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Abstract
Due to their excellent water repellent characteristics, superhydrophobic
surfaces have been hypothesized to be icephobic. This is based on the premise that
water droplets will be repelled from the surface before ice nucleation can occur. The
icephobic nature of these surfaces provides an attractive solution to current icing
problems that can occur in aerospace applications. However, significant challenges
remain before anti-wetting coatings could be implemented as an effective ice
mitigation tool. For example, the majority of current synthetic superhydrophobic
surfaces are fragile and unable to withstand the harsh environmental conditions that
are encountered by aerospace applications. In addition, their static and dynamic
wettability at varying temperatures and humidity, as well as their ice-shedding
performance under the impact of a super-cooled icing cloud, are not well understood.
Therefore, in this dissertation, fabrication techniques for a previously
developed nanocomposite surface were improved so that coatings of consistent antiwetting performance and durability could be produced. The icephobicity of this
nanocomposite coating was then systematically investigated. First, an experiment
was conducted to study the wettability of a water drop on the coating for a full
temperature cycle (20

-3

The investigation was then extended to study the impact and rebound dynamics of a

iv
drop on an inclined coating, at different fluid viscosities and at various temperatures
(50°C to -8°C). This was followed by a study of ice adhesion strength of the coatings
-cooled water droplets. The receding
contact angle was discovered from these experiments to be a key parameter in
controlling superhydrophobic wettability and ice adhesion. Therefore, the receding
angle depinning dynamics from a superhydrophobic surface were also studied in
detail at micron length scales and at microsecond temporal scales. In summary,
results from this dissertation revealed the crucial parameters that govern the icing
performance of a nanocomposite superhydrophobic surface.
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Chapter 1
Introduction

1.1 Background
Inspired by nature, specifically the lotus leaf, superhydrophobic surfaces
feature remarkable water repellent characteristics. This water repellency effect is due
in part to a low surface energy which reduces the molecular scale attraction between
a liquid and the solid of the surface. However, a distinct surface morphology is also
required. This morphology usually consists of micro/nano scale features that are
closely spaced to trap a layer of air in between the asperities. This results in the
suspension of water droplets on the tips of these features to reduce the liquid-surface
contact area. The combination of these two effects causes water droplets to bead up,
roll or bounce off superhydrophobic surfaces with great ease and provides a selfcleaning mechanism known as the “lotus effect”.1

2
Given the potential of superhydrophobic surfaces in providing solutions in
different areas of applications such as textile and electronics water-proofing, anticorrosion/fouling applications as well as drag reduction in marine and fluid-powered
systems, researchers have been seeking to reproduce the superhydrophobic effect on
synthetic surfaces. To date, thousands of publications have been published featuring
successful studies in creating synthetic superhydrophobic surfaces using a wide-array
of methods and materials.2-4 Fabrication methods include surface etching techniques
(plasma, laser, chemical),5-7 lithography (photolithography, electron beam, X-ray),8,9
electrochemical deposition processes10,11 as well as electro-spinning techniques.12

1.2 Wetting Models
The wettability of a surface can be described mathematically using three
models. If a drop is placed on a completely smooth surface, it will spread itself on
the surface. Its equilibrium angle can therefore be described as a function of surface
tension between the liquid, solid and vapor phases. As shown in Equation 1.1, this is
the Young’s equation

cos

sv

ls

(1.1)

lv

s,l and v are the solid, liquid and vapor phases,
the equilibrium contact angle of drop on flat surface.

is

3
If roughness is introduced to the smooth surface considered in the Young’s
equation, one can expect the liquid from a drop to infiltrate the asperities to fully
wet the surface. The apparent contact angle of this surface can be described by the
Wenzel model13 as Equation 1.2.

cos

*

r cos

(1.2)

where r is the dimensionless roughness factor defined as the actual surface (surface
area including the walls of the roughness) divided by the geometric surface (the
projected area of the drop on the surface) and

*

the apparent contact angle on the

textured surface.
Consider a surface with roughness similar to the condition in Wenzel model.
Instead of a penetration of liquid into the asperities, the spaces in between the
asperities are filled with a layer of air, therefore suspending a drop on tips of the
asperities. This can be described by the Cassie-Baxter model14 (Equation 1.3) and is
also the condition for superhydrophobicity.

cos

*

1

s

1 cos

(1.3)

where φs is the area fraction of solid-liquid contact.
Schematic representations of the three wetting models are shown in Figure
1.1.15

4

Figure 1.1 Schematic of wetting models (a) equilibrium contact angle, (b)
apparent contact angle in Wenzel state and (c) apparent contact angle in Cassie
State.

5
The degree of superhydrophobicity is quantified by the combination of water
drop static contact angle (CA) and drop roll-off angle (ROA). As shown in Figure
1.2, the contact angle is the angle between the liquid and solid surface contact line.
At a low CA, the water drop spreads and stretches along the surface (Figure 1.2a).
As the drop beads up, the contact area between the drop and surface decreases and
the CA increases (Figure 1.2b and c). The drop ROA is defined as the surface
inclination angle in which the drop is released from the surface and begins to slide
down the inclination. A schematic of this angle is shown in Figure 1.3. A surface
with a CA measurement of less than 100° is hydrophilic. If the surface CA is between
100° and a 150°, it is typically termed a hydrophobic surface. A superhydrophobic
surface is defined as a surface with a CA greater than 150° and a ROA of less than
10°.

Figure 1.2 Images of a drop on surfaces of different wetting states (a)
hydrophilic, (b) hydrophobic and (c) superhydrophobic (with ROA of less than
10°).

6
A related measurement to the drop ROA is the drop contact angle hysteresis
(CAH). As shown in Fig. 1.3, as a drop slides off a surface, an angle is created
between the liquid-solid interface at the leading edge of the drop, called an
advancing contact angle (ACA). A similar measurement could be made on the
trailing edge of the drop, called a receding contact angle (RCA). Therefore, the CAH
is defined as the difference between the advancing and receding contact angle. The
measurements of CAH, ACA and RCA are critical towards determining the extent of
mobility of a drop on a superhydrophobic surface as they quantify the affinity of the
drop on the surface under dynamic conditions. Superhydrophobic surfaces that
depict extreme water repellency characteristics typically have high RCA (> 140°)
and small CAH values (< 10°).

Figure 1.3 Schematic of a drop sliding down an inclined surface. Definitions of
ROA, ACA and RCA are as indicated.
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1.3 Motivation and Problem Definition
The extreme water-repellent characteristics of superhydrophobic surfaces have
led to the hypothesis that anti-wetting coatings could be ice-phobic. This is based on
the premise that water drops/droplets will be repelled from a superhydrophobic
surface before ice nucleation can occur.
The occurrence of icing creates undesirable effects on the performance of
aircraft, aircraft engines and wind turbines. Ice accretion typically occurs when an
aircraft or wind turbine encounters an icing cloud consisting of super-cooled water
droplets in freezing environmental conditions. These droplets impact the surfaces to
instantaneously form ice. An iced wing on an aircraft can lead to a complete stall
with devastating consequences as evidenced by the crash of an ATR-72 commuter
aircraft near Roselawn, Indiana on October 31st 1994.16 As shown in Figure 1.4, ice
accretion can also occur under similar environmental conditions on an aircraft

Figure 1.4 Icing in aircraft turbofan engine (a) ice accretion on the inlet fan
blades and (b) close up view of icing on the outlet guide vanes.
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engine.17 These conditions can cause a loss in engine power and thus create an
aviation safety hazard. In addition, icing on the blades of a wind turbine can reduce
its annual power production by up to 50%.18 Current ice-mitigation strategies
include pneumatically controlled rubber boots often installed on turboprop aircraft
to shed any ice that forms at the leading edge of the wing. Electro-thermal de-icing
systems are also typically employed on turbofan aircraft surfaces and engines as well
as on wind turbines. However, these existing de-icing technologies still have a few
weaknesses. Operation of the pneumatic de-icing boot is effective only after a certain
amount of ice build-up has occurred on the surface19, while electro-thermal systems
require a continuous supply of energy, which often reduces the operating efficiency of
the aircraft components or wind turbine.
Therefore, the use of superhydrophobic surfaces as an inherent ice-repellent
surface could serve as an attractive alternative to the de-icing technologies described
above. However, challenges still remain before these anti-wetting coatings could be
implemented as an effective ice mitigation tool. The majority of current synthetic
superhydrophobic surfaces such as the ones listed in Section 1.1 are fragile and
unable to withstand the harsh environmental conditions typically encountered by
aerospace applications. Therefore, a durable superhydrophobic coating is desired. In
addition, the static and dynamic wettability, as well as its ice-shedding performance
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of the superhydrophobic surface under aerospace icing conditions is still not well
understood.

1.4 Objectives and Dissertation Outline
The overarching goal of this dissertation is to study the wettability
performance

and

hence

ice-shedding

capabilities

of

a

nanocomposite

superhydrophobic nanocomposite surface at aerospace icing conditions. This is
systematically studied through five objectives presented in six chapters:
i)

Chapter 2: Improve fabrication techniques of the nanocomposite
surface which was previously developed by Steele15 so that coatings of
consistent anti-wetting performance and durability suitable for
aerospace applications could be produced.

ii)

Chapter 3: Study the wettability of a drop on the nanocomposite
coating for a full temperature cycle (20

-3

)

and at varying humidity levels.
iii)

Chapter 4: Investigate the impact and rebound dynamics of a drop on
an inclined nanocomposite coating (45°) at varying temperatures (50°C
to -8°C) and at various fluid viscosities.
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iv)

Chapter 5 & 6: Conduct a study of the ice adhesion strength of
hydrophobic and superhydrophobic coatings under an icing spray

v)

Chapter 7: Perform a study of the microscopic receding angle
dynamics on a textured pillar and on an irregular nanocomposite
superhydrophobic surface. (The receding angle was discovered to be a
key wettability parameter in affecting single drop rebound dynamics as
well as for ice adhesion strength)

Each of these objectives involved studies that required the design and
implementation of separate experiments. They are therefore presented as individual
chapters and written as independent articles to convey pertinent information to the
reader. In addition, the results from the study of ice adhesion strength of
superhydrophobic surfaces (objective iv) are separated into two chapters (one for a
thick “defect” and the other for a thin “defect”). Finally, a conclusion to summarize
the results for all these objectives is presented in Chapter 8. In addition, a summary
of

the

contributions

from

this

superhydrophobicity is also provided.

dissertation

to

the

field

of

anti-icing
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Chapter 2
Fabrication and Durability of
Nanocomposite Coatings

2.1 Introduction
As previously mentioned in Chapter 1, various synthetic superhydrophobic
surfaces

have

been

successfully

fabricated

by

researchers.

However,

it

is

uneconomical and impractical to adopt most of these fabrication methods for
realistic large-area applications. This is due to the expensive and restrictive
fabrication processes commonly associated with these fabrication techniques. In
addition, these superhydrophobic surfaces are fragile and prone to damage when
exposed to the harsh environmental conditions typically encountered in aerospace
applications. To resolve this problem, researchers have recently employed a method
in which a nanoparticle-polymer suspension is atomized, dispersed and coated on a
surface via spray deposition techniques.20-31 By introducing heat to the surface
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thereafter, the polymer chains on the coating can crosslink and self-assemble into a
durable, superhydrophobic nanocomposite coating.32-34 This fabrication method is a
simple and cost-effective process that can be applied to not only a large surface area
but also to a variety of substrate materials.
Although

the

mechanism

for

the

formation

of

superhydrophobic

nanocomposites by spray atomization has been well documented, 20 the effects of the
spray deposition parameters, i.e., spray-casting height and spray air pressure, on the
superhydrophobicity and wear durability of the coating are largely unknown.
Understanding these effects is critical for large-scale manufacturing processes such as
for

aerospace

applications

where

coatings

of

consistent

durability

and

superhydrophobicity are desired. The effects of these spray deposition conditions
have not been investigated in detail nor are they well understood. In fact, most
studies on spray-casting for superhydrophobic surfaces do not report the details of
these spray parameters. One study that gave more detail was that of Manoudis et
al.24 who reported that their selection of spray pressures were chosen by trial and
error and noted poor adherence of the superhydrophobic coatings for certain spray
times. Since the spray-casting height and pressure can have a significant impact on
the performance properties of the resulting coatings, this study sought to
systematically investigate these effects.

In particular, this was completed for

polyurethane clay-fluorine nanocomposite coatings, which have been previously
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investigated in terms of adhesion strength as a function of mixture components by
Steele et al.32 We expand that work by fabricating these superhydrophobic coatings
from a range of spray-casting heights and spray air pressures so that its effect on the
superhydrophobicity (by measurement of CA and ROA and wear durability (by
linear surface abrasion) of the surface can be quantified.

2.2 Materials and Method
2.2.1 Nanocomposite Fabrication
Precursor solutions were first created, followed by spray casting and then
thermosetting to produce the final nanocomposite coatings. First, 2.6 g of
polyurethane was dispersed via vortex-mixing in 15.7 g of ethyl alcohol. Next, 4 g of
as-received dimethyl dialkyl C14-C18 amine functionalized montmorillonite clay
particles (Nanoclay, Nanocor Inc., USA) were added using a spatula and vortexdispersed in the polyurethane-alcohol mixture. Finally, 15 g of waterborne
fluorinated acrylic copolymer (25%wt polymer, 75%wt water; Dupont) was added
slowly to the polyurethane-nanoclay suspension and also blended with vortex mixing
for 15 minutes, creating a Pickering emulsion. To further promote homogeneity in
the solution, the slurry was sonicated at 35% amplitude at a frequency of 20khz for
two minutes with an ultrasonicator (Model VC750, Sonics & Materials, Inc., USA).
Additional solvent was added as necessary into the sonicated solution to reduce the

14
viscosity of the mixture. The reason for the addition of fluoropolymer within the
nanocomposite formulation matrix was to reduce the surface energy and promote
superhydrophobicity of the coating.35,36 The existence of this chemical component on
the nanocomposite coating has been measured by Steele et al.32 in a previous
investigation using the technique of backscattered electron analysis.
To create the nanocomposite coatings from this precursor solution, the
slurries were spray-casted onto aluminum substrates from various spray-casting
heights and air pressures and then heat cured at 100

The aluminum

substrate was placed on a motorized platform and translated in controlled
longitudinal (Y axis) and lateral (X axis) motions while the air-atomizing nozzle
sprayed the nanocomposite mixture above the platform. The motorized platform was
controlled by two linear slides driven by stepper motors (Xslide, Velmex Inc., USA).
The schematic and picture of this set-up is shown in Figure 2.1a and b, respectively.
This spray-casting method was not employed by Steele et al.15 and was designed as
an improvement to ensure consistency in the quality of the nanocomposite coatings.
The air-atomizing spray nozzle was an internal mix model (1/4JCO series,
Spray Systems Co., USA) with a round spray pattern and with the capacity of
approximately 2.8 liters/hour at 275 kPa air pressure. Regulated air pressure was
provided by an external air compressor (3 hp, Craftsman) while the polyurethane-

15

Figure 2.1 (a) Schematic of the spray-casting process and (b) image of the spraycasting set-up.
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nanoclay-fluorine slurry was siphoned into the spray nozzle. The spray-casting
process began when the air-atomizing nozzle was set at a fixed height and position
above the substrate to deliver a fine mist of polymer-nanoclay slurry droplets. The
motorized platform holding the substrate was then programmed to step in the lateral
direction (X axis) for a distance of 0.5 cm before traversing in the longitudinal
direction at a speed of 15 cm/second. The programmed motion was repeated until
the entire substrate was coated. Various spray heights (2-16 cm) and air pressures
(138-690 kPa gage) were used to create a range of nanocomposite coatings for
quantitative superhydrophobic and wear durability measurements.

2.2.2 Performance Measurement
Static water CA measurements were performed by capturing three digital
l volume) through a digital SLR camera (Canon EOS
T2i, macro lens MP-E). The images were then analyzed using a B-spline snake
approach pioneered by Stalder et al.37 as a plug-in program within the Image-J
software to provide an averaged CA measurement. ROA were acquired by measuring

ROA measurements were also repeated five times so that an averaged ROA value
could be acquired.
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The surface features and texture of the coatings were imaged and measured
by an optical digital microscope (Model KH-7700, Hirox) and a confocal laser
scanning microscope (Model 510 Meta, Zeiss), respectively. Images acquired by the
confocal microscope were then reconstructed by a surface imaging and metrology
software (Mountains Map, Digital Surf) to provide a 3-D topology image of the
coating

a as well as quantitative texture

parameters such as arithmetic mean roughness, maximum peak height etc. In
addition, higher magnification images of the surface features were acquired with a
scanning electron microscope (6700F, Jeol).
To assess the wear durability of the coatings, a linear abraser (Model 5750,
Taber Industries) was used. This device consisted of an abradant tip attached to a
horizontal arm that reciprocated in a linear fashion at a force determined by weight
discs. The abradant tip (H-10 Calibrade, Taber Industries) was made of aluminum
oxide abrasive particles designed to provide medium abrasive action. Weight discs
were placed on the mechanical arm before the abradant tip was positioned to be in
contact with the surface of the coating. The nanocomposite surface was then
repeatedly abraded along a linear path until the point of coating-break-through.
Coating-break-through was defined as the point where the abradant tip completely
wore through the coating and the underlying aluminum substrate became visible.
The thickness of the coating was measured with a profilometer (Dektak 8 Stylus,
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Veeco) and the thickness value was divided by the abrasion cycles required for
coating-break-through. This wear rate quantifies the wear durability of the
nanocomposites by describing the extent to which the coating was worn by the
abradant tip (in microns) after each abrasion cycle. Abrasion trials were first
conducted to determine the appropriate disc weight to be used in this experiment.
This was to ensure that the number of cycles required for coating break-through was
reasonable and that the experiment could be conducted efficiently. Based on these
preliminary tests, 900 grams of weight discs were chosen.

2.3 Results and Discussion
Figure 2.2 shows the effect of spray-casting height on the superhydrophobicity
of the coatings when spray-casting air pressure was fixed at 415 kPa gage. It can be
observed that nanocomposite coatings fabricated at less than or equal to 5 cm spraycasting height were not superhydrophobic. Static water CA did not exceed 140° and
roll-off angle measurements resulted in a pinned droplet on the surface. However, at
7.5 cm spray-casting height, the superhydrophobic performance of the coatings
improved tremendously. Static water CA increased to nearly 160° with an abrupt
decrease of ROA to approximately 8°. Further increase of the spray-casting height
beyond 7.5 cm showed that coatings remained superhydrophobic, albeit with a slight
reduction in superhydrophobicity.
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Figure 2.2 Effect of spray-casting height on superhydrophobicity
nanocomposite coating (spray-casting air pressure fixed at 415 kPa gage).

of

the

This effect can be explained by considering the mechanism of nanocomposite
formation by spray atomization. After atomization, the nanoclay-polymer suspension
travels through air from the nozzle to the substrate in the form of droplets. Each of
these droplets contains solvent which acts as a medium of transport while
evaporating during the time of flight, ultimately leaving mainly nanoclay and
polymer components on the substrate to form a nanocomposite coating. The degree
of evaporation, however, is linked to the height between the spray nozzle and
substrate. For a low spray-casting height (2 to 5 cm), there is insufficient time for
the solvent to evaporate before the droplets impact the surface of the substrate. As
such, the spray droplets remain large in size before impinging and spreading out on
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the surface. This creates a “wet” coating on the substrate which allows the
nanoparticles to sink and embed itself within the polymer matrix to create a smooth
coating. On the other hand, at higher spray-casting heights (higher than 7.5 cm),
most of the solvent evaporates during the longer time of flight, resulting in spray
droplets that are much smaller in size and leaving a high concentration of nanoclay
and polymer components on the substrate to form a “dry”, more porous
nanocomposite coating. As the spray heights increase, until the point where at a
maximum spray height of 15 cm, only a very small percentage of solvent reaches the
substrate, creating a coating that is scattered with poly-disperse nanoclay particles
and giving the coating a “dusty” appearance. This effect can be observed visually
and is shown in Figure 2.3a and b via optical microscope pictures of coatings spraycasted at 5 and 13 cm, respectively. The significantly smoother texture presented by

Figure 2.3 Optical microscope images of “wet” and “dry” nanocomposite coatings
spray-casted at heights of (a) 5cm and (b) 13 cm (spray-casting air pressure fixed
at 415 kPa gage).
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the coating spray-casted at 5cm as compared to the one at 13 cm suggested a
lack of surface morphology on the former coating, which itself is a crucial governing
parameter for surface water repellency.3
To further investigate the surface morphology at the micro/nano scale,
scanning electron microscope (SEM) images for coatings spray-casted at a height of 5
cm and 7.5 cm were acquired. As shown in Figure 2.4a, a “flatter” surface texture
was observed for the coating spray-casted at 5 cm. The lack of hierarchal surface
features and roughness reduces the superhydrophobicity of the coating. On the other
hand, SEM images acquired at a spray-casting height of 7.5 cm (Figure 2.4b)
revealed a surface texture at different length scales, with sub-micron sized features
embedded within micron sized structures. The existence of this hierarchal surface
structure not only promotes but also stabilizes the superhydrophobicity of the
coating.38

Figure 2.4 SEM images of nanocomposite coatings spray-coated at a height of (a) 5
cm and (b) 7.5 cm (spray-casting air pressure fixed at 415 kPa gage).
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To quantify the difference in surface roughness between coatings spray-casted
at different heights, confocal laser scanning microscope images were acquired. The
acquired confocal images were then reconstructed to create three dimensional (3D)
topological images representing an 800 X 800
in Figure 2.5a and b for coatings spray-casted at 5 and 13 cm, respectively. Similar

Figure 2.5
nanocomposite coatings spray-casted at heights of (a) 5 cm and (b) 13 cm (spraycasting air pressure fixed at 415 kPa gage).

to optical microscope pictures shown in Figure 2.3, significant differences in surface
topology were noted, i.e., a smooth, flat texture for coatings sprayed at 5 cm as
compared to a rough, porous surface for coatings sprayed at 13 cm. Quantitative
surface topology measurements such as arithmetic mean roughness, maximum peak
height and valley depth as well as the maximum height of the surface were derived
from these images and listed in Table 2.1. Arithmetic mean roughness measurements
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provided an overall measure of texture and roughness of the surface while maximum
peak height and valley depth were measurements that represent the highest and
lowest points on the surface. The maximum height of the surface was the sum of the
highest and lowest point distances on the surface. Results from Table 2.1 showed
that the arithmetic surface roughness measurements of a surface sprayed at 13 cm
was approximately four times higher than a surface sprayed at 5cm. In addition, the
maximum peak height and maximum valley distances and consequently the
maximum height of the surface for the coating sprayed at 13 cm was significantly
larger. These measurements provided quantitative validation for previous visual
observations that suggest the presence of a rough, textured surface with large length
scales for a coating fabricated at higher spray-casting distances.

Table 2.1 Surface texture parameters of “wet” and “dry” nanocomposite coatings
spray-casted at 5 and 13 cm (spray-casting air pressure fixed at 415 kPa gage).
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Figure 2.6 shows the effect of spray air pressure on the superhydrophobicity
of the coatings when spray height was fixed at 7.5 cm. It can be observed that at
spray-casting air pressures between 140 and 415 kPa, the nanocomposite remained
superhydrophobic with static water CA between 151° and 159° with ROA less than
8°. However, superhydrophobic performance degraded at a spray-casting air pressure
of 550 kPa (a factor of two increase of the ROA angle) with a complete loss of
superhydrophobicity for coatings fabricated at an air pressure of 690 kPa.

Figure 2.6 Effect of spray-casting air pressure on superhydrophobicity of the
nanocomposite coating (spray-casting height fixed at 7.5 cm).
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The degradation in superhydrophobicity was caused by an increase in
nanocomposite volume that was also delivered at a higher speed to the surface of the
substrate at high spraying pressures. Since the spraying height was fixed, there was
insufficient time for the higher volume of solvent within the nanocomposite slurry to
evaporate on its flight path, therefore impinging on the surface of the substrate and
resulting in a coating with a “flatter” texture. This surface texture was visually
similar to coatings fabricated at spray-casting heights of less than 5 cm at a constant
415 kPa gage air pressure shown in Figures 2.3a and 2.5a.
Since the superhydrophobicity of the coating is significantly influenced by the
extent of droplet evaporation of the slurry as it travels from the spray nozzle to the
substrate surface, the superhydrophobic performance (CA and ROA) of all coatings
were plotted as a function of droplet flight time. The droplet flight time was
calculated by assuming that the spray exhausted by the nozzle was a turbulent
axisymmetric jet. After emission from the nozzle, the centerline velocity of this
particular jet decayed in a manner described mathematically in Equation 2.1.39

Ui
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where

and

B

x
D

xi
D

(2.1)

are the initial (nozzle exit) and centerline velocity, respectively,

the diameter of the nozzle,
while

2

and

the initial and x-distances away from the nozzle,

is a constant. The value for

was approximated to be 5.6, based on
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Papadopoulus et al.40 The initial centerline velocity was predicted using the Rayleigh
flow relation shown in Equation 2.2.

Pi
Po
and

1

(2.2)

M i2

1

refer to the air pressures at the exit and upstream of the nozzle,

respectively,

the air specific heat ratio, and

the Mach number. Assuming that

the air flow reached sonic conditions upstream and that the pressure at the exit of
nozzle was at atmospheric pressure, the initial velocity can then be prescribed as
Equation 2.3.

1
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Po
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Po

is the spray-casting pressure. Therefore, by solving the ordinary differential

equation of Equation 2.1, and assuming that the droplets had similar response times
as compared to the air flow, the droplet flight time (tflight) for various spray pressures
and heights could be obtained. (Equation 2.4)

t flight

x2
DBU o

(2.4)
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Figure 2.7 and 2.8 shows the contact angle and roll-off angle of the coatings
fabricated at various spray heights and pressures (previously shown in Figure 2.2
and 2.6) plotted only as a function of droplet flight time. It can be observed that the
superhydrophobic performance curves from the different sets of spray deposition
conditions coincide with each other. This confirms the previous hypothesis that the
droplet flight time, hence the evaporation rate, affects the superhydrophobicity of
the coating. It should be noted however that the droplet flight time is also a function
of droplet size. Therefore, for more precise quantification of droplet flight time,
measurements on the droplet size of the spray (by laser diagnostics) should be
acquired.

Figure 2.7 Effect of slurry droplet flight time on the CA of the nanocomposite
coating.
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Figure 2.8 Effect of slurry droplet flight time on the ROA of the nanocomposite
coating.
Figure 2.9 shows the wear durability of the nanocomposite coating over a
range of spray-casting heights while fixed at an air atomizing pressure of 415 kPa
gage. As observed in Figure 2.10, the coatings were repeatedly abraded by the
abradant tip until the point of coating break-through. It can be observed that
coatings fabricated below a spray height of 10 cm showed good abrasion resistance,
m or less of the coating worn at every abrasion cycle. The
most durable coating was fabricated at the lowest spray height of 5 cm, where only
800 nm of the coating was removed per abrasion cycle.
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Figure 2.9 Dependence of wear rate (thickness of coating worn per abrasion cycle)
on (a) spray-casting pressure fixed at 415 kPa gage and (b) spray-casting height fixed
at 7.5 cm.
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Figure 2.10 Image of coating (spray-casted at a height and pressure of 13 cm and
415 kPa gage, respectively) subjected to abrasion until the point of coating
breakthrough.

However, once the spray-casting height was raised above 11 cm, the coating
was significantly more fragile,

m/cycle, an approximately

ten fold decrease in wear durability from the previous spray height. This effect shows
that a “wet” coating from a low spray height is mechanically stronger than a “dry”
porous coating fabricated from a higher spray height since they are less likely to
suffer from the ablating effects associated with mechanical wear.41 A similar
experiment was performed on nanocomposite coatings fabricated at different spraycasting air pressures while fixed at a 7.5 cm spray-casting height with similar results.
Since a higher volume was delivered at a higher speed to the substrate at high spray
pressures (550-690 kPa gage), a “wet” coating was fabricated, hence increasing the
durability of the coating.
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The results revealed the tradeoff nature of the superhydrophobicity and
durability of nanocomposite coatings fabricated from a spray-casting technique, i.e.,
increasing the spray- height and decreasing the spray pressure (increasing droplet
flight time) improves superhydrophobic performance but is accompanied by a
decrease in wear durability. On the other hand, decreasing the spray height and
increasing the spray pressure (decreasing droplet flight time) increases the strength
of the coating but decreases its superhydrophobicity. For the formulation and spray
nozzle used specifically in this investigation, the optimal composite coating should be
fabricated at a spray height between 6 and 8 cm, with a spray pressure from 415 to
550 kPa gage. This set of optimal spray conditions correlate to a slurry droplet flight
time of approximately 1 to 2 ms. Additional investigations have been conducted to
fabricate the necessary surface roughness to achieve superhydrophobicity yet
maintaining it a low roughness level so that it would be less susceptible to abrasive
failures. These studies focus on changing the fluoropolymer medium and pre-treating
the substrate surface as well as strengthening the chemical compatibility and
stability of the combined chemical components. This will be described in Chapter 4.
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2.4 Conclusions
The study of spray-casting height and air pressure effects on the
superhydrophobicity

and

durability

of

polyurethane-nanoclay

nanocomposite

coatings indicate that coatings manufactured from a high spray-casting height were
superhydrophobic. This can be attributed to the fact that a high percentage of the
solvent evaporated during the spray event at these heights, resulting in a porous
coating with an increased level of surface hierarchal features. At low spray-casting
heights, surfaces with smoother surface textures with a lower degree of
hydrophobicity were observed. A similar reduction in superhydrophobicity was
observed with high spray-casting air pressures where a high volume of nanoclaypolymer mixture was delivered at a higher speed to the substrate to form a “wet”
coating. Although lacking in hydrophobicity, these “wet” coatings provided a
remarkably higher resistance towards abrasion as compared to a more porous coating
fabricated from a higher spray-casting height or lower air pressure. By balancing
these application parameters, a combination of durability and superhydrophobicity
can be achieved for the specific formulation and spray nozzle used in this
investigation, with a range of pressures between 415 and 550 kPa gage and at a
spray-casting height between 6 to 8 cm. These parameters would serve as guidelines
for the fabrication of consistent and durable nanocomposite coatings for further icing
experiments described in the following chapters.

33

Chapter 3
Temperature & Humidity Effects

3.1 Introduction
This chapter investigates temperature and humidity effects on the static
wettability of nanocomposite coatings. For a superhydrophobic coating to be icerepellent, it has to be effective in maintaining its water-repellent characteristics at
freezing temperatures as well as in an environment of varying humidity conditions.
To assess this capability, numerous studies have been carried out to monitor the
wettability of superhydrophobic coatings at freezing surface temperatures and at low
humidity. These experiments generally demonstrated a decrease in CA and CAH as
surface temperature decreases.42-44 It has been hypothesized that this effect is due to
water condensation on the superhydrophobic surface driven by differences between
surface and air temperatures. In particular, it was suggested that condensed microdroplets penetrate into the gaps of the micro and nano-structures, triggering a local
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transition from Cassie to Wenzel wetting state.13,14 By modifying the surface
chemistry and structure of the superhydrophobic surfaces, this effect can be reduced
to render the surfaces “condensation resistant”.45-48 Recently, Yin et al.49 studied
condensation effects due to both surface temperature and air humidity and
demonstrated a loss of superhydrophobicity in natural and artificial surfaces below
10°C and where relative humidity was greater than 60%.

However, while the

performance of a freezing superhydrophobic surface in ambient conditions is well
documented, little attention has been given to the superhydrophobicity of
nanocomposites in isothermal systems subjected to a temperature cycle. Questions
also remain concerning the influence of “humidity history” effects on the
superhydrophobic performance of the nanocomposites. These issues are of importance
since the above mentioned environmental conditions are frequently encountered by
aerospace vehicles.
To address the above questions, an experiment was designed to systematically
measure

the

static

water

CA

and

ROA

of

a

superhydrophobic

polyurethane/organoclay nanocomposite surface for a full temperature cycle from
20°C to -3°C and back to 20°C at both low and high humidity conditions while
maintaining homogeneous thermal conditions (equal air, nanocomposite surface and
water temperatures) at each point of measurement (every 5
temperature cycle.
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3.2 Experimental Methods
3.2.1. Nanocomposite Coating
The nanocomposite coatings were created by first preparing a precursor
solution, followed by spray casting and then thermosetting. First, dimethyl dialkyl
C14-C18 amine functionalized montmorillonite clay particles (Nanoclay, Nanocor
Inc., USA) were dispersed in ethyl alcohol at room temperature. Waterborne
perfluoroalkyl methacrylic copolymer (PMC) (30% wt. polymer, 70% wt. water;
Dupont, USA) was then added to the solution and blended with vortex mixing.
Separately, a moisture-cured polyurethene (MCPU) was also dispersed in ethyl
alcohol. The MCPU was a one-component liquid formula comprising of 25%
diphenyl-methane-diisocyanate and 75% polyurethane pre-polymer (hexanedioic acid,
polymer with 1,6-hexa-nediol and 1,1-methylenebis 4-isocyanato-benzene). Finally,
the alcohol/organoclay/PMC suspension was blended into the MCPU solution,
creating a Pickering emulsion. The emulsion was then spray-casted onto aluminum
substrates using an internal mix, double-action airbrush atomizer (model VL-SET,
Paasche). The substrates were coated with a single spray application from a distance
of approximately 30 cm above the substrate for a “dry” spray and then heat cured at
100°C overnight. SEM images of the resulting nanostructures are shown in Figure
3.1.
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Figure 3.1 SEM images of nanocomposite coating at magnifications of (a) 200X and
(b) 3000X.

3.2.1. Experimental Set-up
The nanocomposite substrate was fixed to a manual goniometer stage (GN05, Thorlabs) and placed within a refrigerated incubator (MIR-154, Sanyo) which
has a temperature range of -10°C to 60°C with an accuracy of ± 1.5°C. This setup,
together with a 2 ml syringe (GS-1200, Gilmont) and thermocouples (5SRTC Type
T, Omega) on the substrate and syringe, ensured that the incubator was able to
provide a thermally homogeneous condition for the substrate, air and water. (Figure
3.2a and b) For high relative humidity levels, a tray of water was placed in the
incubator chamber while desiccants (DX0017, EMD Chemicals) were used to reduce
the relative humidity. Relative humidity (RH) levels were monitored using a
hygrometer (Model 4185, Control Company), accurate to within ±2% RH. To ensure
proper mixing of air moisture within the chamber, an independent humidity
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Figure 3.2 Experimental set-up for thermally homogeneous, high and low humidity
tests. (a) schematic and (b) picture of the set-up within the refrigerated incubator.

measurement at different chamber locations were conducted. Results showed less
than 1% RH spatial variation within the chamber. Therefore, it was concluded that
the RH spatial variations were small and not quantifiable with present
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instrumentation. At each temperature/humidity point in the cycle, a 10
droplet was deposited on the nanocomposite surface. Averaged water droplet ROAs
were obtained by simply tilting the goniometer stage while averaged CA
measurements were performed by capturing images of the water droplet on the
nanocomposite surface through the incubator glass window using a digital SLR
camera (Canon T2i, MP-E 65 mm macro lens) and analyzed using a B-spline snake
approach developed by Stalder et al.37 The entire data acquisition process was
repeated for every 5°C until a temperature cycle (20°C to -3°C to 20°C) was
completed. In addition, care was exercised to ensure that the humidity levels at
temperatures during the warming cycle (-2°C to 20°C) closely resembled the
humidity levels acquired during the cooling cycle (20°C to -2°C).

3.3 Results and Discussion
The averaged CA results of the low humidity experiment are shown in Figure
3.3a with the arrow representing the initial direction of the temperature cycle. It can
be seen that the RH levels were consistently maintained below 20% throughout the
entire temperature cycle and the CAs remained constant at approximately 160° as
the temperature was reduced from 20°C to 0°C. Once below 0°C, the CA
measurement decreased slightly to 154°. During the warming cycle, CAs remained
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close to the measurements from the cooling cycle with no sign of path divergence.
This indicates that humidity history effects were negligible. Figure 3.3b shows that
the averaged ROA across the temperature cycle also remained constant. Thus, the
low humidity result indicated that superhydrophobicity was retained at low
humidity conditions (RH<20%) over a wide range of surface/air temperatures.
Under high humidity conditions (RH>80%) and as shown in Figure 3.3c and 3.3d,

Figure 3.3 Superhydrophobic performance of nanocomposites for a temperature
cycle (20°C to -3°C to 20°C) while maintaining thermal homogeneity at each point of
measurement (a) CA at low RH (b) ROA at low RH (c) CA at high RH and (d)
ROA at high RH.
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the nanocomposite surface also maintained similar levels of superhydrophobicity with
nearly constant CA and ROA values as temperature was reduced from 20°C to -3°C.
These trends are substantially different than those of Yin et al.,42 Karmouch et al.,43
He et al.48 and Yin et al.49 who found marked reductions in CA and CAH angles as
surface temperature was reduced for both low and high humidity environments.
To understand the differences between the present high humidity results from
the cooling cycle and those of Yin et al.,42 Karmouch et al.,43 He et al.48 and Yin et
al.,49 an additional experiment was performed. A Peltier cooling stage was set up to
investigate the effect of homogeneous versus non-homogeneous thermal conditions on
superhydrophobicity.

To

create

a

non-homogeneous

thermal

system,

room

temperature water droplets were placed on gradually cooled surfaces exposed to open
environment (Tair=22°C, RH=60%) while CAs were measured. As shown in Figure
3.4, CAs decreased dramatically from 160° to 108° when the surface temperature was
reduced from 20°C to -10°C at room temperature. In this case, when the surrounding
air and droplet temperatures were held fixed, cooling the surface with the Peltier
stage resulted in condensation, which was observed to significantly decrease the
superhydrophobicity of the nanocomposite. This was in contrast to the cooling cycle
in the incubator, where CAs remained fairly constant as temperatures of the
nanocomposite, air and water droplet were homogeneously controlled by the chamber
temperature even at a relative humidity over 85%. This indicates that regardless of
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humidity levels, surface superhydrophobicity was generally not degraded as surface
temperature decreased. Instead, superhydrophobic degradation was associated to
condensation effects generally triggered by non-homogeneous thermal conditions,
which caused wetting transitions from Cassie to Wenzel state.

Figure 3.4 Homogeneous vs. non-homogeneous
superhydrophobicity of the nanocomposite coatings.

thermal

effects

on

the

It is important to note however, that degradation in superhydrophobicity was
observed during the warming cycle (from -3°C to 20°C) of the high humidity
experiment.

As shown in Figure 3.3c and 3.3d, while the first few points of

measurement in the warming cycle closely resembled the values previously acquired
in the cooling cycle, the superhydrophobicity of the nanocomposite decreased above
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5°C. In particular, the ROA increased by a factor of two. This divergence from the
cooling cycle measurements was coupled with: 1) visual appearance of condensation
in the incubator and 2) a change in direction of the slight imbalance between air and
nanocomposite surface temperature. The slight imbalance (measured to be an
average of 2°C) results because the surface temperature lags behind the air
temperature due to thermal inertia from the aluminum substrate, hence creating a
slight non-homogeneous thermal system. In particular, the surface temperature (for
RH 85%) was above the air dew point for the first two points of the warming cycle
which is consistent with the absence of condensation. However, at the third point of
measurement, the imbalance between the surface and air temperature widened with
the surface temperature dipping slightly below the air dew point.
strongly

suggests

that

condensation

is

the

cause

for

the

This result
decrease

in

superhydrophobicity. In general however, the surface and air temperature
equilibrated in about 35 minutes. To assess any additional humidity history effects
after the warm up cycle, a second cooling cycle was also conducted from 20°C to -3°C
a few hours after the completion of the warm-up cycle. It was observed that the
previously condensed water from the warming cycle evaporated off the surface by
this time. As seen in Figure 3.3c and 3.3d, no additional humidity history effects
were found, i.e., superhydrophobicity resumed on the surface at CAs and ROAs
consistent with the first cooling cycle. Thus it is hypothesized that condensation
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effects, which result in the change from Cassie to Wenzel wetting state, are
reversible.

3.4 Conclusions
In conclusion, it was shown that superhydrophobicity was maintained for a
full temperature cycle of 20°C to -3°C in a low humidity environment, when at each
point of the temperature cycle, the nanocomposite, air and water droplet remained
thermally homogeneous. Comparable results were also observed for the cooling cycle
of a thermally homogeneous, high humidity test. These results differed from those
obtained from open environment experiments (in previous studies and in this study)
where only the substrate was cooled while the air and water droplet were fixed at
room temperature. Even small differences between the air and nanocomposite surface
caused condensation which led to superhydrophobic degradation, especially at high
humidity during a warming cycle.
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Chapter 4
Drop Impact & Rebound Dynamics

4.1 Introduction
This chapter focuses on the study of single drop impact and rebound
dynamics on an inclined superhydrophobic surface. These dynamic studies are
important because the formation of ice in aerospace applications typically involve the
impingement of super-cooled water droplets on freezing surfaces. Therefore, an
understanding of these impact and rebound characteristics is crucial towards a
successful implementation of superhydrophobic coatings as an ice mitigation tool.
In general, impact dynamics on a surface has profound implications in a wide
variety of other applications such as spray-cooling of hot surfaces, inkjet printing,
spray coating, precision molten drop deposition as well as in applications such as fire
suppression by sprinklers, internal combustion engines and criminal forensics.50
Therefore, it has been extensively studied for over a century using both
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experimental51-55 and computational tools.56,57 Due to recent advances in technology
in high speed photography and in drop generation techniques, researchers were able
to perform detailed experimental studies of impact dynamics using a wide range of
drop viscosities58-60, diameters61-63, and surface temperatures.64 The findings from
these investigations improved our understanding of the drop-surface impact process
and also strengthened our capability to quantitatively predict the outcome of the
impact event.
Recently, the focus of drop impact studies has shifted towards surfaces that
are superhydrophobic. The water-repellency effect of these surfaces changes the
dynamic interaction between the drop and the surface, particularly on the drop
rebound dynamics. In general, after a drop impinges upon a hydrophilic or
hydrophobic surface at low impact speeds, it tends to adhere on the substrate.
However, upon striking a superhydrophobic substrate under similar impact
conditions, a drop recoils, rebounds and completely releases itself from the surface.
The ability of the superhydrophobic surface in promoting drop rebound has led to
the hypothesis that anti-wetting coatings could be ice-repellent.
A drop’s impact and rebound characteristics on superhydrophobic surfaces are
governed primarily by its impact velocity and inherent liquid properties, such as
density, viscosity and surface tension.50 When a moving drop impinges on a
superhydrophobic surface, its inertial energy pinches the drop on the surface, causing
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the drop to spread and deform. The shape and extent of the deformation are
counter-balanced by the surface tension of the drop and can be quantified nondimensionally by the Weber number. After impingement, the inertial energy of the
water drop is dissipated through viscous forces. This viscous resistance affects the
drop rebound characteristics and can be quantified by the Ohnesorge number.53
Numerous studies have investigated the perpendicular drop impact and
rebound characteristics on a superhydrophobic surface at a variety of Weber and
Ohnesorge numbers.65-70 For example, Chen et al.71 categorized the drop rebound
outcome (partial rebound, partial rebound, splashing etc.) for Weber numbers
ranging from 0 to 170 and Ohnesorge numbers ranging from and 0 to 0.0028, on a
synthetic superhydrophobic surface as well as on a lotus leaf. Tsai et al.72 performed
an experiment to quantitatively study the characteristics of a drop impact at Weber
numbers as high as 800. In addition, they also investigated drop splashing dynamics
at reduced ambient air pressures. Kwon et al.73 focused on the study of impact and
wetting pressure of micro-droplets with diameters less than 50
pillar-textured surface, while Pearson et al.74 utilized drops consisting of waterglycerol mixtures to qualitatively and quantitatively study the influence of liquid
viscosity on impact and rebound behavior. These investigations provided detailed
insight into the anti-wetting dynamic behavior of drops and, in particular, noted the
various impact and rebound outcomes that could result from drop impingement at
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various impact velocities and viscosities. However, these studies were all performed
for impact perpendicular to the surfaces. In reality, drops tend to strike a target
surface at an inclination for most applications. For example, ice accretion on a wind
turbine blade as well as on an aircraft wing typically involves impact and freezing of
super-cooled

liquid

droplets

on

those

surfaces

at

sub-zero

environmental

temperatures. These surfaces are usually positioned at an angle of attack while in
operation and hence, the impingements of super-cooled droplets on these components
are also at an inclination.
There are a few studies that considered oblique drop interactions. Sikalo et
al.75 investigated the impact of drops on inclined hydrophilic and hydrophobic
surfaces and found a back to front asymmetry in drop deformation upon
impingement. Chiarot et al.76 and Zheng et al.77 extended the work by studying the
grazing

impact

of

high

velocity,

continuous

droplet

streams

on

inclined

superhydrophobic surfaces. The study found that the shape and structure of the
rebounding stream was a strong function of the frequency of the droplet ejection as
well as its velocity. However, to the author’s knowledge, there have been no
published studies which have investigated in detail the characteristics of a single
drop oblique impingement on a superhydrophobic surface. This area of study is of
great importance since the successful implementation of superhydrophobicity on
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applications such as anti-icing hinges substantially upon the drop impact and
rebound dynamics at tilt.
Therefore, the objective of this study is to quantitatively study the drop
oblique impact and rebound characteristics for a substantive range of Weber and
Ohsnesorge numbers on a 45° inclined nanocomposite superhydrophobic surface.
Normal Weber numbers ranging from 9 to 67 and Ohnesorge numbers ranging 0.0018
to 0.028 were achieved by varying the drop release heights as well as using dropglycerol mixtures. With the aid of a high-speed camera, detailed qualitative and
quantitative analysis from the impact and recoil dynamics was then performed. In
addition, the shape and characteristics of the drop rebound was systematically
categorized in a normal Weber-Ohnesorge number regime map.

4.2 Experimental Methods
4.2.1 Nanocomposite Fabrication
As with all coatings studied in this dissertation, the superhydrophobic surface
was created by spray-casting precursor solutions on aluminum substrates followed by
thermosetting to produce the final nanocomposite coatings. The concept of a
controlled spray-casting process as described in Chapter 2 was utilized. However, the
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formulations as well slurry preparation for the coating used in this particular study
were different from the ones used in Chapter 2 and 3.
First, an aviation polyurethane topcoat (Imron AF3500; DuPont., USA) was
dispersed in acetone. Next, as-received silicon dioxide nanoparticles (5-15nm particle
size; Sigma Aldrich., USA) were dispersed in the polyurethane-acetone mixture. To
create the slurry, waterborne fluorinated acrylic copolymer (25 weight% polymer, 75
weight% water; Capstone ST-110, DuPont, USA) was added slowly to the
polyurethane-silicon dioxide suspension and blended with vortex mixing for 10
minutes, creating a Pickering emulsion. To further promote homogeneity in the
solution, the slurry was sonicated at 35% amplitude at a frequency of 20 kHz for two
minutes with an ultra-sonicator (Model VC750, Sonics & Materials, Inc., USA).
Additional solvent (acetone) was added as necessary into the sonicated solution to
reduce the viscosity of the mixture. To create the nanocomposite coatings from this
precursor solution, the slurries were spray-casted from 9 cm above the aluminum
substrates using an internal-mix air-atomizing spray nozzle (1/4 JCO series, Spray
Systems Co., USA) driven at 170kPa. The sprayed surfaces were then heat cured at
100°C for 8 hours.
Static and dynamic contact angle measurements were performed to quantify
the superhydrophobic performance of the nanocomposite coating. This was
accomplished using a goniometer (model 290, Ramé-Hart, USA) and repeated three
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times at three different locations on the nanocomposite surface to provide averaged
values of CA, ACA and RCA.

4.2.2 Experimental Set-Up
As shown in Figure 4.1a, the surfaces were placed within a microprocessor
controlled refrigerated incubator (MIR-154, Sanyo) which has a temperature range of
-10°C to 60°C with an accuracy of ±1.5°C and on a 45° tilting block. A pre-pulled
glass micropipette with a silanized 30 m tip (WPI, Inc.) was attached to a Tygon®
high purity tubing and also installed within the incubator. This set-up ensured that
the incubator was able to cool/warm the temperature of the air, water and impact
surface simultaneously to provide a thermally homogeneous environment. A thermoelectric cold/heat plate (C60, Tellurex, Inc.) was placed in direct contact with the
45° tilting block and superhydrophobic substrate so that the surface temperature of
the substrate could be more precisely controlled. Temperatures of all the components
were closely monitored from attached thermocouples. In addition, desiccants
(DX0017, EMD Chemicals, Inc.) were placed within the incubator chamber to reduce
the relative humidity to less than 20%. The relative humidity of the chamber was
monitored using a fast response hygrometer (Model 4085, Control Company, Inc.)
with an accuracy of ±1.5% RH. The described set-up provided an isothermal, low-
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Figure 4.1 Experimental set-up for single drop oblique impact test (a) schematic
and (b) picture of the set-up within the refrigerated incubator.
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humidity environment for the experiments to be conducted. This is imperative since
non-homogeneous thermal conditions coupled with high humidity will lead to
condensation on the coating. As described in Section 3.3, this triggers a wetting
transition of the surface from a Cassie to a Wenzel state and ultimately causing a
loss in superhydrophobicity of the coating. A picture of the experimental set-up
within the refrigerated incubator is shown in Figure 4.1b.
A syringe pump (NE-1000, Pump Systems, Inc.) located outside of the
incubator was connected to the tubing and micropipette, provided the dispensing
force needed to accurately release water or water-glycerol drops of desired sizes onto
the surface of the substrates. The drop sizes dispensed with this experimental set-up
were within the range of 1.3 to 1.9 mm in diameter. These drops were released at
selected heights within the incubator to reach its targeted free-fall velocities right
before impact on the surface of the inclined superhydrophobic coating. The
determination of drop free-fall velocities at different fall distances (ranging from 5.0
cm to 30.5 cm) was based on the numerical model of van Boxel.78 A high-speed
camera (model M5, Integrated Design Tools, Inc.) with a macro lens (90 mm, Elicar)
was used to capture the drop impact and rebound sequence through the glass
window of the refrigerated incubator and at a frame rate of 1250 frames/s. The
resolution of the acquired images was 512 × 224 pixels. A picture depicting the setup of test apparatuses outside the refrigerated incubator is shown in Figure 4.2.
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Figure 4.2 Set up of experimental apparatuses outside the refrigerated incubator.

4.2.3 Test Conditions
The test conditions were defined based on the key non-dimensional
parameters conventionally cited for rebound dynamics79: the Weber number and the
Ohnesorge number. Since the droplet impacts herein are oblique, one may define the
Weber number in terms of either a normal impact velocity (VN) or a tangential
impact velocity (VT) as

WeN
WeT

V 2d

P N

V 2d

P T

(4.1)

(4.2)
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where

, d

respectively. These dimensionless parameters describe the balance of drop inertial
forces (normal and tangential) with surface tension forces. A drop with a Weber
number much greater than unity is expected to have substantial shape deformation
since its surface tension will be relatively weak.
To include effects of viscosity, one may introduce the Ohnesorge number
defined as

Oh

P
P

where

d

(4.3)

is the viscosity of the drop, respectively. While this parameter is generally

less than unity, even small values have been shown to indicate the influence of
viscous stresses. Note that one may also define an impact Reynolds number based on
the ratio of We1/2/Oh. For the present tests, drop heights and drop liquids allowed a
range of normal Weber numbers from 9 to 67 and Ohnesorge numbers from 0.0018
to 0.028 (and a commensurate range of impact Reynolds numbers from 413-2357).
To achieve the above range of Ohnesorge numbers with water (and to determine if
impact properties deviated significantly at sub-zero temperatures), the experiments
were conducted in an isothermal environment where air temperatures were varied
between -5°C and 50°C. The super-cooling of water below 0°C was made possible by
using deionized water and passing them through high purity tubing which reduces
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the level of impurities within the fluid, hence diminishing the possibility of
heterogeneous ice nucleation once at freezing temperatures. Further increases of the
Ohnesorge number was made possible by utilizing drops consisting of water-glycerol
mixtures. These liquids were specifically chosen to achieve high viscosity yet
retaining surface tensions similar to that of water. Thus, one may expect that such
liquids will have similar CA values. This prediction was confirmed to be correct
when CA measurements of all the test liquids yielded consistent values ranging
between 155° and 160°. The water-glycerol mixtures were prepared by adding 99.5%
glycerol to deionized water at weight percentages from 27% to 55%.80 The
combination of water heating/cooling and water-glycerol mixtures provided a set of
test liquids with eleven different levels of viscosities ranging from 0.5 to 8.4 cP. The
properties for this set of liquids under the present temperature test conditions are
listed in Table 4.1 with values of viscosity, surface tension and density from previous
studies.81-83

Table 4.1 Viscosity, density, surface tension and temperature values of test liquids
used in the present experiments.

56
To complete the test matrix characterization, the ACA and RCA of all the
test liquids were measured at room temperature on the nanocomposite surface. In
general, the CA and ACA were very similar for a given liquid and temperature. For
the example case of water drop, the CA was measured to be 160° while the ACA was
measured to be 163°. In fact, the ACA values for all the test liquids are about 160°
as shown in Figure 4.3, which is consistent with keeping the surface tension of all the
liquids approximately constant (to within 10%). This allows a fair and consistent
assessment of the drop impact characteristics on the surface since they are
substantially influenced by liquid surface tension (as indicated by the definition of
Weber number). For the rebounding aspects of the drop impact, it is hypothesized
that RCA and CAH can be important. For the water drop, the receding angle was
measured to be 152°, yielding a CAH of 11°. This indicates that the nanocomposite
surface was indeed superhydrophobic in terms of both CA and CAH. For the other
liquids, Figure 4.3 shows that the receding angles decreased as drop viscosity
increased. For example, the drop composed of 55% weight percentage water-glycerol
mixture, yielded a receding angle which was 30° lower than the receding angle of a
water drop.
Finally, a control hydrophilic surface was employed for comparison to the
superhydrophobic surface. The hydrophilic surface was simply an aluminum
substrate coated with the same polyurethane binder in the fabrication of the
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nanocomposite superhydrophobic coating.

The resulting polyurethane topcoat on

aluminum yielded a static contact angle of 68° for a water drop.

Figure 4.3 ACA and RCA measurements of the nanocomposite superhydrophobic
surfaces for water and water-glycerol solutions at different viscosities.

4.3 Results and Discussion
Figure 4.4a shows the high speed images of a 1.3 mm diameter water drop at
room temperature impinging on the inclined surface with the hydrophilic coating and
the superhydrophobic coating. In each case, the series of images represents key
events during the drop impact sequence. For the hydrophilic coating (Figure 4.4a),
the drop sequences are categorized into five stages: 1) pre-impact, 2) collision, 3)
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Figure 4.4 Categorization of water drop impact and rebound stages on an inclined
(a) polyurethane topcoat surface (WeN=11.5) and (b) nanocomposite
superhydrophobic coating (WeN=23).

maximum spread, 4) recoil, and 5) stabilization. Sketches of the drop shapes during
these stages are also shown (above the photos) in Figure 4.4a. It can be observed
that after the collision (Stage 2), the drop spreads on the surface (Stage 3) in an
asymmetrical fashion, creating a bulge at the leading edge of the drop while leaving
a thin trail of water at the back end, a phenomenological characteristic which was
also observed by Šikalo et al.75 This was due to high surface energy of the surface,
which pinned the upstream part of the drop on the surface while the downstream
side was driven down the inclination by kinetic energy associated with the tangential
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component of impact velocity. The impact energy was then dissipated by a recoil
motion (Stage 4) before eventually stabilizing (Stage 5).
The interaction of an impacting water drop on an inclined superhydrophobic
surface is drastically different for the latter stages (stage 3 onwards) as compared to
an inclined hydrophilic surface discussed above. As shown in Figure 4.4b, the drop
impact and rebound sequences on the superhydrophobic surface could be categorized
into six stages. 1) pre-impact, 2) collision, 3) maximum spread, 4) rebound, 5)
disengagement and 6) post-impact stages.
The maximum spread stage occurred when the drop impinged and deformed
to its largest extent along the surface (with length Lmax). The rebound stage began
the instance the drop receded from its maximum spread and ended when the drop
was released from the surface, which correlates to the Worthington Jet
formation.51,52 The drop would subsequently move into a transient stage called the
disengagement stage. This stage typically existed for very short periods of time (~1-2
ms) and was often associated with complex shape dynamics. Finally, the drop
transitioned into a post-impact stage. It should be noted that these six stages of
impact and rebound sequences involved drop travel in both the vertical and
horizontal direction. The drop slid on the surface while transitioning between stages
3 and 4 and travelled continuously down the inclination and away from its point of
impact. In fact, the drop slid a distance of approximately five drop diameter lengths
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over the contact period (i.e., between collision and disengagement). This is in
contrast to an impact on a flat superhydrophobic surface where drops would impinge
on a specific point on the surface and release from the same point on the surface.
Based on these phenomenological observations, the analysis of the impact and
rebound dynamics on the inclined superhydrophobic surface are focused on: a)
contact time and maximum spread and b) rebound outcome classifications and
regime map.

4.3.1 Drop Contact Time & Maximum Spread on Surface
The drop contact time on the inclined superhydrophobic surface (

cont)

was

defined as the total time the drop was in contact with the surface, i.e., from collision
to disengagement (Figure 4.4b). Richard et al.84 studied these times for water drops
impacting on a superhydrophobic horizontal surface and found that they scale closely
with the drop capillary time scale (

cap)

cap

defined as

P

d3

(4.4)

Figure 4.5 shows the contact times for the water and water-glycerol drops on the
present inclined surface against the drop capillary time scale. The results showed
that the contact time of both the water and water-glycerol mixture drops on an
inclined surface corresponded reasonably well with measurements of drop contact
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times for water drops on a horizontal surface. The linear curve fit for the water
drops was within the range of experimental error (±0.8 ms) of Richard’s curve fit.
This showed that the contact time was approximately equal to the capillary time
scale (

cont~ cap)

and independent of drop velocity as well as surface inclination. This

result is somewhat surprising in the context of some of the other rebound
characteristics to be described below where angle of inclination will influence drop
spread and drop viscosity will dramatically change rebound dynamics. However, this
result is consistent with a simple spring-like mechanism to describe the kinetic
energy of the drop during impact as noted by Richard et al.84 It should be noted

Figure 4.5 Drop contact times of all liquid drops at different viscosities on a
superhydrophobic surface as a function of capillary time scale, where data from
Richard et al. is for normal impacts and present data are for oblique impacts.
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that the linear curve fit for water-glycerol mixture drop contact times (green dashedline) diverged slightly from the water drops curve fit (blue dashed-line) which also
diverged from Richard’s84 fit for normal impact (red dashed-line). This first
difference may be attributed to the effect of receding angle and/or viscosity, while
the second difference may be attributed to the effect of inclination. The mechanism
for these subtle differences will be addressed later on. It should also be noted that
the super-cooled drops impacting a surface below freezing did not nucleate, as they
had a finite contact time and did not crystalize even in this unstable thermodynamic
state.
Figure 4.6 shows the relationship between the non-dimensional maximum
spread (Lmax/d) of drops and its normal Weber number for all test liquids as well as
measurements on horizontal surfaces acquired by Comeau et al.67 and Clanet et al.68.
The result show a rise in maximum spread for current inclined and previous
horizontal studies as WeN increases, regardless of drop viscosities. This was expected
since the initial spreading of the drop is controlled primarily by kinetic energy
redirection while its rebound will be more affected by viscous effects. However, the
oblique impact measurements tend to diverge from the normal impact results for
WeN>30. The reason for this divergence is ascribed to asymmetric effects that
stretch the drop in a downward tangential direction, thus promoting the spread of
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the drop.

Consideration of the rebound dynamics, as discussed below, would

however indicate that the inclined case requires special consideration.

Figure 4.6 The relationship between non-dimensional maximum spread of drops on
superhydrophobic surfaces with normal Weber number, comparing drops at various
viscosities impacting on an inclined surface with water drops on a horizontal surface
from current data as well as from Comeau et al. and Clanet et al.

To investigate the differences of oblique and normal impact and rebound
properties at high Weber numbers, additional tests were considered with the surface
kept horizontal. Two horizontal cases were investigated, one with the same WeN and
one with the same impact Weber number (We) as an oblique impact. The high-speed
images obtained from these two cases are shown in Figure 4.7. It can be observed
that the maximum spread of the drop (which occurred at a time of 3.2 ms) for the
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Figure 4.7 Comparison of high-speed images acquired for a water drop impact and
rebound on an inclined superhydrophobic surface at WeN=57 and We=113,
horizontal
superhydrophobic
surface
at
We=WeN=61
and
horizontal
superhydrophobic surface at We = WeN = 111.

oblique impact case more closely matches the horizontal case with a similar WeN of
61. However, as shown in Figure 4.6, the measurement of the drop maximum spread
for this horizontal impact case showed a correlation with the normal impact scaling
equation fit by Clanet et al. as well as measurements performed by Comeau et al., a
divergence that was consistent when normal Weber number is employed. As

65
expected, due to its high inertial energy from the impact velocity, the impingement
of the horizontal case of We=111 in Figure 4.7 resulted in an immediate break-up
upon contact with the surface. The drop maximum spread for this impact condition
also coincided with measurements obtained by Comeau et al. (Figure 4.6). On the
other hand, the rebound outcomes for the oblique impact case were found to be
different than either of the horizontal impact cases. For example, at t=6.4 ms, the
oblique and normal impact cases with WeN of about 60 both show a similar
Worthington jet rebound.51,52 However, by 9.6 ms, the outcomes are significantly
different among all three cases (full rebound for the oblique impact case, but jetting
or break-up for the normal impact cases). These rebound dynamics were investigated
and discussed extensively in the next section.
Since the conditions for WeN>30 indicate tangential momentum effects may
be important, one may seek to relate the influence of the tangential velocity of the
droplet spread.

A first order influence can be obtained by assuming that the

spreading period is half the contact time and that the spreading velocity is equal to
the impact tangential velocity. The net shift can be then expressed as
If this shift is normalized by the drop diameter and the

cont

LE

contVT.

is assumed to equal the

capillary time (based on Figure 4.5), the result can be expressed in terms of the
tangential Weber number. If one further assumes a second order correction with a
constant C1, the square of the normalized shift can be expressed as Equation 4.5.
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One may also apply a similar model for the trailing edge, but with a different
constant (C2). Hence, the net change of the drop maximum spread due tangential
momentum is prescribed as
LE- TE
d

2

C1 C2 WeT 2

(4.6)

By defining C3 as (C1 - C2)1/2, the net change could be combined with Clanet
et al.68

normal impact equation fit shown in Figure 4.6 to give an oblique impact fit

of

Lmax
d

0.9WeN

1
4

C3WeT for WeN<60

(4.7)

This oblique fit relates drop maximum spread for WeN <30 to first order effects and
WeT effects (for WeN >30) as second order effects. Since the angle of inclination for
this study is 45o, WeT=WeN. Hence, this can be applied to the data on Figure 4.6 for
which C3 was determined to be approximately 0.005 which reasonably describes the
oblique results as shown by the solid line for WeN less than 60. For normal Weber
numbers greater than 60, as will be shown later, the drops tend to break-up which
lead to rapid increases in Lmax/d as shown by the vertical dotted line in Figure 4.6. It
is interesting to note that the horizontal impact cases (for both present and previous
experiments) did not lead to such break up, which indicates that the asymmetry
introduced by an inclined surface tends to accelerate the break-up condition when
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normal Weber numbers are considered.

The introduction of break-up physics

thereby renders Equation 4.7 to be generally invalid for higher normal Weber
numbers on the 45 degree inclined surface. However, when impact Weber numbers
are considered, the break-up limits for the inclined and horizontal surface
(measurements from Comeau et al.) generally coincide at We~122 (Figure 4.6). It
should be noted though that the break-up limits could vary. For example,
measurements from Clanet et al. did not experience drop break-up, even at a
maximum impact Weber number of 235. This suggests that the break-up physics is
sensitive towards the surface features and roughness of the superhydrophobic surface,
a hypothesis that was also supported by Chen et al.71

4.3.2 Rebound Outcome Classifications and Regime Map
Immediately after spreading to its maximum extent on an inclined
superhydrophobic coating, a drop would recede to form a jet before disengaging and
releasing itself from the surface. These rebound dynamics, which consist of stages 4-6
shown in Figure 4.4b, were a strong function of not only the impact height (Weber
number) but also the liquid properties (Ohnesorge number).

In particular, high-

speed images acquired for the eleven test liquids impacting as drops on the
superhydrophobic inclined surface revealed eight different outcome cases for the
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rebound, disengagement and post-impact stages. As shown in Figure 4.8 with
example images and Figure 4.9 with sketches, these outcomes were categorized as
symmetric, asymmetric, irregular, irregular with breakup, bulbous, tail impingement
and tail impingement with breakup.

Figure 4.8 (a) Classification of high-speed images of drop rebound, disengagement
and post-impact outcomes after impingement on an inclined superhydrophobic
surface and (b) sequence of images depicting an expanding-contracting drop during
the post-impact stage
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Figure 4.9 (a) Sketches of drop shapes and outcomes for the stages of rebound,
disengagement and post impact based on images classified in Figure 4.9, and (b)
sketches of drop shapes depicting an expanding-contracting drop during the postimpact stage.
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Figure 4.10 Regime map depicting the rebounding outcomes of an oblique drop
impact on the superhydrophobic surface as a function of WeN and Oh, with red
arrow indicating outcome variability at high WeN and low Oh

To understand the mechanisms behind these drop rebound scenarios, a regime
map was plotted in Figure 4.10 in terms of normal Weber number and Ohnesorge
number (similar to that of Schiaffino and Sonin79 for normal impact outcomes). The
black and colored symbols on the regime map represent water and water-glycerol
mixture drops, respectively. Figure 4.10 shows that water drops with WeN<30 and
Oh<0.006 exhibited a symmetric outcome. This case 1 outcome (as defined by first
row of Figures 4.8a and 4.9a) includes a symmetric Worthington jet during rebound
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leading to a pillar structure at the disengagement stage before expanding and
contracting in the post-impact sequence (Fig. 4.8b and 4.9b). Due to the low inertial
energy and low viscous damping, the inclination of the surface did not affect the
drop rebound dynamics, a similar rebound outcome that was similar to a drop
impacting a horizontal surface. However, as the impact energy relative to surface
tension increased further (30<WeN<45 and Oh<0.006), the effect of the surface
inclination on drop rebound was more apparent resulting in the asymmetric outcome
(Case 2 of Figs. 4.8a and 4.9a). Specifically, tangential momentum stretched the
receding jet in the downward tangential direction to distort the drop in an
asymmetrically. The transitional normal Weber number between the symmetric and
asymmetric cases (WeN>30) also coincided with the point of divergence between the
drop inclined and horizontal drop spread previously shown in Figure 4.6. This
confirms that tangential momentum effects become important for WeN>30 on
superhydrophobic surfaces.

It is interesting to note that the transition between

symmetric and asymmetric outcomes was observed for the super-cooled drops and for
the glyercol-water mixtures to Oh values as high as 0.012.
At yet higher Weber numbers for water drop impact (WeN>45 and
Oh<0.006), the reduced influence of surface tension allows the relatively strong
inertial forces to amplify instabilities within the drop so that the drop become
irregular in shape (Case 3) and even sometimes lead to break up (Case 4). As shown
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in Figure 4.8a, the drop surfaces in these two cases were covered with wave-like
features that would either leave the surface as a singular expanding-contracting drop
or breakup into satellite drops. In general, break-up (partial or immediate (Case 5))
tended to occur for WeN>60 for all Oh values on the inclined surface, which was
consistent with the rapid rise on Lmax/d as noted in Figure 4.6. However, it can also
be seen that multiple outcomes for these high Weber numbers were observed at low
Oh values as shown by the red arrow. In particular, three different outcomes were
noted in this regime: irregular, irregular with breakup and immediate breakup. Note
that a normal impact on a superhydrophobic surface generally does not result in
break-up in this range of normal Weber numbers.68 This indicates that the surface
inclination substantially promotes asymmetry and instabilities that can promote
break-up.
As noted in the Figure 4.10 regime map, the water-glycerol mixture drop
rebound dynamics for WeN<40 and Oh>0.006 did not result in any immediate
break-up outcomes. This is attributed to the dissipation of inertial forces by the
larger viscous effects, therefore inhibiting the drop from disintegration. In addition,
this regime resulted in the appearance of two other outcomes as shown in Figure
4.10: tail impingement (Case 7) and tail impingement with break-up (Case 8). These
two cases are depicted in Figures 4.8a and 4.9a whereby the asymmetric jet rebound
was modified to include a substantial impinged tail section which was dragged
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downwards along the inclination as the drop attempted to release itself from the
surface.

This caused the entire drop to elongate. It would however eventually

overcome this adherence and release itself either as an individual expandingcontracting drop (Figures 4.8b and 4.9b) or breakup into smaller satellite drops.
There may be a tendency to correlate the occurrence of tail impingement
outcomes to the higher viscosity of the fluid, but the results at Oh=0.06 shows
significant differences between the water and water-glycerol mixtures. As such, the
difference in these outcomes is best explained by the difference in RCA (see Figure
4.3) as all other non-dimensional quantities were held approximately fixed.

This

decrease in RCA altered the rebounding characteristics since the ability of the
surface to repel the liquid was compromised, a finding also reported by Antonini et
al.85

The increase in contact time shown in Figure 4.6 is also consistent with this

tail impingement phenomenon, which can be traced back to a combination of
decreased RCA and oblique angle impact. This observation of increasing rebound
time with decreasing RCA was also noted by Antonini et al.85 However, it can be
seen that viscous effects are also important as demonstrated by the appearance of a
bulbous shape outcome for an Oh of 0.027 (and WeN<30). This same outcome did
not appear for drops with a lower viscosity (Oh of 0.017) at the same RCA. While
this regime map sheds new light on the impact of impact velocity, surface inclination
angle, drop viscosity, and RCA, it is also clear that additional experiments (variable
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drop sizes, speeds, impact angles, etc.) are needed to allow a more comprehensive
assessment of the combined controlling parameters on drop outcome.

4.4 Conclusions
A detailed study on the impact and rebound dynamics of a drop at various
viscosities (by heating and supercooling water as well as using water-glycerol
mixtures) on an 45° inclined nanocomposite superhydrophobic was presented under
isothermal conditions at a wide range of normal Weber numbers (9 to 67) and
Ohnesorge numbers (0.0018 to 0.028). It was discovered that although the ACA of
the water-glycerol drop stayed generally constant, its RCA decreased as the amount
of

glycerol

in

the

solution

increased. The

impact

of the

drop

on

the

superhydrophobic surface could be separated into six stages, i.e., pre-impact,
collision, maximum spread, rebound, disengagement and post-impact. Drop contact
times were found to be generally independent of drop velocity or surface inclination.
However, due to decreased RCA, water-glycerol mixture drops experienced slightly
longer contact times. Impacting super-cooled drops did not nucleate, hence the
surface can be considered as ice-phobic under these test conditions.
The effect of surface inclination was more evident in terms of droplet spread
and rebound outcomes.

Regardless of drop viscosities, for WeN of 30 and less,

measurements of the non-dimensional maximum spread of an oblique impacting drop
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were found to match normal impact results from past studies. The measurements
would however diverge at WeN exceeding 30. This was attributed to tangential
momentum that stretched the drop downwards in the tangential direction to
enhance the spread of the drop. An oblique impact equation fit for Lmax/d was
therefore proposed based on an approximation of the second order spread effects
induced by the tangential momentum. However, this equation fit was found to only
describe Lmax/d for WeN of less than 60. At higher WeN conditions, a partial or
immediate break-up was caused by asymmetry effects from the inclination which
therefore led to a rapid increase in Lmax/d.
The rebound dynamics from all test liquids were categorized into eight
outcomes, i.e., symmetric, asymmetric, irregular, irregular with breakup, immediate
breakup, bulbous, tail impingement and tail impingement with breakup. A regime
map was created where these eight outcomes were plotted as a function of normal
Weber and Ohnesorge numbers. It was found that both viscosity and RCA could
alter a drop’s rebound characteristics.
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Chapter 5
Ice Adhesion Strength with a Thick
“Defect”

5.1 Introduction
This chapter focuses on the ice adhesion study of hydrophobic and
superhydrophobic surfaces under icing conditions typically encountered by aerospace
applications. As previously described, the hypothesis of anti-wetting coatings as
icephobic materials is based on the premise that water droplets will be repelled from
a superhydrophobic surface in icing conditions before crystallization can occur.
Although the precise definition of the term “icephobic” is still being debated among
researchers, it is generally agreed that icephobicity refers to the ability of a surface
to prevent ice accretion and adhesion.86
However, to date, there have been no studies that report a complete
prevention of ice accretion on a superhydrophobic surface. Cao et al.87 performed an
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experiment where a satellite dish was treated with a superhydrophobic composite
and exposed to naturally occurring freezing rain. A significant reduction of ice
accretion was observed but fragments of the ice still remained on the surface.
Mischenko et al.88 conducted a super-cooled drop impact study on a freezing
superhydrophobic surface. The surface was able to repel the impinging drops at
temperatures as low as -15°C. However, at extreme temperatures (-25°C or lower),
ice accreted. Farhadi et al.89 subjected several superhydrophobic coatings to a supercooled icing cloud in a wind tunnel and discovered that ice would form on the
surfaces, albeit at a lower adhesion strength. Various other investigations also
exposed superhydrophobic surfaces to icing conditions and reported similar
observations, i.e., ice accretion was delayed but would eventually occur after an
extended period of time.86,90-97 One of the few cases that reported complete ice
prevention involved the use of an electrical heater to assist in ice shedding on a
superhydrophobic surface.98 Therefore, it is clear from these studies that the current
designs of superhydrophobic surfaces cannot inherently thwart the occurrence of ice
formation.
Hence, the use of superhydrophobic surfaces as an ice mitigation tool has
recently shifted from the prevention of ice accretion to the reduction of surface ice
adhesion strength. This is especially relevant for aerospace applications such as wind
turbines, aircraft surfaces, as well as aircraft engines. The reasoning is that, even
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with the formation of ice on these surfaces, aerodynamic or centrifugal forces could
potentially overcome its adhesion strength and release it from the superhydrophobic
surface. Extensive studies of ice adhesion strength on surfaces have been performed
since the 1950s with results revealing the capability of hydrophobic materials to
reduce ice adhesion strength.99-106 This is due to the low surface energy of
hydrophobic materials. With the recent advent of superhydrophobic surfaces, the
hypothesis is that the ice adhesion strength could be further decreased on these
surfaces due to the reduced liquid-surface contact area when in a Cassie wetting
state.14 This hypothesis was investigated by numerous researchers with varying
success. In general, a significant reduction in ice adhesion strength (lower than
hydrophobic materials) was observed for the majority of investigations.107-116
However, there were also a few studies that reported an increase in ice adhesion on a
superhydrophobic surface as compared to hydrophilic samples.117,118 These conflicting
reports are hypothesized to be due to inconsistent ice accretion processes. The
majority of these studies relied on “static” methods, which involve the placement and
freezing of either a drop or water columns on superhydrophobic surfaces.108,117,118
Although these methods do result in ice formation, they do not represent the typical
process of atmospheric ice accretion, i.e., the impingement and instantaneous
nucleation of a cloud of super-cooled droplets (20-

m in diameter) on target

surfaces in freezing environmental conditions. The dynamics of these two ice
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accretion processes are clearly different. In fact, “static” methods involving water
columns subject the superhydrophobic surface to a hydrostatic force that cause water
to penetrate into the surface micro-asperities, triggering a wetting transition from a
Cassie to Wenzel wetting state and hence resulting in a stronger ice adhesion.
Researchers have also attempted to correlate surface wettability (CA, CAH,
RCA) as well as surface roughness parameters of hydrophobic and superhydrophobic
surfaces to ice adhesion strength. A consensus on the adverse effects of surface
roughness on ice adhesion across all surfaces (hydrophilic to superhydrophobic) has
been reached.102,104,106,111,113,119,120 However, there have been disagreements over the
role of surface wettability parameters on ice adhesion strength. Some have reported
that

the

relationship

between

proportional,104,107,108,110,116

while

CA

and ice

others

adhesion

have

failed

strength
to

is

linearly

observe

any

correlations.97,100,117,118 Recently, these studies were extended to include dynamic
angles, with Kulinich et al.97,111,112 reporting a good correlation between CAH and
superhydrophobic ice adhesion. However, Meuler et al.105 contended that the effect of
RCA on hydrophobic ice adhesion was stronger than that of CAH. The
inconsistencies of these reports show a lack of understanding of the effect of these
various surface wettability and roughness parameters on ice adhesion strength,
especially on superhydrophobic surfaces.
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Therefore, the goal of this study was to conduct a comprehensive
experimental investigation of ice adhesion strength on a wide range of hydrophobic
and superhydrophobic surfaces in environmental conditions typical of aerospace
icing. This was accomplished by accreting ice on test substrates under the impact of
a cloud of super-cooled droplets at an ambient temperature of -20°C. The accreted
ice was then removed from the surface in situ using pressurized air in a tensile
direction. Ice fracture energies were then calculated and the relationships between
the surface wettability and roughness parameters and ice adhesion were studied in
detail.

5.2 Experimental Methods
5.2.1 Experimental Set-Up
The ice adhesion experiment performed in this study was based on an ice
fracture test devised by Andrews et al.121-123 It was designed to be a plane-strain,
mode-1 (tensile loading), fracture toughness test. The principle behind the test is as
follows: a plastic, non-adhering disc is placed on an access port of a test substrate to
serve as a totally enclosed defect. Once ice has accreted on the test substrate, air
pressure can be applied through the access port and on the defect for the initiation
and propagation of the ice fracture.122 The critical pressure to the point of ice
fracture is called the fracture pressure and can be converted to a critical energy
release rate called the fracture energy.122
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Figure 5.1 Schematic of the experimental set-up.

As shown in a schematic in Figure 5.1, an experiment was carefully designed
based on the above principles. Hydrophobic and superhydrophobic coatings were
applied on the surface of a substrate disc. Two types of disc substrate materials were
used: aluminum and titanium alloy 6-4. The latter material is commonly used in
aerospace applications due to its high strength to weight ratio and excellent
corrosion resistance.124 These disc substrates (30 mm in diameter) were attached to a
supporting aluminum piece, called a boss piece either via hot melt adhesive or by
screw attachments sealed with an O-ring. The whole test piece was then secured on a
vertical pipe and placed in a walk-in cold chamber (Leer, USA) to be positioned
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Figure 5.2 Picture of the walk-in cold chamber used in the ice adhesion
experiment.

under an air atomizing nozzle. A picture of this walk-in cold chamber is shown in
Figure 5.2.
The air atomizing nozzle (Mod-1) was acquired from the NASA Glenn Icing
Research Facility and was specifically designed to produce a spray consisting of 20

of water in the nozzle from freezing. The distance between the spray nozzle and the
substrate disc was selected (78 cm) on the basis of preliminary optimization tests to
determine the required height of the water droplets to super-cool before impacting
the coating. This is of particular importance since the accuracy of the ice adhesion
measurements depend substantially on the consistency and quality of ice accretion
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on the test substrate. Deionized water (cooled separately to 5°C) and air for the
Mod-1 nozzle were supplied from a water pump (PO101X, Berns Corp. USA) and air
compressor (1.5 hp, Craftsman) installed outside of the cold chamber and connected
to the nozzle via thermal wrapped hoses through the chamber access hole. The
thermal protection is required to prevent the formation of ice within the hoses which
would potentially impede the flow of air and water. The use of deionized water is
also critical as impurities in the water can potentially result in a large variation in
ice adhesion strength.125 It should also be noted from Figure 5.1 that a retractable
motorized shield was positioned in between the spray nozzle and the substrate disc
to control the timing of spray impact on the substrates. This was to ensure that the
ice would only accrete from super-cooled water at steady-state temperatures.

A

more detailed description of the role of this shield, as well as its method of
application during the test process, will be provided in the next section. As shown in
Figure 5.3, pictures of this motorized shield are shown along with the rest of the
experimental set-up within the walk-in cold chamber.
Six thermocouples were attached to various locations on the experimental setup to measure the temperature of air, substrate, spray nozzle and water tube. These
locations are indicated on Figure 5.1. Once the cold chamber was cooled to -20°C,
the spray was initiated at a water and air pressure of 448 kPa (65 psi) and 138 kPa
(20 psi), respectively. This resulted in the accretion of ice (10 mm thick) on the
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Figure 5.3 Pictures of the experimental set-up in the walk-in cold chamber. (a) side
view and (b) top view.
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substrate of the disc and polytetrafluoroethylene (PTFE) “defect” disc (1 mm thick,
6.35 mm diameter) which was placed on top of the substrate disc access hole. The
selection of air and water pressures was based on calibration curves provided by
126

A picture of the Mod-1 nozzle

and its calibration curves are shown in Figure 5.4a and b.

Figure 5.4 NASA Icing Wind Tunnel Mod-1 nozzle. (a) picture of the nozzle and
(b) calibration air and water pressure curves of the nozzle to produce desired droplet
sizes.

After the accretion of ice (10 mm thick) was completed, the ice fracture
process was performed in situ by manually supplying pressurized air at a rate of
approximately 14 kPa/sec (2 psi/sec) from a compressed air tank located outside of
the freezer to the boss piece and through the hole in the substrate disc until the
accreted ice was fractured and removed from the surface. This pressure was recorded
via a high frequency pressure transducer as the ice fracture pressure of the substrate.
A picture of ice accretion on a substrate disc is shown in Figure 5.5, along with
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pictures of aluminum and titanium 6-4 substrate discs attached to their respective
boss pieces prior to ice accretion. Note the placement and position of the PTFE
“defect” disc on the substrates.

Figure 5.5 Design of the boss piece attached with test substrate discs. (a)
aluminum substrate disc, (b) Ti 6-4 substrate disc and (c) ice accretion on an
aluminum substrate disc.

5.2.2 Tested Coatings
The surfaces which are subjected to this ice adhesion test include substrates
with a wide range of surface wettabilities and were seperated into four categories:
(A) control surfaces, (B) hydrophobic coatings, (C) hydrophobic surface finish, and
(D) superhydrophobic coatings. These categories with their respective coatings are
listed in the next page:
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A

Control surfaces
i) Titanium 6-4 as-received
ii) Titanium 6-4 shot-peened
iii) Aluminum as-received

B

Hydrophobic coatings
i) Luna A1 on titanium 6-4 shot-peened disc
ii) Luna A2 on titanium 6-4 shot-peened disc
iii) Luna B4 on titanium 6-4 shot-peened disc
iv) Rolls-Royce proprietary coating 1 on titanium 6-4 shot-peened disc (RR1)
v) Rolls-Royce proprietary coating 2 on titanium 6-4 shot-peened disc (RR2)

C

Hydrophobic surface finish
i) Cytop surface treatment on aluminum disc
ii) Aculon (1 hr & 8 hr dip coat) surface treatment on aluminum disc

D

Superhydrophobic coatings (commercial and UVA nanocomposite surface)
i) UVA SH-1 on aluminum disc
ii) UVA SH-3 on aluminum disc
iii) UVA SH-8 on aluminum disc
iv) NeverWet on aluminum disc
v) Hydrobead on aluminum disc

The surface wettability parameters (CA, CAH, RCA) of all the coatings
(categories A-D) described in this section were measured at three separate locations
on the substrate using a goniometer (Model 290, Ramé Hart, USA) to provide
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averaged wettability values. In addition to as-received aluminum and titanium 6-4
control substrates, a titanium 6-4 shot-peened control surface was also tested (Figure
5.6).

Figure 5.6 Optical microscope pictures of a titanium 6-4 surface. (a) as-received
and (b) shot-peened.

This shot-peening process was performed by Metal Improvements Co, Derby,
UK, and involved the impact of the titanium surface with glass beads to create a
roughened surface finish. This is a procedure commonly conducted on blades and
discs in turbine engines to improve their fatigue strength.127 The effect of particle
impingement on the surface is clearly observed. For the classification of hydrophobic
coatings, commercial hydrophobic coatings (coating A1, A2 and B4) from Luna
Innovations Inc. were applied on shot-peened titanium substrate discs. These
coatings were translucent, which resulted in test substrates of similar visual
appearance to an uncoated titanium shot-peened surface. In addition to hydrophobic
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coatings, commercial hydrophobic surface finishes were also tested. These include
formulations from Cytop and Aculon. Cytop is a transparent fluoropolymer product
from Bellex International Corporation intended for optical and semiconductor
applications. This coating was applied on as-received aluminum substrate discs via
spin-coating. Similar to Cytop, Aculon is a transparent hydrophobic surface finish
and was dip coated on aluminum substrates. Two different dip coating duration
lengths were conducted; one for 1 hour and the other for 8 hours. The resulting
surface finishes had different levels of surface wettability. The 1-hour dip coated
surface had a CA of 105° and RCA of 71°, compared to a CA of 115° and RCA of 99°
for the 8-hour dip coat. It should be noted that surface finishes from both Cytop and
Aculon were fragile. Substantial loss of hydrophobicity occured if physical contact
was made with the surface finish, e.g., touching or rubbing the surface with fingers.
The superhydrophobic coatings that were tested in this experiment include
commercial coatings as well as nanocomposite coatings fabricated via spray
deposition techniques. The commercial coatings were NeverWet and Hydrobead, both
of which were fabricated using two-step spray coating processes. In addition, three
different superhydrophobic nanocomposite coating formulations were developed to
produce surfaces finishes with arithmetic mean surface roughness (Sa) values of
-

-

-1). The goal was to

investigate the effects of surface roughness of these superhydrophobic coatings on ice
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adhesion strength. These coatings were fabricated with the same spray-casting
process described in Chapter 1, with aluminum substrates lying on a motorized
platform traversing longitudinally and laterally, while the spray nozzle was held
stationary. The formulations, surface preparation and spray deposition parameters
for each of the surfaces are listed in Table 5.1.

Table 5.1 Nanocomposite formulations, surface preparation and spray deposition
parameters for the fabrication of SH-1, SH-3 and SH-8 coatings.

The formulation for the SH-8 coating consisted of a single-stage two
component urethane paint (Imron AF3500, Dupont, USA) mixed in a vial with silica
nanopowder (637246, Sigma-Aldrich, USA), acetone, and waterborne perfluoroalkyl
methacrylic copolymer (PMC) (Capstone ST-110 ~80 wt.% H2O, Dupont, USA).
This emulsion was vortex-mixed for several minutes and then sprayed onto
aluminum (320-grit sanded to promote mechanical adhesion between coating and
substrate) using a conventional siphon atomizing spray nozzle (1/4JCO series, Spray

91
Systems Co., USA) with an air pressure of 205 kPa (30 psi) and spray distance of 9
cm (3.5 in). The coating was then immediately heat cured at 100°C for 6 hours. This
coating is similar to the one used for the study of oblique impact dynamics described
in Chapter 4.
The same urethane paint, silica nanopowder, and waterborne PMC were
vortex-mixed for the SH-3 formulation. However, instead of acetone, a commercial
urethane reducer consisting of parachlorobenzotrifluoride and acetone at a 90/10
vol% blend (13775S Medium VOC-Exempt Reducer, Dupont, USA) was used. This
formulation was vortex-mixed and spray-casted with the same air pressure as SH-8
and was also immediately heat cured. However, the spray distance was increased to
11 cm (4.5 in) for SH-3. This resulted in a coating with a Sa
For the case of SH-1, urethane paint and silica nanopowder were dispersed in
the previously mentioned urethane reducer. However, the waterborne PMC was
treated differently. In a separate vial, equal volumes of trifluoroacetic acid (O4901500, Fisher, USA) and waterborne PMC were mixed. This caused the fluoropolymer
to come out of solution. While the as-received waterborne PMC solution had a
slightly hazy orange color, the orange color of the polymer as well as white
surfactants that stabilize the as-received latex became clearly visible when out of
solution. The elastic nature of the acrylic polymer was also clear. The solid
fluoropolymer was then re-dispersed in urethane reducer and vortex- mixed into the
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urethane paint/silica/reducer emulsion. The entire mixture was sonicated at 35%
amplitude and a frequency of 20 kHz for two minutes with an ultrasonicator (Model
VC750, Sonics & Materials, Inc., USA). Viscosity was measured to be 15 seconds
using a Zahn #2 cup (Gardco EZ Cup). The stability of SH-1 was discovered to be
better than the other two formulations (SH-3 and SH-8). Since the surfactants in the
as-received fluoropolymer were not compatible with acetone, agitation was required
to keep SH-8 and SH-3 from separating into two phases. However, using treatment
techniques for the waterborne PMC described above, SH-1 remained stable without
the need for agitation.
In addition to sanding, the aluminum substrate for the SH-1 coating was
washed with isopropyl alcohol to remove any contaminants such as wax or grease
from the surface. The SH-1 formulation was then sprayed using the spray nozzle at
an air pressure of 345 kPa (50 psi) and spray-casting distance of 15 cm (6 in). Unlike
SH-8 and SH-3, the SH-1 coating was then allowed to flash off (all of the solvent left
on the substrate after spray-coating evaporated after a period of 40 minutes) before
being heat cured.
Figure 5.7 shows the SEM images acquired for the SH-1, 3 and 8 coatings.
For SH-1, the lower surface tension of the PMC/reducer solution (25 dyne/cm) than
the as-received waterborne PMC solution (72 dyne/cm) allowed for better substrate
wetting and a more unified film with cracking in the film decreased. Washing the
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Figure 5.7 SEM images of (a) SH-8, (b) SH-3 and (c) SH-1. (d-f) are high
magnification images of respective coatings. A reduction in surface cracking and
increase in general homogeneity was observed from SH-8 to SH-1.

aluminum substrate with isopropyl alcohol before spraying also eliminated “craters”
on the surface that are caused by contaminants that create uneven areas of surface
tension. In addition, allowing the sprayed surface to flash off before heat curing
allowed the surface to level as much as possible, and Sa
morphology of SH-1, seen in Figure 5.7c, shows a much more uniform and
homogeneous film, brought about by using a carrier fluid that allowed for leveling of
the coating and wetting of the substrate before evaporation.
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5.2.3 Test Procedures and Conditions
The design of this ice adhesion experiment provided the experimentalist the
ability to remotely control and monitor the test (outside the walk-in cold chamber).
This is advantageous because it allows the test to be performed at consistent
temperatures, which in turn will result in ice accretion of consistent quality.
The test procedure was as follows: first, the PTFE “defect” disc was placed
over the access hole of the substrate disc. The walk-in cold chamber was then turned
on and set to reach a temperature of -23°C. The reason for setting the target
temperature lower than the intended testing temperature (-20°C) was to compensate
for the warming of air by a pre-test spray initiated once an air temperature of -21°C
was reached. Water and air pressure of the pre-test spray were 450 kPa (65 psi) and
35 kPa (5 psi), respectively. This 3-minute procedure was conducted to allow the
temperature of water in the system to reach steady-state conditions. This is of
importance since varying water temperatures will affect the degree of droplet supercooling as it travels from the nozzle exit to the substrate surface, which in turn will
affect the type of ice formation on the test coating.
To prevent this pre-test spray from impacting the substrate disc, the shield
shown in Figure 5.3 was extended. The air pressure was further increased to an
operating air pressure of 138 kPa (20 psi) at the end of this 3-minute procedure for
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an additional minute, after which the shield was retracted for ice accretion to
commence on the substrate disc. Once an ice thickness of 10 mm was formed, the
shield was extended to stop the ice accretion process and the spray was turned off.
Air was then supplied to the substrate disc and increasingly pressurized at a rate of
14 kPa/sec (2 psi/sec) until the point of ice fracture. Pictures in Figure 5.8 show the
separate stages of ice accretion until a thickness of 10 mm, followed by its release by
pressurized air.

Figure 5.8 Stages of ice accretion on substrate disc followed by removal by
pressurized air. (a) 2 mm thick ice after 20 seconds spray, (b) 6 mm thick ice after
80 seconds spray, (c) 10 mm thick ice after 135 seconds spray and (d) release of ice
by pressurized air.

In the scenario of a mixed-mode ice fracture (where a portion of ice remained
adhered to the test substrate), a picture of the test substrate was taken from the
top-down perspective. Quantification of the area of adhered ice was then conducted
and used for the calculation of fracture energy. Details of the fracture energy
calculation are provided in the next section. Once this step was completed, the
freezer was turned off and the water tube purged. This test procedure was repeated
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three times for each coating so that an averaged ice fracture energy could be
obtained. A time line summarizing the sequence of events of the experiment is shown
in Figure 5.9.

Figure 5.9 Sequence of the experiment procedures.

Figure 5.10 shows the typical temperature variations of the air, substrate
disc, spray nozzle and water tube with respect to time, from the point where the
walk-in cold chamber was turned on until the end of the experiment. The
approximate locations at which these parameters were measured are shown in Figure
5.1. The temperature variations are divided into four segments based on previously
described test procedures. In the first segment, the walk-in cold chamber was cooled
from room temperature to its target temperature of -23°C.
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Figure 5.10 Temperature variation of air, substrate disc, spray nozzle and water
tube with respect to time.

The temperature of water was assumed to be equivalent to the temperature of
the water tube and was acquired at three separate locations (T4-T6 in Figure 5.1).
In the second segment, the pre-test spray was initiated, causing the water
temperatures to move toward steady-state conditions. Since the shield was extended,
the substrate disc was not exposed to the pre-test spray and hence continued to cool.
This trend continued in the third segment, where the air pressure was increased to
reach operating conditions. In the fourth segment, the shield was retracted and the
ice accretion process began. Water temperatures in this segment had reached steady-
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state conditions. Due to the impact of super-cooled water droplets, the temperature
of the substrate disc abruptly increased to approximately -13°C.

5.2.3 Calculation of Ice Fracture Energy
The process of ice removal from the substrate disc by air pressurization can
either result in a cohesive or an adhesive fracture. Cohesive fracture refers to a
failure through the ice structure, resulting in an adhesion of ice on the surface. On
the other hand, an adhesive fracture denotes an ice-surface interfacial failure. In this
study, fracture cases were either in a completely adhesive fracture mode or in a
mixed-mode fracture (a combination of cohesive and adhesive failures). Generally, a
mixed-mode fracture indicates a higher ice adhesion strength. Top-down pictures of
the substrate disc depicting mixed-mode and full adhesive fracture are shown in
Figure 5.11.

ω) ice fracture energies were derived

by Andrews and Stevenson121 to be Equation 5.1 and 5.2, respectively.

2

Pc 2 c
Ef1 h c
Pc 2 c
Ef 2 h

(5.1)

(5.2)
c
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Figure 5.11 Top-down perspective of the substrate disc after ice fracture (a) mixedmode fracture (cohesive + adhesive) on an as-received aluminum surface and (b) full
adhesive fracture on an Aculon surface.

The constants f1 and f2 were defined as
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(5.4)

atio for ice (taken as 0.35),122 c is the radius of the
“defect”, h is the height of ice accretion, E is the Young’s modulus of ice (taken as
8.5 GNm-2 at temperatures above -20°C)122 and Pc is the critical air pressure
required for ice fracture.
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By quantifying the area of adhesive fracture of the substrate surface through
image analysis of the top-down images (shown in Figure 5.11), the fracture energy
can be determined as:

Fracture Energy (J) =

100 %Area Ice Released
2
100

%Area Ice Released
100

(5.5)

5.3 Results and Discussion
Figures 5.12 and 5.13 show the fracture pressure and energy of all the tested
coatings arranged in decreasing order along the x-axis. A higher fracture
pressure/energy indicates a stronger ice adhesion to the substrate and vice versa. It
could be observed in Figure 5.12 that the control surfaces (aluminum and titanium
6-4 as-received) had the highest ice fracture pressures, while the majority of the
hydrophobic surfaces recorded ice fracture pressures that were lower than the control
surfaces. However, certain hydrophobic surfaces such as the RR2 and Aculon 1 hr
coating showed higher ice adhesion strength as compared to the control surface of
titanium 6-4 shot-peened. A larger variation in the ice adhesion strength for the
superhydrophobic coatings was observed. While the UVA SH-3 and Hydrobead
coating had relatively low ice fracture pressures, the UVA SH-8 coating depicted an
ice adhesion strength that was as strong as the control surface of an aluminum as-
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Figure 5.12 Ice fracture pressure of all tested coatings.

Figure 5.13 Ice fracture energy of all tested coatings.
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received surface. This result could be attributed to the larger Sa of the SH-8 coating,
which provided an increased surface area for the ice to latch itself on. However, the
same explanation could not be applied on the UVA SH-1 coating. Even though it
had the smallest Sa, its ice fracture pressure was higher than the UVA SH-3 coating.
This result was unexpected and will be studied in further detail in Chapter 6.
For a coating to be considered an excellent ice-releasing surface, two
conditions need to be met. In addition to low ice fracture energies, a high percentage
area of adhesive fracture is desired. A coating with the above characteristics would
be able to release a large amount of ice from its surface at a low fracture energy.
Figure 5.14 was plotted to assess the ice release performances of each coating based
on these two parameters. The figure can be categorized into excellent and poor icerelease regions located at the top left and bottom right hand corner of the figure,
respectively. The boundaries of the excellent ice-release region were set at a fracture
energy of less than 0.25 J and an percentage area of adhesive fracture of more than
80%. The position of the control substrates in the figure were also indicated for the
ease of comparison with the rest of the coatings. Not surprisingly, since the ice
adhesion strength of the control substrates was strong, they were located at an area
which was close to the poor ice-release region indicated in Figure 5.14. Coatings that
were identified to be excellent in ice-releasing performance consisted of a
combination of hydrophobic (Aculon 8 hr & RR1) and superhydrophobic substrates
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Figure 5.14 Percentage area of adhesive fracture of coatings plotted with respect to
its fracture energy to identify coatings with desirable ice release performance.

(UVA SH-3, NeverWet & Hydrobead). The coating with the best ice-release
performance was Aculon 8 hr with a fracture energy of less than 0.1 J for the release
of close to 100% area of ice on the surface. This result was not surprising. The

Aculon 8 hr had a surface finish resembling a layer of grease. As noted by Susoff et
al.,117 these surfaces tend to have the lowest ice adhesion strength. However, it is
fragile and has a limited lifetime and is therefore not suitable for implementation on
realistic applications.
The correlation between the surface wettability parameters such as CA, CAH
and RCA with ice fracture energy was investigated. This is shown in Figures 5.15 to
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Figure 5.15 Effect of coating CA on ice fracture energy.

5.17 for all test coatings. It could be seen that significant scatter of data points was
present in these figures. For example, in Figure 5.15, an increase in surface CA
generally resulted in a lower ice fracture energy. However, a large variation in the
fracture energy measurements was observed (from 0.1 to 0.8 J) for surfaces with CAs
above 100°. Similar scatter of data points were observed for Figures 5.16 and 5.17
where dynamic angles (CAH and RCA) were plotted with respect to ice fracture
energy. These scattered results highlight the need for a refinement of the
experimental techniques and methods used in this investigation. This is necessary in
order for a more consistent measurement of ice adhesion strength on the test
substrates. This is the focus of Chapter 6.
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Figure 5.16 Effect of coating CAH on ice fracture energy.

Figure 5.17 Effect of coating RCA on ice fracture energy.
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5.4 Conclusions
The study of ice adhesion on hydrophobic and superhydrophobic surfaces was
conducted by subjecting test substrates to a superdroplets in a walk-in cold chamber and at an air temperature of -20°C. The accreted
ice was then removed by pressurized air in a tensile direction for a mode-1 fracture.
The value of the critical ice fracture pressure was converted into an ice fracture
energy, which was also a function of the percentage area of adhesive/cohesive failure
on the surface. The coatings that were subjected to this test included aluminum and
titanium 6-4 control surfaces as well as commercial hydrophobic coatings/surface
finishes. In addition, nanocomposite superhydrophobic coatings at three different
arithmetic mean roughnesses (Sa) were tested with two commercial superhydrophobic
coatings. Results showed that in general, ice adhesion on hydrophobic and
superhydrophobic coatings were lower than control surfaces. However, significant
scattering of data points were observed when surface wettability parameters (CA,
CAH, RCA) of the coatings were plotted with their ice fracture energies. This
suggested that a refinement of the experimental methods used in this investigation
was required. This is the focus in Chapter 6.
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Chapter 6
Ice Adhesion Strength with a Thin
“Defect”

6.1 Introduction
As described in Chapter 5, an experiment was conducted to measure the ice
adhesion strength of hydrophobic and superhydrophobic coatings by exposing test
substrates to a super-cooled icing spray consisting o

-in

cold chamber and at an air temperature of -20°C. Care was taken with the
experimental methods (by precisely controlling the water and air temperatures) to
ensure that the ice accretion was of consistent quality for all test substrates.
However, the ice fracture energy results for these surfaces were found to be scattered.
This is shown in Figures 5.15 to 5.17 where surface wettability parameters were
determined to contain weak correlations with the ice fracture energies. In addition,

arithmetic mean surface roughness (Sa) was measured to be lower than a similar
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coating but at an Sa
modification of the experimental methods was implemented and tests on downselected and new coatings were conducted. The results were then analyzed with
detailed surface topology measurements so that the factors and parameters
controlling ice adhesion strength on hydrophobic and superhydrophobic surfaces
could be better understood. This modified experiment and results are described in
detail in this chapter.

6.2 Experimental Methods
6.2.1 Experimental Set-Up
A careful review of the current experimental methods compared with the
techniques employed by Andrews & Lockington122 revealed that the scatter in ice
fracture energy data points was due to an incorrect thickness of the “defect” disc. A 1
mm thick “defect” disc was used in the current experiment, as compared to a
d Lockington.122 In addition, the 1 mm
“defect” disc was not properly machined, resulting in a rough surface with edges that
were slightly jagged. Since the role of the “defect” disc was to initiate and propagate
the cracking of the accreted ice, the inconsistencies in its physical structure resulted
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in variability of the air pressure that was required to release the ice from the surface
of the substrate.
After a few iterations of trial and error, a PTFE “defect” disc with a thickness

measurements with the best repeatability. Multiple discs were fabricated by placing
a 50
could be pressed to the right dimension. The PTFE film was taped to a piece of
paper which provided back support to the film and allowed the cutter to cleanly
shear into the PTFE. This method of fabrication produced “defect” discs of
consistent surface finish and quality.
The implementation of this new “defect” disc to the ice adhesion experiment,
however, required a modification to the experimental set-up. This is due to the fact
that the thin “defect” disc is delicate. If it were placed on the substrate disc and
exposed to the super-cooled spray in accordance to the test procedures described in
Section 5.2.3, it would most likely be removed from the substrate surface by the
spray. In addition, these “defects” are not completely flat. There is a slight curve at
the edge of the disc which leaves the access hole exposed to the icing spray. This
could potentially cause ice accretion underneath the “defect” disc and in the areas
within the access hole.
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Therefore, the experimental set-up was modified from the one shown in
Figure 5.1 to include a vacuum system to secure the thin “defect” disc on the
substrate as well as to maintain proper coverage of the access hole. As shown
schematically in Figure 6.1, this modification was performed on the air pressure
delivery line. As compared to the previous set-up (Figure 6.1a), the modified set-up
(Figure 6.1b) included a vacuum pump to provide a suction force to secure the thin
“defect” disc in place. However, adjustment of this force was required to prevent the

Figure 6.1 Schematic of the experimental set-up. (a) set-up for thick “defect”
experiments and (b) modified set-up for thin “defect” disc experiments.
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“defect” from being excessively pulled inward and into the access hole. Therefore, a

needle valve with an open port to atmosphere was attached upstream of the
vacuum pump. This allowed for the regulation of suction force disc so that it was
secured “flat” over the access hole of the substrate disc. A picture of a properly
attached thin “defect” disc on a substrate is shown in Figure 6.2. Since the same
flow line was shared by the vacuum and ice fracture air pressurization system, a
3-way valve was installed. This allowed for the vacuum and ice fracture processes
to be interchangeable.

Figure 6.2
Hydrobead substrate disc by
an adjusted suction force provided by a vacuum pump.
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6.2.2 Modification of Test Procedures

Figure 6.3 Sequence of the modified experiment procedures.
The implementation of a vacuum system in the experiment resulted in the
need for a slight modification of test procedures that were previously described in
Section 5.2.3. In general, the procedures were not substantially altered, e.g., a pretest spray was still required for the water supply to reach steady-state temperatures
as well as the retraction/extension of the shield to initiate/terminate the ice
accretion process. However, additional steps were added to the procedures as shown
in Figure 6.3. Namely, the vacuum pump was turned on 30 seconds before the shield
was retracted. This was to ensure that the “defect” was held firmly in place. The
vacuum system remained on until the ice accretion process was complete, after which
it was turned off and the 3-way valve switched to allow for pressurized air to be
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delivered to the substrate disc so that the ice could be fractured. As with the tests
that were conducted with the thick “defects”, the experiment was conducted for three
times for each coating.

6.2.3 Tested Coatings
Based on test results that were acquired using a thick “defect” in Chapter 5,
coatings with good ice-release performance were down-selected and chosen to be retested with new iterations of thin “defect” ice adhesion experiments. As with coatings
tested in Chapter 5, the substrates could be separated into four categories. These
categories with their respective coatings are as listed:

A

Control surfaces
i) Titanium 6-4 as-received
ii) Titanium 6-4 shot-peened
iii) Aluminum as-received

B

Hydrophobic coatings
i) Rolls-Royce proprietary coating 1 on titanium 6-4 shot-peened disc (RR1)
ii) Rolls-Royce proprietary coating 2 on titanium 6-4 shot-peened disc (RR2)
iii) Nusil R-2180 coating on aluminum disc
iv) Teflon PTFE coating (852G-201, Dupont) on aluminum disc

C

Hydrophobic surface finish
i) Aculon (8 hr. dip coat) surface treatment on aluminum disc
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D

Superhydrophobic coatings (commercial and UVA nanocomposite surfaces)
i) UVA SH-a on aluminum disc
ii) UVA SH-c on aluminum disc
iii) UVA SH-d on aluminum disc
iv) UVA ABS on aluminum disc
v) Hydrobead 1 on aluminum disc
vi) Hydrobead 2 on aluminum disc
vii) Teflon PTFE SH (852G-201, Dupont) on aluminum disc

The wettability parameters (CA, CAH and RCA) for all 15 coatings in the
test matrix were measured using a goniometer (Model 290, Ramé Hart). In addition,
the surface features of the coatings were imaged using a confocal laser scanning
microscope (Model 510 Meta, Zeiss) and re-constructed by a surface-imaging and
metrology software (Mountains Map, Digital Surf) to provide a 3-D topology image

parameters such as arithmetic mean roughness (Sa), skewness (Ssk), kurtosis (Sku)
and autocorrelation length (Sal) were also derived from these topology images. This
surface mapping technique was performed at three different locations on the
substrate so that the variability of these roughness parameters across the surface
could be determined.
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Two new hydrophobic commercial coatings were introduced in the test
matrix. These coatings were Nusil R-2180 and Dupont Teflon PTFE coating. Nusil
R-2180 is a silicone-based, translucent coating targeted at aerospace applications and
designed specifically for high ice-release performance. On the other hand, the Dupont
Teflon PTFE coating is an industrial topcoat product. Primers were first coated on
the substrates (SP-270, Nusil and 850G-314, Dupont) prior to the application of
these hydrophobic products on the surfaces. While the Nusil R-2180 was spraycoated on an aluminum substrate disc, the Dupont coating was applied on the
substrate disc with a paint brush.
A high number of superhydrophobic coatings were selected for testing.
Although these coatings have similar CA, CAH and RCA, their surface topology
parameters such as Sa, Ssk and Sku were different. The goal was to study the effects of
these roughness parameters on ice adhesion strength. Nanocomposite coatings (UVA
SH-a, c and d) were manufactured according to the SH-1, 8 and 3 formulations and
fabrication techniques previously described in Section 5.2.2, respectively. Another
superhydrophobic coating was fabricated with the Dupont Teflon PTFE product.
This was accomplished by spray-coating the product onto aluminum substrates to
create a textured surface consisting of a low-surface- energy material, hence
rendering

the

coating

water-repellent.

In

addition,

a

new

nanocomposite

superhydrophobic coating (UVA ABS) was developed. This coating consisted of the
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combination of acrylonitrile butadiene styrene (ABS) and hydrophobically modified
fumed silica (HMFS) particles. A two-step spray deposition process was employed.
The ABS was first sprayed on an aluminum substrate as a binder to create microscale roughness followed by the dispersion of HMFS on top of the ABS to introduce
secondary roughness. Subsequent thermal curing above the glass transition
temperature of ABS was performed. The curing promoted the bonding of the
polymer and particles on the aluminum substrate to result in the formation of a
nanocomposite superhydrophobic coating.
Two different versions of Hydrobead coating were tested. Although the
fabrication process for these two coatings was identical, it was discovered that the
roughness parameters from the resulting coatings were different. This was suspected
to be due to sensitivity to spray-casting distance as well as environmental conditions
such as temperature and humidity. These coatings of similar chemistry but varying
surface features were named Hydrobead 1 and 2, respectively. SEM pictures of the
ABS and Hydrobead 2 coating are shown in Figure 6.4. The acquired images showed
remarkable similarity between these two superhydrophobic surfaces. Surface
asperities of similar shapes and sizes as well as the presence of minor crack lines were
observed for both coatings at the 500× magnification (Figure 6.4a and b). The
similarities between these two coatings were further preserved at a high
magnification of 5000 × (Figure 6.4c and d). Sub-micron features of similar profiles
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were observed which confirmed the existence of hierarchal surface structures for both
ABS and Hydrobead coatings.

Figure 6.4 SEM images of (a) UVA ABS and (b) Hydrobead 2 coating at 500×
magnification. (c and d) are high magnification images of respective coatings at
5000×.

6.3 Results and Discussion
Ice fracture energies of all coatings were plotted with respect to surface
wettability parameters of CA, CAH and RCA. This is shown in Figures 6.5 to 6.7,
respectively. In addition, the averaged Sa of each coating was classified into six
ranges and color-coded accordingly in these figures. Therefore, the effect of surface
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wettability and Sa on ice fracture energy of the surface could be simultaneously
studied. The Sa is defined in Equation 6.1 as:

Sa

1
A

z x, y dxdy

(6.1)

A

where A is the measured area and z the height of the surface features across the
surface. This parameter provides a general description of height variations of the
surface and hence is one of the most universally used roughness parameters.128
It could be observed from Figure 6.5 that control and hydrophobic surfaces
had a CA-ice fracture energy relationship that was different from superhydrophobic
coatings. While ice fracture energy was found to generally decrease with increasing
CA for control and hydrophobic surfaces, no correlation could be established between
these two parameters for superhydrophobic surfaces. For example, CAs for all
superhydrophobic surfaces were measured to be approximately 155°. However, the
variability in their ice fracture energies was significant, ranging from less than 0.1 J
to more 1 J. In addition, lower Sa (with the exception of the Teflon coating) was
found to correlate with low ice adhesion strength for control and hydrophobic
surfaces. This was to be expected since a higher Sa would result in a larger surface
area for ice to attach to, which in turn led to an increase in ice adhesion strength. As
with the CA, no correlation was found between Sa and ice fracture energy of
superhydrophobic surfaces.

119

Figure 6.5 Effect of CA and averaged Sa (color-coded) on ice fracture energy of all
tested coatings.

Figure 6.6 Effect of CAH and averaged Sa (color-coded) on ice fracture energy of
all tested coatings.
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Figure 6.7 Effect of RCA and averaged Sa (color-coded) on ice fracture energy of all
tested coatings.

A similar investigation was conducted to study the effects of dynamic
wettability parameters (CAH and RCA) on ice adhesion strength. Different results
were observed. As shown in Figure 6.6, no correlation between CAH and with ice
fracture energy could be established (hydrophobic and superhydrophobic surfaces
alike). However, ice adhesion was found to be a strong function of RCA for control
and hydrophobic surfaces (Figure 6.7). These results were consistent with
experimental observations of Meuler et al.,105 who noted that ice adhesion strength
for hydrophobic materials is not a strong function of CAH but rather RCA. This
could be explained by the fact that the RCA is a parameter that quantifies the
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affinity of a liquid to a surface under dynamic conditions. Therefore, a higher RCA
indicates a high degree of water-repellency which translates to a low ice adhesion
strength.
The RCA results for control and hydrophobic surfaces shown in Figure 6.7
could be further separated into two classifications: i.e., coatings applied on aluminum
and on titanium 6-4 substrates. Since the substrates are of different materials, they
also have different thermal conductivities. It is hypothesized that the ice adhesion
strength could be a function of thermal conductivity, especially since there is a
difference in temperature between the impacting super-cooled droplets and the
freezing substrate. Hence, the RCA-fracture energy results for aluminum and
titanium substrates were extracted from Figure 6.7 and plotted as two separate
graphs as shown in Figures 6.8 and 6.9. It could be observed that the previous
relationship of increasing RCA with decreasing fracture energy is preserved. In fact,
results from these two figures strengthen the above correlation.
A similar extraction for superhydrophobic coatings from Figure 6.7 was
performed and shown in Figure 6.10. It could be observed that ice adhesion also
decreased with RCA. However, as compared to the results for hydrophobic surfaces
(Figures 6.8 and 6.9), the correlation between RCA and fracture energy was not as
strong. Since an important criterion for the creation of superhydrophobic surfaces is
the introduction of surface texture on low-surface-energy materials to establish a
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Figure 6.8 Effect of RCA and averaged Sa (color-coded) on ice fracture energy of
hydrophobic coatings fabricated on titanium 6-4 substrates.

Figure 6.9 Effect of RCA and averaged Sa (color-coded) on ice fracture energy of
hydrophobic coatings fabricated on aluminum substrates.
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Cassie wetting state, one can assume that the surface roughness will have a
significant impact on ice adhesion strength. Indeed, as shown in Figure 6.10, the
superhydrophobic surface with the highest ice adhesions strength, SH-c, had a higher
Sa (3-

most of the coatings. However, a closer inspection of Figure

Figure 6.10 Effect of RCA and averaged Sa (color-coded) on ice fracture energy of
superhydrophobic coatings fabricated on aluminum substrates.

6.10 revealed conflicting Sa trends. For example, the superhydrophobic surfaces with
the lowest ice adhesion strength (Teflon SH and Hydrobead 2) had Sa values that
were larger than SH-d, which had a stronger ice adhesion strength. This shows that
the sole use of Sa is inadequate to quantify the effects of superhydrophobic surface
roughness on ice adhesion. This was not unexpected. Sa merely describes the height
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variations of a surface and does not provide information about the shape or
wavelength of the measured features. It is also insensitive to small changes in
profile.128 Therefore, higher order surface roughness parameters were investigated.
The surface skewness (Ssk) is a parameter to measure the symmetry of the
surface height distribution. It is mathematically defined as the third central moment
of the profile height (z) distribution, measured over the assessment area.128 This is
shown in Equation 6.2.

S ssk

1
Sq

1
3

z 3 x, y dxdy

A

(6.2)

A

where Sq is the root mean squared (RMS) surface roughness (Equation 6.3).

Sq

1
A

z 2 x, y dxdy

(6.3)

A

This parameter indicates a positive Ssk for a surface with predominant high
peaks. On the other hand, a surface with predominant deep valleys will have
negative Ssk values. A surface with equal presence of peaks and valleys will have a
normal distribution of heights with an Ssk of zero. Surface profile examples of
positive and negative Ssk cases with its distribution curves are shown in Figure 6.11.
This figure was illustrated by Gadelmawla et al.128
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Figure 6.11 Profile examples of positive and negative Ssk with its height
distribution curves.

The equation of 6.2 could be taken to an additional higher power to provide a
surface kurtosis (Sku). As shown in Equation 6.4, it is the fourth central moment of
the profile height (z) distribution, measured over the assessment area.128

S ku

1
Sq 4

1
A

z 4 x, y dxdy

(6.4)

A

A surface with inordinately high peaks and deep valleys will have a Sku of > 3
while a gradually varying surface, free of extreme peaks or valleys will have a Sku of
< 3. Surface profile examples of these Sku cases with their distribution curves as
prepared by Gadelmawla et al.128 are shown in Figure 6.12.
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Figure 6.12 Profile examples of Sku above and under 3, with its height distribution
curves.
As shown in Figure 6.13, averaged Ssk of the superhydrophobic surfaces were
color-coded accordingly with the RCA-fracture energy. The superhydrophobic
coating with the strongest ice adhesion (SH-c) had a negative skewness (-1.4). This
indicated the surface

consisted predominantly of

valleys. Therefore,

it is

hypothesized that the impact of super-cooled droplets on this surface would result in
ice formation within these valleys which in turn increased the ice adhesion strength.
This result was consistent with the observations of Kulinich and Farzaneh.113
However, no correlation between Ssk and ice fracture energy was observed for the rest
of the superhydrophobic coatings.
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Figure 6.13 Effect of RCA and averaged Ssk (color-coded) on ice fracture energy of
superhydrophobic coatings fabricated on aluminum substrates.

A similar investigation was conducted to study the effects of averaged Sku of
superhydrophobic surfaces on ice adhesion strength. (Figure 6.14) It was observed
that the SH-c coating had a Sku of over 5. This indicated that the valleys of the
surface (Ssk < 1) were inordinately deep. Based on reasons described previously, this
would result in a high ice adhesion strength. However, as with the Ssk study shown
in Figure 6.13, there was no correlation between Sku and the ice fracture energy for
the remaining superhydrophobic coatings. The absence of correlation between Ssk and
Sku on ice adhesion strength was attributed to the fact that the variation of these
values for the rest of the superhydrophobic coatings (with ice fracture energies < 0.6
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Figure 6.14 Effect of RCA and averaged Sku (color-coded) on ice fracture energy of
superhydrophobic coatings fabricated on aluminum substrates.

J) was small. As shown in Table 6.1, the Ssk and Sku values for these
superhydrophobic coatings ranged from 0.06 to 0.73 and 2.79 to 4.69, respectively.
This is compared to the study conducted by Kulinich and Farzaneh,113 who
fabricated two superhydrophobic coatings of significant disparity in Ssk (-1.27 to
5.02) and Sku (7.36 to 25.13). Results from their experiment showed a lower ice
adhesion strength for the surface with higher Ssk and Sku. Therefore, it was
hypothesized that the range of the Ssk and Sku values of current coatings was not
sufficiently large to affect the ice adhesion strength. Nevertheless, this suggested the
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presence of additional roughness parameters that could affect the ice adhesion
strength of the superhydrophobic surfaces.

Table 6.1 Sa, Ssk and Sku values for superhydrophobic surfaces with ice fracture
energies of less than 0.6 J, as compared to superhydrophobic surfaces from Kulinich
and Farzaneh.

While Sa, Ssk and Sku describe the amplitude (height) characteristics of the
surface features, the autocorrelation length (Sal) is a roughness parameter that
describes the spatial relationship between surface features. This is defined in
Equation 6.5 as
Sal

MIN t x2 t y 2 where R
tx ,ty R

tx , t y : ACF tx , t y

0.2

(6.5)

where tx and ty are the autocorrelation functions in the x and y directions. The
autocorrelation function (ACF) is a measure of how similar the textures are at given
distances from the original location. It is obtained by mathematically multiplying
two surfaces separated by a relative lateral displacement together to yield functions
which quantify the degree of overlap. If the ACF is near unity for a given amount of
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lateral shift, the texture is similar along that direction. On the other hand, if ACF is
close to zero, the surfaces are then different and bear no similarity to the original
measurement location.129 The autocorrelation length (Sal) specified in Equation 6.5 is
the spatial distance which has the fastest decay in ACF to a value of 0.2. Hence, this
parameter provides a quantification of feature wavelengths on a surface. A high Sal
indicates that the textures on a surface are separated further apart (high
wavelengths) as compared to a low Sal which signifies features that are located closer
together.
For example, Sal was measured on two test substrates consisting of pillar
features of similar size and heights but at different inter-pillar distance spacing (28
aged with a laser confocal microscope to
yield 3D topology images (as shown in Figure 6.15) as well as Sa and Sal
measurements. It could be observed that although these two surfaces had similar
Sal values were significantly different.
This was to be expected since the pillars of these two surfaces were of the same
heights. However, since the pillars were spaced at different distances, a higher Sal
value was measured for the surface with larger inter-pillar distance and vice-versa.
This shows the effectiveness of the Sal parameter in characterizing the spatial
relationship of surface textures.
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Figure 6.15 3D topology image of pillar surfaces with Sa and Sal measurements. (a)
inter-

Figure 6.16 shows the effect of Sal and Ssk on the ice fracture energy of the
superhydrophobic coatings. A good correlation between Sal and the ice fracture
energy was established, i.e., increasing Sal of the surface generally leads to an increase
in ice adhesion strength. This is due to the effect of super-cooled water droplet
impact on the superhydrophobic surfaces. These droplets travel at a certain speed
and, upon impact with the superhydrophobic surface, exert a Bernoulli pressure on
the surface texture. If this pressure is greater than the capillary pressure of the
surface textures, the water droplets will penetrate into the surface asperities,
triggering a transition from a Cassie wetting state to a Wenzel wetting state before
freezing.130 This would cause an increase in the ice adhesion strength since the ice
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has a larger surface area to adhere to. Therefore, the control of capillary pressure of
the surface texture is crucial towards maintaining a strong resistance against droplet
penetration. This capillary pressure is a strong function of spatial distances between
surface features.130-132 In a study conducted by Extrand,131 reducing the spatial
distance of posts by two orders of magnitude was found to result in an increase of
capillary pressure by the same amount. It is due to this reason that
superhydrophobic surfaces with high Sal (Figure 6.16) were found to record stronger
ice adhesion strength as compared to coatings with a lower Sal.

Figure 6.16 Effect of Sal and Ssk on ice fracture energy of superhydrophobic
coatings fabricated on aluminum substrates.
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As shown in Figure 6.17 where 3D topology images of superhydrophobic
coatings of increasing ice adhesion strength (Hydrobead 2, SH-d and SH-a) were
compared, one could observe the differences in the order and spatial distances of
surface features between these respective coatings. While the Hydrobead 2 coating
had features that were prevalent and spaced at close distances from each other, the
surface features of SH-d and SH-a coatings were sparser and spaced increasingly
further apart. The increasing spatial distances between the surface features of the
respective coatings were indicated by the increasing Sal values that were measured
and labeled accordingly.
This Sal effect was further investigated on superhydrophobic surfaces (SH-1, 3
and 8) that were previously tested with thick “defects” (as described in Chapter 5).
As with Figure 6.16, the ice fracture energies of these surfaces were plotted with
respect to Sal and shown in Figure 6.18. It could be observed that the correlation of
Sal with ice fracture energy was maintained. The SH-3 coating which had the lowest
Sal was found to have the lowest fracture energy, followed by SH-1 and SH-8. This
confirmed the effect of Sal on ice adhesion strength of superhydrophobic surfaces.
The results from Figures 6.16 and 6.18 suggest that the effects of Sa and Sku
on ice adhesion strength, when compared to Sal, are secondary. This is due to the
fact that when icing occurs on a superhydrophobic surface in a Cassie-Baxter wetting
state (at low Sal), the formation of ice will be isolated on the tips of the features
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Figure 6.17 3D topology images of superhydrophobic coatings with Sal measurements
(a) Hydrobead 2 (b) SH-d and (c) SH-a.

135

Figure 6.18 Effect of Sal and Sa on ice fracture energy of superhydrophobic
coatings SH-1, 3 and 5 fabricated for tests described in Chapter 5.

without infiltrating into the asperities of the surface, which in turn drastically
reduces the ice adhesion strength. In this case, the shape and variation of the feature
heights do not influence the ice adhesion strength as ice does not make physical
contact with the surface area of the inner asperities. This is shown for the coatings of
Hydrobead 2 and Teflon SH in Figure 6.16. Even though there was a significant
difference in Sa between these two coatings, their ice fracture energies were equally
low. However, if the super-cooled water droplets penetrate into the cavities of the
surface features to result in a Wenzel wetting state (high Sal), ice nucleation will
occur within the asperities. In such conditions, the degree of surface roughness will
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affect the extent of ice adhesion strength. For example, the superhydrophobic
coating of SH-c and SH-a shown in Figure 6.16 were both of high Sal and thus could
be predicted to be in a Wenzel wetting state during super-cooled ice formation.
However, due to the fact that the SH-c coating had a higher Sa (Figure 6.16), larger
Sku (Figure 6.14), and a more negative Ssk (Figure 6.13) as compared to SH-a, this
meant that the features of SH-c coating was rougher with more inordinately deep
valleys. Hence, the ice had a larger surface area to bond to which resulted in a higher
ice adhesion strength than SH-a. A 3D topology image depicting the rough surface
features and the presence of deep valleys of the SH-c superhydrophobic coating is
shown in Figure 6.19.

Figure 6.19 3D topology image of SH-c superhydrophobic coating. The image
shows a rough surface with deep valleys.
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6.4 Conclusions
A study of ice adhesion strength on hydrophobic and superhydrophobic
surfaces was conducted based on a super-cooled water droplet impact experiment
that was slightly modified from the one described in Chapter 5. In the previous
experiment, the “defect” disc was found to introduce variability in test results. Hence,

determined to produce more consistent ice adhesion measurements. 15 different
surfaces comprising of control, hydrophobic (commercial) and superhydrophobic
surfaces (commercial & UVA nanocomposite) were tested. Results showed that the
hydrophobic and superhydrophobic surfaces depicted different correlations between
surface wettability parameters and ice adhesion strength. For hydrophobic surfaces,
CA and RCA were determined to be a strong function of ice adhesion strength.
Increasing CA and RCA with low Sa generally resulted in low ice adhesion strength.
However, no correlation was found between CAH and hydrophobic ice fracture
energies.
On the other hand, it was determined that ice adhesion strength for
superhydrophobic surfaces correlated weakly with RCA (increasing RCA generally
led to decreased ice adhesion strength) but did not correlate with CA and CAH. The
effect of surface roughness parameters such as Sa, Ssk, Sku

and Sal on

superhydrophobic ice adhesion strength was investigated. It was discovered that low
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Sal values would result in low ice adhesion strength, vice-versa. This is due to the
fact that the micron-sized features on low Sal surfaces are closely spaced which
creates a high capillary pressure between the surface asperities. Therefore, it is able
to resist the penetration of impacting super-cooled droplets to result in ice formation
at a Cassie wetting state. In such scenarios, ice adhesion strength will be low since
the formation of ice is limited at the tip of the features. However, if the surface
asperities are infiltrated with water droplets (high Sal surfaces), the ice adhesion
strength will be affected by secondary effects from Sa, Ssk, Sku. In such conditions,
surfaces that are rougher (high Sa,) and filled with inordinately deep valleys
(negative Ssk) will result in stronger ice adhesions strengths.
In conclusion, ice adhesion strength of certain superhydrophobic coatings
(Hydrobead 2, ABS) were measured to be slightly lower than hydrophobic coatings
and therefore could be considered as better ice-release surfaces. However, careful
attention needs to be given to the fabrication techniques so that coatings of
consistently low Sal could be produced. This is of importance since uncontrolled
fabrication processes could result in huge variations of Sal and significantly increase
ice adhesion strength.
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Chapter 7
Microscopic Receding Angle Dynamics

7.1 Introduction
The study of drop impact and rebound dynamics (Chapter 4) as well as ice
adhesion (Chapter 5 & 6) on superhydrophobic coatings revealed the significance of
the receding angle in determining the degree of water and ice-repellency of these
surfaces. Although apparent receding angles under dynamic conditions have been
well studied, the microscopic receding contact line dynamics are not well understood.
The study of receding line dynamics at the microscopic level could provide a deeper
understanding of the characteristics of this wetting parameter, which could lead to a
more

successful

implementation

of

superhydrophobic

surfaces

in

anti-icing

applications. This is the focus of this chapter.
Under the Cassier-Baxter and Wenzel wetting models, the affinity of water to
a surface can be quantified by the CA, an equilibrium angle characterizing the three
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phase contact line of water, surface and air. However, it has been universally agreed
by researchers (and shown by current ice adhesion results in Chapter 6) that the sole
use of CA is insufficient to describe the wettability of the surface133-137, especially
within the context of practical applications of superhydrophobic surfaces such as selfcleaning. This was confirmed by Wang et al.138 and Bhushan et al.139 who reported
the possibility of various non-wetting scenarios which include the Cassie, Wenzel,
“gecko” and “rose petal effect” states. In all these cases, CA’s remain high. However,
the mobility of a water drop on these surfaces varies. For example, a surface
synthesized by Bhushan et al.139 depicting a “petal effect” had a high CA of 152° but
also displayed strong adhesion, to the point where a drop would stick to the surface
even when tilted at 90 degrees. It is therefore clear that additional parameters would
be required to quantify the state of superhydrophobicity of a surface.
To accomplish this, dynamic angles such as the ACA and RCA angles were
prescribed.140-143 Consider the case where a drop rolls on a tilted superhydrophobic
surface.

For the drop to move forward, the leading edge of the droplet has to

advance, creating an angle on the three-phase contact line called the advancing
angle. On the other hand, the trailing edge of the drop retreats from the surface to
form the receding angle. Both the advancing and receding contact line motions are
highly dynamic, transitioning from one metastable state to another and have been
extensively studied using theoretical141-144, experimental134,145-154 and computational
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methods155-157. Researchers have observed that the advancing three-phase contact
line on superhydrophobic surfaces consisting of pillar geometries does not move, but
rather descends upon its adjacent pillar to wet the top of the pillar surface.142-147,155
The receding contact line on the other hand is forced to detach from one pillar to
another in a discrete fashion, creating a pinning-depinning motion. Although the
occurrence of this receding contact line detachment has been well documented144-152,
questions still remain on the precise dynamics and degree in which the receding line
disjoins from one pillar to another. In fact, researchers have hypothesized conflicting
scenarios for the receding mechanism. Gao and McCarthy148 suggested that the
contact line remains pinned on the entire pillar top until it instantly detaches to
move towards the next pillar, after which it relaxes. Dorrer and Rühe146 proposed
that the contact line remains pinned only on the very edge of the pillar before
following a similar detachment and relaxation motion. Krumpfer et al.145
hypothesized that the receding line would detach in a near vertical (tensile) manner
to rupture the capillary bridge before leaving small sessile droplets on the de-wetted
posts. However, Extrand143 speculated that the contact line would travel along the
pillar top in a horizontal direction prior to pining at the edge and detachment. The
inconsistency in these hypotheses signified the need for experimental measurements
to validate these predictions, a necessity that was acknowledged by Patankar144.
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This was recently accomplished by Paxson and Varanasi158, who were able to
experimentally measure the dynamic behavior and angle of the microscopic receding
contact lines along with its capillary bridge. A self-similar depinning mechanism of
the drop at different length scales was also observed. However, due to poor temporal
resolution, they were unable to resolve the depinning dynamics of the contact line.
Hence, the exact dynamic behavior of the receding line remains unknown.
Understanding the depinning mechanisms would not only improve our fundamental
comprehension of adhesion and wettability of superhydrophobic surfaces at the
microscopic level but would also have profound implications on practical applications
such as anti-icing.
In this study, we present to the best of our knowledge, a first experimental
investigation to measure the microscopic receding contact line dynamics of
superhydrophobic surfaces with textured pillar and irregular surface features at
micron

length

scales

and at

microsecond temporal resolution. The

pillar

superhydrophobic surfaces consisted of square micron-sized pillars spray coated with
sub-micron PTFE particles while the irregular superhydrophobic surface was a
nanocomposite coating. A drop was set in motion on these surfaces so that its threephase receding contact line dynamics could be recorded using a high-speed camera
for qualitative and quantitative analysis.
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7.2 Experimental Methods
7.2.1 Fabrication of Textured Pillar Surface
The fabrication of textured pillar surface pillars involved various steps: spincoating of photoresist SU-8 3050 (Microchem. USA) on a silicon wafer, soft-baking of
the material followed by UV exposure with mask aligner, post-exposure baking and
finally washed for development.159,160 Secondary roughness was then created by spray
coating poly(tetrafluoroethylene) (PTFE) particles on the pillar tops. The concept of
creating secondary roughness on top of a pillar surface for the creation of antiwetting materials was also used by Gao et al.148, Steele et al.161 and Cao et al.162.
The existence of these two length scales on the pillar surfaces have been shown to
relieve receding contact line pinning148 and was hence utilized for this experiment.
The photoresist was first dispensed directly from the bottle onto a silicon
wafer and spin-coated in two subsequent steps: (a) at 500 rpm for 10 s with spinning
acceleration of 100 rpm/s and (b) at 4,000 rpm for 30 s with spinning acceleration of
300 rpm/s. The samples were then soft-baked at 100°C for 20 min on a hotplate,
resulting in a film

m. A soda lime mask of square-shaped patterns

m) from Deltamask, Netherlands, at various inter-square distances of 63, 90,
m were used for the exposure of the spin-coated samples. Patterning
was performed by exposing the spin-coated material to UV radiation with a KarlSuss MA6 mask aligner in hard contact mode with an i-line mercury lamp. An
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exposure dose of 323 mJ was used to fully polymerize the SU-8 layer. The exposure
was followed by a post-exposure bake on a hotplate at 65°C for 1 min and at 95°C
for 5 min, in order to achieve complete cross-linking of the resist. The samples were
then allowed to cool down in order to improve adhesion of SU-8 to the silicon wafer.
Subsequently, the samples were washed with a SU-8 developer followed by rinsing
with 2-propanol. As a result
square pillar str

m width
m inter-pillar distances were

obtained. A scanning electron microscope (SEM) image of a pristine

m inter-

pillar surface is shown in Figure 7.1a.

Figure 7.1
. (a) pristine surface prior
to deposition of PTFE particles (b) superhydrophobic pillar surface after
deposition of PTFE particles (c) 5000× magnified image of the PTFE particles on
a pillar and (d) 80,000× magnified image of PTFE particles on a pillar.
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3% wt. PTFE particles (200-300 nm diameter) were then dispersed in acetone
via sonication and sprayed on top of the pristine SU-8-patterned pillars at
approximately

10cm

with

an

air-assisting

nozzle.

This

process

introduced

submicron/nanoscale roughness on top of the pillars and rendered the surface
superhydrophobic. The Scanning electron microscope (SEM) images of a surface (63
-pillar spacing) at pre- and post-spray are shown in Figures 7.1a and 7.1b,
respectively. In addition, SEM images of the submicron particles on top of a single
pillar are shown at two magnification levels in Figures 7.1c and 7.1d. The apparent
equilibrium contact, advancing, receding and roll-off angles for the four pillar
surfaces as well as for the unstructured superhydrophobic surface described in the
next section were measured using a goniometer (Model 250, Ramé-Hart, USA) with
a 10
The apparent advancing and receding angles of the pillar surfaces in Table
7.1 showed different correlations with the length of inter-pillar spacing (L). The
advancing angle remained independent of L and ranged between 160° to 166° for all
pillar samples. However, the receding angle was found to increase with larger L

results reported from previous experimental and computational studies.133,134,146,156,163
In addition, the roll-off angle of the surfaces were found to be inversely proportional
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to L, a relation that was in agreement with the force balance equation for a drop at
an inclination prescribed by Yeh et al.133 It should be noted that these apparent
angles were measured using the tilt method and acquired at the incipient of drop
motion, a measurement method that is widely recognized and accepted by
researchers.164

Table 7.1 Apparent measurements of the superhydrophobic performance of the
textured pillar and nanocomposite surfaces.

7.2.2 Fabrication of the Nanocomposite Surface
As with all nanocomposite coatings used in this dissertation, the irregular
superhydrophobic surface was created by spray-casting precursor solutions on
aluminum substrates followed by thermosetting to produce the final nanocomposite
coatings.
The nanocomposite formulation used for this experiment was similar to the
one described in Section 2.2.1. The same amount of montmorillonite clay particles
and waterborne fluorinated acrylic copolymer was used. However, the polyurethane
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component of the formulation was not included. This formulation was spray-casted
and heat cured to result in an approximately 100
nanocomposite coating depicting irregular but hierarchal surface features. This is
seen in the SEM images shown in Figures 7.2a and 7.2b which revealed a surface
texture at different length scales, with sub-micron sized features embedded within
micron sized structures.

Figure 7.2 SEM images of a nanocomposite superhydrophobic surface. (a) 1000×
magnified image and (b) 20,000× magnified image.

7.2.3 Experimental Set-Up
Schematics of the experimental set-ups are shown in Figure 7.3. As shown in
the figure, there were two methods in which the drop was advanced and receded
across the superhydrophobic surfaces. The first method (Figure 7.3.1) involved
placing the textured pillar surface on a high precision rotation stage (PRM-1,
Thorlabs, USA) and manually tilting it at an approximate rate of 3.5 degrees/s to
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Figure 7.3 Schematic of the experimental setup depicting the tilt method and
driving method.

allow a water drop (10
coupled with high-speed imagery was utilized to record the dynamics of the
microscopic receding angle while the droplet was traveling down the inclination. This
was accomplished by attaching a microscope lens (6.5X UltraZoom fine focus with
2X F-mount adapter and 2X Lens attachment, Navitar, USA) to a high speed
camera (Fastcam SA-4, Photron, Japan). Under the back-lighting of a high intensity
fiber optic illuminator (MI-150, Dolan-Jenner, USA) and through the aperture of the
rotating stage, high contrast images of the microscopic receding contact line motions

entire set-up was constructed on top of an optical table to reduce external vibrations
that could potentially introduce noise to the measurements.
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However, due to difficulty in acquiring acceptable image resolution on the
nanocomposite coating with the tilt method, the drop was suspended at the tip of a
needle which was attached to a motorized traverse arm (Xslide, Velmex Inc., USA)
and driven horizontally across the surface. This is shown in Figure 7.3.2. The speed
of traverse was set at 5.8 cm/s and was prescribed based on preliminary
measurements of the drop roll-off speed on the coating at tilt. Once the drop was in
motion, the progression of the microscopic receding angle on the surface features
were recorded using the same imaging techniques used for the pillar surfaces. This
experimental technique involving a driven drop was also used in a recent receding
angle study by Paxson and Varanasi.158

7.3 Results and Discussion
7.3.1 Textured Pillar Surface
Figure 7.4 shows the images depicting the first and last 0.26 ms of the

images represent the key events during a single cycle of dynamic interaction between
the receding line and the pillar. It can be observed that the receding line was
initially (at t=0 s) relaxed and had a high contact angle. However, it rapidly (within
0.13 ms) transitioned into a stage where the contact line was stretched and pulled
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inwards to form a concave shape as it traversed across the top of the pillar surface.
The travel of the receding line between the duration of 0.26 ms and 1 ms was
however limited, and only occurred over a small interface distance. Necking of the
receding contact line would eventually start to occur after t=1 ms with the
formation of instabilities on areas of the drop located within close proximity to the
pillars and the pinned contact line. These instabilities were due to drop vibrations
triggered by the de-pinning process of the receding contact line. They were depicted
as bright slit lines on the images and were formed as a result of light penetration
from the back-lighting. The receding line was further stretched until the very last
moment at t=1.26 ms before the rupture and collapse of the capillary bridge. This
caused the receding line to “snap” and advance to the adjacent pillar.

Figure 7.4 Sequence of images depicting the first and last 0.26 ms of the
microscopic receding line motion on a pillar surface (L=63
) while at tilt.
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The dynamics of the receding line were analyzed in detail at the microscopic
level by tracing it from the point where it intersects the pillar to a location along the

This was performed on all of the receding line images (recorded at a temporal

were then reconstructed in a single plot and superimposed on a pillar outline to
represent the onset, progression and ultimately “snapping” of the receding line on a
pillar in a precise two dimensional space. This is shown in Figure 7.5a and 7.5b for

the receding line motion provided detailed information about the variation of its
microscopic three-phase angle as well as its spatial and temporal dynamics, all of
which would be comprehensively analyzed herein. It should be noted that the
receding direction in the figure is to the right. The values labeled in the figure
indicate the corresponding initial and pre-snap receding lines with the higher value
representing the number of frames required to capture the complete receding line
motion on a pillar. The time required for the receding line to travel from its initial to
a pre-snap position was also labeled. It can be observed that the receding line
7.5a), as
7.5b), an observation that will be addressed in
the later parts of this discussion.
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Figure 7.5 Sketches of the position of individual microscopic receding lines on a
pillar from the receding line onset until point of “snapping” for surfaces (a) L= 63
and (b) L= 120 .

Spatial analysis of the receding line motions in Figure 7.5a and 7.5b revealed
no substantial differences in its travel path between pillar surfaces of L= 63
-phase line was in contact
with the lower left edge of the pillar, after which it would quickly travel around the
edge to arrive at the pillar top surface. The receding contact line would then move
horizontally along the length of the pillar top in small increments (approximately
r frame) for an extended period of time. This resulted in a receding line travel
that was concentrated on a horizontal area close to the left edge of the pillar. The
receding line would however abruptly advance in larger increments and release itself
from the pillar at approximately mid-distance between the left and right edges of the
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pillar top surface. However, due to limitations in the temporal resolution of the
camera, the precise location of receding line “snapping” could not be determined.
There is a possibility that the microscopic receding line had further traveled (within
the last 0.06 ms) to the right edge of the pillar before detachment at that location.
In any case, there were substantial differences between the receding line spatial
dynamics acquired in this experiment with hypotheses obtained from previous
studies. Majority of the researchers have proposed a “stick-slip” motion of the
microscopic receding line when traveling from pillar to pillar.140,144-146,148 However,
based on current experimental observations, we propose that the receding dynamics
of the microscopic receding line more closely resembled a “slide-snap” motion.
Although Extrand143 did correctly predict the “sliding” motion of the receding
contact line, it was suggested that the receding line would be pinned at the edge
before being gradually pinched and ruptured. This was not observed in the current
experiment.
The microscopic receding line contact angles on the pillar surface as they
progressed from one pillar to another were individually measured for four consecutive

plotted with respect to time as shown in Figure 7.6. Results show significant
variation (90 degrees and above) between the angle measured at the onset of the
receding motion (the maximum angle) and the angle measured right before the
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Figure 7.6 Measurements of the angles of each receding contact line as a function
of time for a length of four pillars. Surfaces consist of (a) L= 63
90
(c) L= 105
and (d) L= 120
.

snapping of the receding line (the minimum angle). After the detachment of the
receding line from the pillar, the angle of the contact line would abruptly increase as
a new cycle of receding line motion commenced on the adjacent pillar.

These

receding angle dynamics were observed to be reasonably repeatable for each pillar
and for all surfaces (L= 63-

m). The low angles (40-60° for all surfaces) of the

pre-snap receding angles suggest a strong affinity of the liquid on the textured
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pillars. This is hypothesized to be due to the edge effects introduced by the textured
pillars. This observation correlates with the study of Bhushan et al.163 who reported
the pinning of a drop at the pillar edges. If the pillars were hydrophobically
functionalized to produce a smooth top surface, the pre-snap receding angles can be
expected to be higher.
The microscopic receding angles from all four pillars were averaged and
plotted with respect to its non-dimensional time, t*, prescribed as (t-to)/T, where t,
to and T represents the current, initial and total duration of receding line travel on a
single pillar, respectively.

In addition, averaged apparent receding angles of the

surfaces which were acquired at the apparent (millimeter) length scales were plotted
with the microscopic results. This is shown in Figure 7.7 for all pillar surfaces. The
differences in the receding angle between an apparent and microscopic measurement
was observed to be substantial. While the initial measurements of the onset receding
angle for the apparent and microscopic methods yielded similar values, it would
however diverge as the receding line progressed across the pillar surface. This was
not unexpected; the initial receding angle did not involve any complex motions and
could be measured without difficulty regardless of length scales. However, once
progressed, the macroscopic field of view was insufficient to accurately capture the
intricate motions of the three-phase line on each pillar, resulting in a divergence.
Therefore, while the fluctuation of the angles from a microscopic measurement would
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Figure 7.7 Averaged microscopic and apparent receding angles acquired for a
distance of four pillars as a function of non-dimensional time (t*= (t-to)/T) where t,
to and T represents the current, initial and total duration of receding line travel on a
single pillar, respectively.

exceed 90°, the variation in apparent angles for all surfaces was consistently limited
to within 20°. The variation in magnitude of the apparent angles was consistent with
previous studies at similar length scales.152,157
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Figure 7.8 A comparison of the averaged microscopic receding angles for all pillar
surfaces at varying L distances as a function of non-dimensional time (t*= (t-to)/T)
where t, to and T represents the current, initial and total duration of receding line
travel on a single pillar, respectively.
A comparison of the averaged microscopic receding angles for all pillar
surfaces at different L values was conducted and shown in Figure 7.8. The dynamics
of the receding angles as it travelled on the pillar top to the point of detachment
could be categorized into events that occurred in three time segments. These
segments were labeled as areas 1 to 3 in Figure 7.8. In the first segment, the receding
contact angle decreased at a high rate of descent. However, at the second time
segment which constituted approximately 65% of the total duration of receding line
travel, the decrease would be much more gradual. Once in the third and final
segment, the receding angles would sharply decrease again until the point of de-
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pinning. It should be noted these time segments corresponded with the occurrence of
the three receding line motion characteristics previously described for Figure 7.5a
and b, i.e., a quick receding line travel around the left edge of the pillar, a short
interface traverse distance on the pillar top and an abrupt receding line advancement
in larger spatial increments until the point of detachment.
In addition, it could be observed that as L increased, the curve line shifted
upwards, resulting in larger initial receding angles (at T*= 0).

The pre-snap

receding angles (T* > 0.9) also showed a tendency to increase with L. This was
caused by the length of the capillary bridge. At smaller L distances, the shorter
capillary bridge interacts with its adjacent capillary bridges and affects the
deformation of the receding line.158 This meant that the initial receding line on a
pillar was unable to relax, and therefore had lower receding angles. This is in
contrast to when pillars were spaced further apart and where interactions between
pillars were kept to the minimum, which led to higher receding angles at the
beginning of receding motion. A similar explanation could be made for the pre-snap
receding lines; Receding lines were able to detach at larger angles at larger L’s, as
compared to being stretched to a lower angle when under the influence of a nearby
capillary bridge.156 As previously mentioned, the apparent receding angles (Table
7.1) were also found to be linearly proportional to L, albeit at different magnitudes.
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A measurement of the interface travel speed for apparent (macroscopic) and
microscopic receding lines for all pillar surfaces was performed (Figure 7.9). These
two travel speeds are defined in Equation 7.1 and 7.2.

Vapparent

4(W

L)

4

(7.1)

tn
n 1

Vmicroscopic

4W
4

(7.2)

tn
n 1

where W is the width of the pillar, L is the inter-pillar distance and t the time
required to traverse specific pillars denoted by the subscript numbers. Therefore, the
apparent interface travel speed was evaluated over a distance of 4 pillar widths and
inter-pillar distances, while the microscopic interface travel speed was based on the
average time required to travel a single pillar width.
Results in Figure 7.9 show a similar trend for both apparent and microscopic
measurements, i.e., a decrease in interface speed with increasing L, albeit at different
magnitudes. This was caused by the shorter duration of travel on a pillar with small
L values, as compared to a longer travel duration on a pillar with large L values.
This was previously observed in Figures 7.5a and 7.5b and could be attributed to the
tangential component of the gravity force that is exerted on the drop. As reported in
two of the ROA of an
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Figure 7.9 Averaged travel speed of the apparent and microscopic receding lines as
a function of inter-pillar distance.

stronger downward force and therefore released from the surface at higher speeds.
This effect could also be showed by considering the force balance equation of a drop
on a superhydrophobic surface described in Equation 7.3 where the tangential force
exerted on the drop is balanced with its frictional force.

mg sin( ROA)

pillar s

mg cos( ROA)

where m is the mass of the drop, g is gravity,
friction,

s

pillar

ma

(7.3)

is the coefficient of dynamic

is the solid area fraction of the surface, and a is the acceleration of the

drop.165 Since the measurements were performed at the onset of drop rolling, the
acceleration of the drop was considered to be negligible.

Equation 7.3 was then

161
reduced to describe the coefficient of dynamic friction as a function of ROA and solid
area fraction. This is shown in Equation 7.4.

tan( ROA)
pillar

(7.4)

s

Equation 7.4 was evaluated for all pillar surfaces and results were plotted in Figure
7.10. Results show that the coefficient of dynamic friction experienced by the drop
for all pillar surfaces is approximately constant. Therefore, this indicates that a
surface with a decreasing solid area fraction will be accompanied by a decreasing
ROA as well, an observation which is consistent with the trends that were measured
in the experiment.

Figure 7.10 Coefficient of dynamic friction of pillar surfaces
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7.3.2 Irregular Nanocomposite Surface
The study of microscopic receding line motion was extended on a
nanocomposite surface with irregular, hierarchal surface features at the micro- and
nano- length scales. An analysis of the deconstructed receding lines on the surface
features similar to Figure 7.5 was performed with results shown in Figure 7.11. As
with the earlier investigation on pillar surfaces, the receding direction was to the
right. Since the features did not consist of repeatable patterns like the pillars, they
were specified based on the locations of initial and pre-snap receding lines which
were labeled accordingly in the figure. We observed general similarities of the
receding line motion of this irregular surface with the pillar surfaces. The occurrence
of “slide-snap” was preserved. Distinct angle variations of the microscopic receding

Figure 7.11 Sketches of the position of individual microscopic receding lines on an
irregular nanocomposite coating from the receding line onset until point of
“snapping”.
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line as it slid on a feature were also observed. This is shown in Figure 7.12.
However, some differences were noted. For example, the distance of travel of
the receding line on the first and second feature was less pronounced as compared to
the case of pillar surfaces. Moreover, the pre-snap receding angles for these features
were measured to be much higher at 90°. (Figure 7.12) The reason for this difference
was attributed to the shape and contact area of the features. Surface structures that
exhibit distinct pointed ends will have a smaller exposed area for wetting and
attachment and therefore will depict receding motion at a localized area with higher
angles right before detachment. This corresponds with the hypotheses from
Krumpfer et al.145 and Priest et al.153 who predicted a high receding angle outcome
for surfaces with needle-like structures or posts containing conical tops. This

Figure 7.12 Measurements of the angles of each receding contact line as a function
of time for a length of four irregular surface features.
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discovery was further validated by comparing these receding dynamics to the third
feature shown in Figure 7.11. The structure of this feature consisted of a flatter top

pillar surfaces that were previously investigated. It could be observed that its
receding line dynamics were consistent with measurements that were previously
acquired, i.e., the sliding of the receding line across the horizontal top of the feature
followed by a detachment at 45 degrees. Therefore, this confirms the influence of the
feature structure on the microscopic receding angle dynamics.

7.3 Conclusions
The study of microscopic receding line motion acquired at microsecond time
resolution on pillar and irregular nanocomposite superhydrophobic surfaces revealed
contact line dynamics that were previously not reported. The receding line
progressed from the lower edge of a pillar, across the length of the pillar top before
“snapping” to advance to the adjacent pillar, creating a “slide-snap” motion. This is
in contrast to the “stick-slip” motion that was reported in previous studies. The
variation of the microscopic receding angle for this entire sequence of motion was
measured to be significant with a difference of approximately 90° between the angles
measured at the initial and pre-snap of the receding line. Similar measurements
performed at the macroscopic level would only yield a difference of approximately
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20°. This observation was consistent for all investigated pillar surfaces with varying
L distances. The microscopic receding angles were however found to generally
increase with larger L distances which were due to capillary bridge effects. This
relationship was also discovered to be maintained with apparent measurements.
Therefore, these results showed self-similarity at the macroscopic and microscopic
levels. The apparent and microscopic interface travel speeds were both found to be
inversely proportional to L. This was due to the fact that the roll-off angles for
surfaces with smaller L values were larger which resulted in a stronger exertion of
tangential gravity force on the drop.
In addition, similar experiments performed on a nanocomposite surface
revealed a similar “slide-snap” motion of the microscopic receding line. However, due
to the sharper features of the surface, the receding line was found to be limited to a
shorter sliding distance. Moreover, the angle of the receding line prior to detachment
was measured to be higher (at 90°) as compared to the pillar surfaces.
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Chapter 8

Conclusions

8.1 Fabrication & Durability of Nanocomposite Coatings
A spray-casting method where a substrate was traversed in controlled
longitudinal and lateral motions while under the impact of nanocomposite slurry
droplets was developed. This resulted in improved consistency of the quality of the
nanocomposite coatings. In addition, the effect of spray-casting heights and air
pressures on the superhydrophobicity and durability of the coatings were
investigated. Results revealed the tradeoff nature of the superhydrophobicity and
durability of nanocomposite coatings fabricated from the spray-casting technique,
i.e., increasing the spray height and decreasing the spray pressure (increasing droplet
flight time) improves superhydrophobic performance but is accompanied by a
decrease in wear durability. On the other hand, decreasing the spray height and
increasing the spray pressure (decreasing droplet flight time) increases the strength
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of the coating but decreases its superhydrophobicity. By balancing these parameters,
a combination of durability and superhydrophobicity can be achieved.

8.2 Temperature & Humidity Effects
The effect of temperature and humidity on the wettability of the
nanocomposite coating was studied (with CA and ROA measurements for a single
static drop) for a full temperature cycle from 20

to -3

, at

both low and high humidity conditions, while maintaining homogeneous thermal
conditions (equal air, nanocomposite surface and water temperatures). It was shown
that superhydrophobicity was maintained for a full temperature cycle at low and
high humidity conditions, so long as the environmental conditions remained
thermally homogeneous. In non-thermally homogeneous conditions, even the slightest
differences in air and nanocomposite surface would result in condensation, which led
to superhydrophobic degradation.

8.3 Drop Impact & Rebound Dynamics
An experiment was conducted to investigate the dynamics of a single water
drop oblique impact and rebound, on a 45° inclined nanocomposite surface, and at
various thermally homogeneous temperatures (50°C to -8°C). The effect of higher
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fluid viscosities on impact and rebound dynamics was also studied by utilizing waterglycerol mixtures. The ranges of drop WeN and Oh that was achieved were from 9 to
67 and 0.0018 to 0.028, respectively. Results showed that super-cooled drops were
repelled from the surface without ice nucleation. In addition, drop contact times were
found to be generally independent of drop velocity or surface inclination. However,
the surface inclination affected the non-dimensional maximum spread of the
impacting drop for conditions where WeN > 30. At even higher WeN (> 60),
asymmetry effects induced by the inclination were found to accelerate the breakup of
the drop. The rebound dynamics of the drop was also found to be a strong function
of RCA and viscosity and could be categorized into eight outcomes, i.e., symmetric,
asymmetric, irregular, irregular with breakup, bulbous, tail impingement and tail
impingement with breakup.

8.4 Ice Adhesion Strength with Thick and Thin “Defects”
The ice adhesion strength of hydrophobic and superhydrophobic coatings
cooled water droplets at an air temperature of -20°C. The ice was removed via a
tensile loading, fracture toughness test initiated by “defect” discs on the substrate
and by the force of air pressurization. Two “defect” thicknesses were used: a 1 mm
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general, as compared to control substrates, hydrophobic and superhydrophobic
surfaces can reduce ice adhesion strength. However, due to the thickness of the
“defect” disc, no correlation between surface wettability parameters and ice adhesion
strength was observed. As a result, it was replaced with a thin “defect” disc. New
results obtained with the thin “defect” showed that for hydrophobic surfaces,
regardless of underlying substrate material, ice adhesion strength decreased with an
increasing RCA. However, no correlation between CAH and ice adhesion strength
was observed. Similar results were observed for superhydrophobic surfaces, albeit
with a weaker relationship between RCA and ice adhesion. A study of the
superhydrophobic surface roughness parameters revealed that its ice adhesion
strength was proportional to Sal. Effects from Sa, Ssk, Sku were secondary and
dependent on the wetting state of the coating after impact of the super-cooled
droplets.

8.5 Microscopic Receding Angle Dynamics
The dynamics of the microscopic receding angle on textured pillar surfaces at
varying interpillar distances and on an irregular nanocomposite coating was studied
at micro-second temporal scales. Results revealed a “slide-snap” motion of the
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receding contact line on the pillar surfaces, as compared to the “stick-slip” dynamics
that were reported in literature. A measurement of the microscopic receding angles
showed consistently large variations (up to 90°) between the initial and pre-snap
receding lines. The microscopic receding angles were found to generally increase with
larger interpillar distances. A similar study on irregular surfaces showed that the
“slide-snap” motion of the receding line was preserved. However, due to the sharper
surface features, the interface angle of the pre-snap receding line was discovered to
be higher.

8.6 Contributions of Dissertation and Recommendations
This dissertation has systematically studied the issues pertinent to the
application of superhydrophobic coatings as an ice-repellent surface. For example,
the parameters controlling the balance of superhydrophobicity and durability of the
nanocomposite coating fabricated by the spray-casting technique were studied. This
is of practical importance. For a superhydrophobic surface to be successfully
implemented as an effective ice mitigation tool in aerospace applications, a coating
with the combination of high level durability and superhydrophobicity is desired. As
far as the author is concerned, no previous publications have investigated this issue.
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Static drop studies also revealed the importance of isothermal conditions in
maintaining wettability of the superhydrophobic surfaces at various environmental
conditions. In addition, results obtained from the dynamic drop studies on inclined
surfaces revealed impact and rebound characteristics that were not previously
reported. As described in section 5.1, conflicting conclusions on the effectiveness of
superhydrophobic surfaces in reducing ice adhesion were reported from previous
studies. Results from the current ice adhesion experiment provided reasons for the
conflicting reports and also revealed the importance of surface autocorrelation length
parameter in controlling ice adhesion strength. Lastly, the microscopic depinning
motion of the RCA on superhydrophobic surfaces, which was discovered to be a
crucial wettability parameter for low ice adhesion performance, was studied at
microsecond temporal scales. Therefore, the results from this dissertation have
advanced the community’s knowledge and understanding of the relationship between
icing and superhydrophobicity.
However, further work is needed. The studies that were conducted in this
dissertation were performed at low drop impact speeds. Ice accretion in aerospace
applications typically occurs at much higher impact velocity conditions (50-90 m/s).
In such situations, the effect of the impact and rebound characteristics of a supercooled droplet on a superhydrophobic surface is not well understood. A fundamental
study similar to the one described in Chapter 4, but at higher impact speeds and at
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representative droplet sizes (20-

will therefore be of value. In addition, the

surface inclination should be further varied to study the effects of oblique surface
angles on droplet impact and rebound dynamics.
Extended studies of ice adhesion strength on superhydrophobic surfaces at
high impact droplet velocities are also desired. This is to determine the effectiveness
of the coating in resisting ice adhesion at realistic aerospace icing conditions. As
described in Chapter 6, the superhydrophobic ice adhesion strength is dependent on
Sal value of the coating. For the ice adhesion experiment conducted in this
dissertation (low impact speeds), a Sal value within the range of 20-

found

to be sufficient for the resistance of penetration of impacting droplets into the
surface asperities. However the relationships between Sal, higher droplet impact
speeds and ice adhesion strength are not well understood and therefore should be
carefully studied.
In addition, an improvement of the current nanocomposite fabrication
methods for the production of superhydrophobic coatings with consistent Sal values is
required. Current fabrication techniques, even with a controlled spay-casting process,
were found to result in coatings with varying Sal values. This is hypothesized to be
due to the effects of environmental temperature, humidity as well as spray-casting
droplet sizes. A study of these effects on coating Sal will therefore be of interest.
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