, structured PP, and smooth
polymer surface are listed in Table 2.

Table 2. Static water (WCA), advancing (ACA), and receding (RCA) contact angles, contact
angle hysteresis (CAH), and surface energies of dry surfaces. (Publication I )

Specimen WCA ACA RCA CAH Surface energy
Al substrate 55+1° 57+3° 31+3° 276" 39.0 mJ/m?
DC-0 103+1° 110+1° 90+1° 20+1° 30.0 mJ/m?
DCA1 109+1° 116+1° 89+1° 28+1° 25.6 mJ/m?
DC-2 123+1° 127+2° 102+2° 25+1° 24.0 mJ/m?
DC-3 137+1° 144+2° 123+4° 23+2° 21.6 mJ/m?
DC-4 149+1° 162+2° 136+3° 27+4° 20.0 mJ/m?
DC-5 162+2° 163+5° 148+3° 14+8° 18.9 mJ/m?
DC-6 167+1° 165+3° 155+3° 10£2° 18.6 mJ/m?
SPP 102+2° 111+2° 89+2° 22+1° 29.5 mJ/m?
NPP 128+7° 132+14° 107+14° 24+1° 28.6 mJ/m?
MPP 1475° 154+4° 121+8° 33+4° 22.1 mJ/m?
MNPP 151+6° 158+9° 128+7° 30+2° 20.5 mJ/m?
STHV 103+1° 112+6° 9216° 208" 26.0 mJ/m?
SPE 94+8° 108+1° 85+3° 23+3° 30.9 mJ/m?
SMPR 100+4° 106+1° 72+2° 34+3° 33.0 mJ/m?
SPC 88+1° 94+3° 65+4° 29+6° 35.2 mJ/m?
PES-0 80+1° 101+2° 64+1° 37+3° 35.4 mJ/m?
SPMMA 86+3° 85+4° 56+1° 30+4° 39.8 mJ/m?
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The introduction of low-surface-energy (30.0 mJ/m?) PVDF to the DC surfaces has
rendered their rod-coated surfaces hydrophobic; as the concentration of SiO2 NPs
increases, the WCA increases from 103° to 167°. The DC-5 and DC-6 surfaces are
superhydrophobic with WCAs of 162+2° and 167+1°, respectively. The CAH values
of DC-5 and DC-6 are 14" and 10°, respectively, indicating that DC-5 is a petal surface
with a Cassie-Wenzel transition state and DC-6 is a lotus surface with a Cassie-Baxter
state.[13,91,92] While water dropped onto the DC-6 surface easily slipped off, water
droplets adhered to DC-5 surface even after it was turned over, confirming that the
superhydrophobic DC-5 is a petal surface.

Because the surface energy of SPP is 29.5 mJ/m?, all structured PP surfaces are
hydrophobic. Introduction of nano- and micro-structures to the PP surfaces increased
their WCAs to 128° and 147°, respectively. The WCA and CAH values of MNPP are
151" and 30°, respectively, indicating that the superhydrophobic MNPP is a petal
surface.[13]

3.1.2 Icephobic performance

To clarify the icephobic performance of the dry surfaces, several observational
techniques were used to measure Tie, defined as the ratio of peak force during
fracturing to the cross-sectional ice-surface contact area (71x92 mm?), the freezing
delay time (ta), and the freezing point at -10 "C. Rime ice was formed to simulate the
ice produced in clouds and fog.[130] If no ice debris formed on a surface, it had an
adhesive fracture mode; if ice debris partially formed on a surface, ice-surface and
ice-ice fractures occurred (mixed mode); if full ice debris formed on a surface, it had
a cohesive fracture mode.[45,66]

Figure 22a shows a plot of Tie for the rod-coated and structured PP surfaces
against their CAH values. Except for DC-5, DC-6, and MPP in adhesive mode, the Tice
values have a positive linear correlation with CAH, as proposed by Kulinich et al.[68]

For the DC surfaces, DC-0 has the lowest Tice value at 109 kPa. As the surface
roughness and hydrophobicity increase, the Tie values of the rough Wenzel-state DC-
1, DC-2, DC-3, and DC-4 all increase as a result of the mechanical interlocking effect
between the ice and surfaces based on the electrostatic and Van der Waals forces. In
these cases, the water completely penetrated the surface textures, enhancing the ice-
surface contact area.[63,131,132] Accordingly, increasing the roughness of the
Wenzel-state surfaces increases the value of Tic.

Although DC-5 and DC-6 have lower values of tic than the rough Wenzel-state
surfaces, their values are larger than that of the smooth DC-0. This indicates that, for
SHSs with a heterogeneous wetting state, the value of Tie is simultaneously
controlled by the mechanical interlocking effect and stress concentrators with the
mechanical interlocking effect dominating the ice adhesion. The stress concentrator
is a counterforce generated by the compressive force of ice with sealed air cushions
in the TCL and the microcracks appearing at the edges of the microstructures acting
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as the stress concentrators.[131,133] The effect of stress concentrator is greater on the
lotus surface than on the petal surface.

There is no significant difference between the tie values of the SPP and NPP
surfaces, indicating that the mechanical interlocking effect on the NPP surface is
relatively low. The overall trend in the value of Tie on the structured PP surfaces is
MNPP > MPP > NPP = SPP.
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Figure 22. (a) Ice adhesion shear strength (tice) as a function of CAH values of dry rod-coated
and structured PP surfaces. The fracture modes are adhesive mode/mixed mode. (b) Freezing
delay time (tq) as a function of WCA values of dry surfaces. (c) Optical microscope images of
water condensation on MPP at -10 °C. (d) Optical microscope images of water condensation

on MNPP at -10 °C. (Publication I )

Figure 22b shows the freezing delay times (ta) of the dry surfaces during the ice
nucleation testing at-10 “C, where ta is defined as the length of time from the dripping
of a water droplet onto the surface to the onset of nucleation.

The values of ta for the lotus surface of DC-6 and the petal surfaces of DC-5 and
MNPP were all relatively small at 600s, 1800s, and 1200s, respectively, possibly as a
result of the condensation of water in the sub-zero environment.[131,133] Water
condensation at -10 “C was confirmed through direct observation of an optical
microscope. Figures 22c-d show large numbers of microdroplets condensed onto the
MPP and MNPP at -10 °C. The poor humidity tolerance of the SHSs under sub-zero
conditions induced the water to penetrate the textures, increasing the water-surface
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contact area and the amount of heat exchange, which in turn induced the SHSs to
lose their superhydrophobicity and lower the value of ta.[132-134] By contrast, the
freezing points of DC-2 and NPP were -25.8 "C and -26 "C, respectively.

The values of ta of supercooled water droplets on STHV, SMPR, and DC-0 were
significantly higher than those of the state-of-the-art icephobic materials (~7220s).[63]
The ta of STHV, SMPR, and DC-0 are about 9h, 6h, and 8641s, respectively. The
insulation effect of smooth low-density polyethylene resin (SMPR) and the strong
freezing suppression of the smooth fluorinated surfaces (STHV and DC-0) inhibited
ice nucleation.[135,136] The high ta values of these materials are also attributable to
their smooth and chemically homogeneous surfaces, which have higher energy
barriers and fewer potential sites for heterogeneous ice nucleation.[137,138]

Based on the ice adhesion results reported above, we conclude that smooth
hydrophobic surfaces are promising icephobic materials candidates.
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Figure 23. (a) Ice adhesion shear strength (tice) as a function of (1+cosBrec) for nine smooth
surfaces in adhesive mode. (b) A plot of tice against intrinsic surface energy for nine smooth

surfaces in adhesive mode. (Publication T )

To verify the role of wettability and surface energy of smooth surfaces on the Tic,
nine types of smooth hydrophobic surfaces were fabricated. A plot of Tie against
(1+cos0rec) is shown in Figure 23a. A linear correlation exists between the Tice values
and the parameter (1+cosO:c) on the nine smooth surfaces, confirming the findings
of Meuler et al.[55]

A linear correlation is also observed between the Tie values and the intrinsic
surface energy (E), (Figure 23b) following the empirical relationship Tie = 10E — 224.
The low surface energies of the smooth surfaces generate low ice adhesion, in
agreement with the proposal of Ozbay et al.[67,131] The low ice adhesion on low-
surface-energy surfaces is driven by the decrease in the density of water at the water-
surface interface. This density-reduction layer, which ranges in thickness from 0.1
nm to 1 nm, can weaken the Van der Waals force at the water/ice-surface. The
thickness of the density-reduction layer is inversely proportional to Tie and
proportional to the WCA. Increasing the WCA and reducing surface energy will
reduce Tice.[45]
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The STHV sample, which had low surface energy (26.0 mJ/m?), was found to have
the lowest ice adhesion of 22+13 kPa, being approximately eight times lower than
that of the Al substrate. This suggests that STHYV is a potentially icephobic material
with low ice adhesion and long freezing delay time (~%h).

3.2 SLIPPERY LUBRICANT-ELASTOMER INFUSED POLYMER
SURFACES

3.2.1 Surface properties

The morphologies and side geometries of high-aspect-ratio PP surfaces are shown in
Figures 24a-c. The CC surface comprises regularly arranged high-aspect-ratio micro-

pits. The dimensions of the CC surface are ac =85 pm, be =40 um, cc =55 pm, dc=115
pum, and He =350 um. The OC surface is a regular array of high-aspect-ratio barrel-
shaped micro-pillars and has the dimensions ao =30 um, bo =75 um, co =65 um, do =
30 um, and Ho =120 pum.
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Figure 24. SEM images of surface morphology of (a) high-aspect-ratio CC (~6:1) with micro-
pits, (b) high-aspect-ratio OC (~3:1) with micro-pillars, (c) lateral geometries of CC and OC, (d)

side view of LEOC-600, and (e) LESPP-600. (f) UV-Vis transmittance spectra. (Publication IT)

Original PP surfaces were infiltrated with 300-um and 600-um LELs to produce
slippery LISSs. In the fabrication process, SEM was used to verify the thickness of the
LELs, which was defined as the distance between the tops of the structure and the
LEL (Figure 24d). Figure 24e shows the smooth topography of the LESPP-600 surface,
which disagrees with the wave-like topography of lubricant-infused polymer
surfaces reported in Coady et al.[139]

To confirm the importance of the LEL to the rough surface and silanization effects,
the transparencies of SPP, OC, SPDMS, LEOC-300, and LEOC-300 without
silanization were measured. (Figure 24f) The transmittance of OC was ~ 73% in the
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visible and near-infrared light regions, while that of LEOC-300 increased to ~ 91.5%,
a value close to that of SPP, at a wavelength of 800 nm. These results indicate that the
infiltration of the LEL has made the translucent OC transparent. The mechanism for
this arises from the solid-air interface at the superhydrophobic OC surface, which
induces irregular reflections that reduce the transmittance. The LEL that infiltrates
these air pockets has a reflection index similar to that of the SPP, which significantly
increases the transmittance.[140,141] However, the transparency of LEOC-300
without silanization is only ~ 87.5% at 800 nm; the difference between the
transmittances of LEOC-300 and LEOC-300 without silanization proves that the
silanization process allows the LICLE solution to completely wet the structured PP.
As a confirmation, SEM imaging revealed no phase separation within the LISSs.

The wettabilities of all of the original polymer surfaces and the LISSs are listed in
Table 3. The WCA of SPP is ~ 102°, indicating that it is hydrophobic. The introduction
of high-aspect-ratio micro-pits and micro-pillars increases the WCA to ~ 119° and ~
160°, respectively. The CAH of OC is ~ 14°, indicating that the OC surface is a petal
surface in a Cassie-Wenzel transition state.[13]

Table 3. Static water (WCA), advancing (ACA), and receding (RCA) contact angles, and
contact angle hysteresis (CAH) of original polymer surfaces and LEL infused surfaces at room

temperature and -10 °C. (Publication IT)

Specimen Room temperature -10°C

WCA ACA RCA CAH WCA
SPDMS 114+1° 122+1° 94+2° 28+2° -

SPP 102+2° 11142° 89+2° 22+1° 98+2°

CcC 119+4° 126+6° 96+5° 30+1° 89+3°

ocC 160+3° 159+2° 145+1° 14+1° 12248°
LESPP-300 105+£3° 108+2° 103+1° 6+2° -
LECC-300 11041° 107+2° 105+2° 2+1° -
LEOC-300 109+1° 108+2° 103+3° 5+5° -
LESPP-600 105+3° 108+1° 103+2° 6+2° -
LECC-600 11041° 108+2° 10245° T7+7° -
LEOC-600 109+1° 108+1° 104+1° 4+1° -

There is no significant difference between the WCAs of the SPP at room
temperature and under a cold environment at -10 °C. This indicates that a cold
environment has little effect on the smooth surface. By contrast, the WCAs of CC and
OC decrease to ~ 89" and ~ 122° at -10 °C, respectively. The OC surface loses its
superhydrophobicity in the cooling process, indicating that condensed water
penetrates and propagates through its structures.

The complete encapsulation the PP surfaces by the LEL significantly changes both
the WCA and CAH of these surfaces, with the WCA values dropping to 105° - 110°
and all of CAH values falling to below 10°. These low CAH values confirm the ultra-
smooth surface characteristics and the complete elimination of pinning points.[69]
Varying the thickness and surface structures of the LISSs had no significant effect on
the wettability of their surfaces.
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3.2.2 Icephobic performance

To produce a durable, icephobic LISS through a simple one-step-procedure, a low-
surface-energy PDMS elastomer with a 3D cross-linking network was used to lock in
the silicone oil. The PDMS elastomer was chosen based on an application of Kendall
and Chaudhury’s equation, in which large differences between the moduli of ice and
soft elastomer cause a mismatch in strains under stress, which in turn leads to low
ice adhesion.[60,76,127,142]

From Figure 25, it is seen that the SPP surface has a lower ice adhesion than the
structured PP surfaces with high aspect ratios, in agreement with previous
reports.[65,66] The structured PP surfaces with high aspect ratios have the highest
ice adhesions among the original polymer surfaces and the LISSs. The high ice
adhesion of the CC surface is a result of a slight hydrophobicity that induces a
Wenzel state, resulting in mechanical interlocking and a larger contact area. The OC
surface, in turn, has a larger ice adhesion than the CC surface because the OC surface,
which is an SHS at room temperature, assumes a Wenzel state as a result of water
condensation at -10 “C. This results in a larger contact area and a stronger mechanical
interlocking than on the CC surface.[66,113,132]

g’"‘ 40 - Adheabve Bode
m"‘ .H“m ...........................
= Cohesbee Mods 4
") e s ‘.f-u 30 #300-m LEL |
gy SO LEL Ahesive Mot .l%zs S 600 LEL |
.’r" 20 - i
& E31 ! s -
i :
b 10 - |
L F & p
- 1 i r :
¥4 LESPP  LECC  LEOC :
A —— BN o B

Figure 25. Ice adhesion shear strength (tice) of original polymer surfaces and lubricant-
elastomer infused polymer surfaces. (Publication IT)

The infusion of an LEL significantly reduces the Tie of all of the LISSs. The Tice
values of the skin-like LISSs are an order of magnitude lower than those of the
original PP surfaces, while the LEL-infused LISSs attain ultra-low values of Tic of
down to ~ 5 kPa. As accreted ice can be self-removed by a strong breeze by a
threshold of ~ 55 kPa,[31] strong breeze can self-remove the accreted ice on all of the
LEL-infused LISSs. The significantly reduced contact areas between the ice and the
matrix in LEL-infused LISSs account for their low Tiee values. The reduced contact
areas, in turn, are a result of molecular homogeneity, low CAH values, the low
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surface energies of the PDMS and silicone oil, the presence of the oil layer, and the
mismatch between the strains of the ice and the soft PDMS elastomer.[27,76,114]

To confirm the effects of the underlying structures of LEL-infused LISSs on their
icephobic performance, the different underlying structures with thicknesses of 300
um and 600 um were prepared and tested.

Adding structured PP surfaces with high aspect ratios to 300-um LELs reduced
their ice adhesion relative to that of smooth PP, with reductions of 48% and 24%
obtained for OC and CC surfaces, respectively.

In the 600-um LEL case, however, the smooth PP had the lowest ice adhesion, and
changing the LEL thickness of structured PP had little effect on ice adhesion. In
addition, the ice adhesion of smooth PP with an LEL decreased as the LEL thickness
increased, a trend consistent with the results of Wang et al. and Beemer et al.[60,103]
Furthermore, the ultra-low ice adhesion of the LESPP-600 surface (~ 5 kPa) indicates
that the minimum roughness is not necessary for the effective immobilization of the
lubricant on the matrix, disagreeing the previous reports.[69,70,140,143,144]

Figure 26a shows that at -10 °C and a 16" slope, 100-uL aqueous droplets form
initially at the edges of the original PP surfaces. After 5 min, the supercooled aqueous
droplets are still stuck to the original PP surfaces. By contrast, all the LEL-infused
LISSs demonstrate extraordinary dynamic mobility at -10 °C; the sliding times (St) of
the supercooled aqueous droplets on each surface are shown in Figure 26b. The LEL-
infused LISSs remain clean after shedding the aqueous droplets, indicating that the
LISSs have an anti-dust property.
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Figure 26. (a) Image showing dynamic mobility behavior of 100-uL aqueous droplets on SPP,
CC, and OC at a 16" slope and -10 ‘C. As anti-dust indicators, the aqueous droplets contain
10 wt% synthesized diamond nanoparticles. (b) Weight loss following shear stability test (SST)
and thermal stability test (TST) and sliding times (St) under the dynamic mobility test.

(Publication IT)

The liquid lubricants assessed in previous studies were immobilized only by the
surface roughness through the action of capillary force and chemical affinity. Liquid
lubricants that directly infuse into a structure easily evaporate and lose their slippery
properties.[122,128,145-147] To determine the shear stability of the lubricants
applied in this study, the weight losses in the respective samples were measured
following spinning at 3500 rpm for one minute. The weight losses reflect the amount
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of silicone oil is removed. It is seen from Figure 26b that most of the LEL-infused
LISSs had weight losses of less than 3% and that, although the weight loss of the
LESPP-300 sample was around 10%, its CAH remained below 10°. The low CAHs
on the surfaces are an indicator of their slippery properties and ice repellency.[68]

After 168 hours of thermal stability testing at 70 °C, the weight losses and CAHs
of all LISSs remained below 3% and 10°, respectively, and all LISSs remained slippery
after more than 360 days in an ambient environment.

It was seen from Figure 27a that the CAHs of the LESPP-300, LECC-300, LEOC-
300, and LESPP-600 samples remained below 10° following 50-cycle abrasion testing.
The values of Tie of the surfaces also remained unchanged. (Figure 27b) These low
CAHs and unchanged ice adhesion values indicate that the LEL-infused LISSs were
mechanically robust.
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Figure 27. (a) CAHof LISSfoIIowmg abrasion cycles and self—repalr (b) Ice adhesion shear
strength (tice) of LISSs with robust mechanical stability following abrasion cycles. (c) SEM
image of LEOC-600 following 10 abrasion cycles. (d) SEM image of LEOC-600 following self-

repair. (Publication IT)

By contrast, the CAH values of LECC-600 and LEOC-600 exceeded 10° following
five cycles of abrasion testing. These increased CAH values indicate a loss of
lubricant or damage to the ultra-smooth surface. The damages to the LEOC-600
surface, on which scratches appeared after ten abrasion cycles, is shown in Figure
27c.
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After heating to 80 °C, the damaged LECC-600 and LEOC-600 recovered their
water repellency after 30 min and 5 min, respectively After the thermal stimulus, the
CAHs of LECC-600 and LEOC-600 are 8+2° and 6+4°, respectively. This recovery of
slippery properties indicates that self-repair followed the thermal stimulus, an effect
that was verified by the SEM observations. Figure 27d shows the healed, smooth
LEOC-600 surface following self-repair.

3.3 SLIPPERY LUBRICANT-INFUSED COATED SURFACES

3.3.1 Surface properties

Several systematic studies were carried out to investigate the effects of silicone oil
and silica nanoparticle (5102 NP) content on the wettability, slippery behavior, and
morphologies of lubricant-infused coated surfaces. Figures 28a-b show surface plots
of WCA and CAH as functions of silicone oil (x-axis) and SiO2 NP content (y-axis).
These results demonstrate how wettability can be tuned through the enhancement of
silicone oil content and/or SiO2 NP content.
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Figure 28. 3D plots of surface wettability as functions of silicone oil and silica nanoparticle
(SiO2 NP) content, showing (a) static water contact angle (WCA) and (b) contact angle

hysteresis (CAH). (c) Grid map of wetting behavior based on oil and SiO2 NP content.
(Publication IIT)
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It is seen from Figure 28a that, in the absence of silicone oils, the WCA of the LIC
surfaces gradually increases as the SiO2 NP content increases. An SHS eventually is
obtained at WCA and CAH values of 167" and 10°, respectively. This LIC-0-6 surface
is a lotus structure in a Cassie-Baxter state.[13] The rough hierarchical micro-nano-
structures of the LIC-0-6 surface, shown in Figure 29a, also verify its
superhydrophobic properties. The 3D porous interconnected network of the LIC-0-6
comprises micro-clusters (0.2-5 pm) and micro-pores formed by the aggregation of
spherical S5iO2 NPs (16-25 nm).[66]

Figure 29. SEM images of (a) LIC-0-6, (b) LIC-20-12, and (c) LIC-20-2. (Publication III)

To ensure environmentally friendly coatings, different contents of silicone oil are
added to create a slippery surface. Here, the added silicone oil content was varied
over the range 5 wt%, 10twt%, 15 wt%, and 20 wt%, while the added SiO2 NPs content
was varied from 0 wt% to 12 wt% in 2-wt% intervals. As a constant silicone oil content,
increasing the SiO2 NPs content increased the WCA of the LIC surfaces until an SHS
appeared, as occurred in the oil-free surfaces. However, in the presence of silicone
oil all of the SHSs (marked with blue points in the figure), had CAH values of greater
than 10°. This indicates that the LIC-5-8, LIC-10-10, LIC-15-12, and LIC-20-12 surfaces
were all petal surfaces in Cassie-Wenzel transition states.[13,148] SEM imaging of the
LIC-20-12 revealed that the silicone oil was only partially present and hierarchical
structures were remained to maintain the superhydrophobicity on the rough petal
surfaces. (Figure 29b)

Only at silicone oil content above 10 wt%, the addition of the lubricant to the
slightly hydrophobic LIC surfaces significantly reduce the CAH and cause the
appearance of slippery properties. The low CAH values of the slippery LIC-10-0, LIC-
15-0, LIC-15-2, LIC-20-0, and LIC-20-2 surfaces (marked with green points in the
figure) indicate that the surfaces are completely covered by silicone oil and have
homogeneous liquid-liquid interfaces. There are no pinning points or SiO2 NPs on
the slippery surfaces.[69,115,149] This nearly defect-free surface morphology was
verified through SEM imaging of the LIC-20-2 sample. (Figure 29c) By contrast, the
WCAs of the slippery surfaces remained unchanged owing to their relatively
unchanged morphologies and surface chemistries.[150]

Based on the results shown in Figures 28a-b, an empirical grid map of wetting
behaviors was constructed (Figure 28c). The wetting behavior regions include the
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Wenzel-state hydrophobic, petal, lotus, and slippery surfaces. The map can be used
to tune the wettability, slippery property, and surface morphology of a lubricant-
infused coated surface.

3.3.2 Icephobic performance

Figure 30a shows the tic values of LIC surfaces with different silicone oil and SiO:
NPs content. In all of the LIC surfaces, the SHSs have the highest Tie values, which
range from 102 kPa to 147 kPa. The high ice adhesion of the SHSs arises from their
petal surfaces and Cassie-Wenzel states. At -10 °C, the poor humidity tolerance of the
petal surfaces causes water to condense in the rough textures, resulting in an
increased ice-matrix contact area and stronger mechanical interlocking.[13,66,148]

The values of Ticc on most of the LIC surfaces in the hydrophobic wetting region
(marked with black points in the figure) are larger than the value (~55 kPa) that can
be used to self-remove the accreted ice by a strong breeze,[31] indicating that ice
accreted on such surfaces will not be easily self-removed by a strong breeze.
However, the Tie values of the LIC-5-0, LIC-10-2, and LIC-15-4 surfaces are slightly
lower than 55 kPa in the hydrophobic wetting region because they have fewer SiO2
NPs and more silicone oil, which reduces the ice-matrix contact area.

It is seen from Figure 30a that the Tie values of all of the LIC surfaces in the
slippery wetting region (LIC-10-0, LIC-15-0, LIC-15-2, LIC-20-0, and LIC-20-2:
marked with green points in the figure) are an order of magnitude lower than those
of the SHSs. These dramatic changes in the Tic. values of the SHSs, Wenzel-state rough
surfaces, and slippery surfaces demonstrate the importance of slippery properties on
icephobic performance. The low tic values of the slippery surfaces arise from their
nearly defect-free surface morphologies and homogeneous liquid-liquid interfaces,
which result in fewer pinning points, reduced contact area, and the formation of
loose ice.[69,114,115]
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Figure 30. (a) Surface plot of ice adhesion shear strength (tice) as functions of silicone oil and
silica nanoparticle (SiO2 NP) content. (b) tice Of slippery coated surfaces following three cycles

of icing/ice-detachment. (Publication TIT)
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All the slippery surfaces retained their slippery properties after more than 360
days under an ambient environment. To determine the durability of the slippery
coated surfaces, three-repeated icing/ice-detachment cycles (RIIDC) were conducted.
(Figure 30b) Following the three RIIDC, the values of tic of the slippery surfaces with
10 wt% and 15 wt% silicone oil gradually increased, even being more than 55 kPa. By
contrast, the Tie values of the slippery surfaces with 20 wt% silicone oil remained
essentially unchanged after three RIIDC. This indicates that the surfaces with 20 wt%
silicone oil had the most durable icephobic performance.

To determine the role of SiO2 NPs in slippery behavior and icephobicity, a
lubricant shear stability test was conducted on several 20 wt% silicone-oil-infused
slippery surfaces. After spinning at 3500 rpm for 1 min, the LIC-20-0 and LIC-20-2
surfaces experienced weight losses of 17.0% and 0.6%, respectively. The role of the
SiO2 NPs is to firmly anchor the oil overlayer and prevent the adsorption of
contaminants by drying the surface.

The average freezing point of the LIC-20-2 surface was -27.1+0.7 °C, as compared
to the freezing points of reference surfaces (Al substrate and LIC-0-0) of -21.6 °C and
-24.4 °C, respectively.[66] The delayed ice nucleation of the LIC-20-2 surface arises
from: i) the low CAH; ii) the weak intermolecular forces between the nonpolar
silicone oil and the polar water; and iii) the cloaking behavior of water droplets in
the silicone oil.[145,151]

To determine the effect of surface energy on the values of Ti in slippery surfaces,
eight LISP surfaces with an optimal 20 wt% silicone oil content were fabricated.
Figure 31 shows that the introduction of silicone oil to a polymer STHV with a surface
energy of 26 mJ/m? did not lower the Tie value. However, polymers with initial
surface energies at or above 29.5 mJ/m? caused reductions in Ti. values following the
introduction of silicone oil. The 20 wt% silicone-oil-infused SPP, DC-0, and SPE
surfaces all had extremely low ice adhesions. These results indicate that the infusion
of silicone oil into polymers with surface energies ranging from 29 to 31 mJ/m? can
potentially reduce the ice adhesion.

Em 1 :Dlnr smooth polymer surfaces
= LISP
3
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Figure 31. Ice adhesion shear strength (tice) of dry smooth polymer and slippery lubricant-
infused smooth polymer (LISP) surfaces as a function of surface energy. (Publication III)
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4 CONCLUSIONS

In this study, dry rod-coated, structured polypropylene (PP), smooth polymer, and
lubricant-elastomer infused polymer surfaces were developed along with one-step
silicone-oil-infused slippery coatings. The effects of wettability, surface energy,
structuring, and lubricant-infused layer on icephobic performance were explored.

Dry surfaces that exhibit rough Wenzel-state hydrophobicity were found to have
significantly enhanced ice adhesion (Tie) relative to smooth references. This arises
from mechanical interlocking in the textures, with the value of Tie increasing with
roughness. In superhydrophobic surfaces (SHSs), including petal and lotus surfaces,
mechanical interlocking and stress concentrators control the Tie. Neither petal nor
lotus surfaces are icephobic due to poor thermal stabilities and humidity tolerances
and enhanced contact areas under condensation environments. Except for the SHSs,
there is a positive linear correlation between Ti. and contact angle hysteresis (CAH).
A linear correlation was also found between Tie and the scaling parameter of receding
contact angle, with Tie decreasing as the surface energy of smooth surfaces decreases.
This suggests that simple, inexpensive, and mass-producible low-surface-energy
smooth surfaces are promising for anti-icing applications.

The lubricant-elastomer infused polymer surfaces were found to have very low
CAH and tie values compared to those of SHSs and dry smooth surfaces.
Transparent lubricant-elastomer infused polymer surfaces were also found to have
exceptional shear stability, evaporation resistance, anti-dusting, mechanical stability,
and self-repairing. Adding a 300-um lubricant-elastomer layer (LEL) can reduce the
Tice Of a structured PP surface by 24-48% relative to a smooth surface. Increasing the
thickness of the LEL has no obvious change in the tie of closed-cell or open-cell
structures. Increasing the thickness of LEL on a smooth PP surface reduces its Tic,
and a smooth PP surface with a 600-um LEL has an extremely low Tie of 5 kPa,
indicating that roughness is not required to maintain slippery properties. The simple
one-step production strategy on a variety of smooth materials is inexpensive and
widely applicable for icephobic applications.

We also developed a grid map of wetting behavior of silicone-oil-infused slippery
coatings to tune wettability, morphology, and slippery property. The addition of
silicone oil to a slightly hydrophobic coated surface can produce slippery properties
and low Tie that are an order of magnitude lower than SHSs. Superhydrophobic
lubricant-infused surfaces have the highest tie. These results confirm that slippery
properties are critical for icephobic applications. 20 wt% slippery silicone-oil-infused
surfaces have the best icephobic performance and that the presence of nanoparticles
effectively immobilizes the lubricant and imparts surface dryness to prevent
contamination. The infusion of silicone oil into smooth polymers with surface
energies ranging from 29 to 30 mJ/m? can produce low Tie. Eco-friendly, one-step
slippery coatings have great potential in icephobic applications.
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WENJUAN CUI

The accumulation of ice on exposed
outdoor infrastructures can cause Serious
economic losses and catastrophic events.

The thesis focuses on the verification of
the icephobic performance of bio-inspired
superhydrophobic surfaces and lubricant-

infused slippery surfaces. The effects of their
surface properties on icephobic performance
have been investigated. Typical industrial
application areas are in the prevention of ice
formation on aerospace vehicles, windmill
blades, and ground transportation.
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