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Abstract
Surface icing is commonplace in nature and technology, often
bringing with it catastrophic consequences. Superhydrophobic
surfaces with micro- and nano-hierarchical roughness have shown
excellent liquid water repellency and low adhesion to water, and
could plausibly be a good choice to prevent surface icing. However,
the performance of such textured superhydrophobic surface is
complex and not evaluated under icing conditions. This thesis aims at
understanding the physics of droplet/surface interaction at a
conditions prone to icing and making a step forward the rational
design of icephobic surfaces.
In the first part of the thesis, the interaction between a sessile water
droplet and a microtextured superhydrophobic surface is studied. The
complex air/liquid interface is visualized with synchrotron X-ray
radiography. The evaporation driven decrease in drop leads to the
continuous increase of pressure (Laplace pressure) inside the drop
and ultimately causes the penetration of the droplet meniscus into
microtextures. It is demonstrated that penetration of the liquid
interface into the surface texture is dictated by the balance of capillary
and Laplace pressures, where the intrinsically three-dimensional
nature of the meniscus must be accounted for. Air bubble entrapment
in the texture underneath impacting water drops is also visualized
and the mechanisms of post-impact drop evaporation are discussed.
Superhydrophobic surfaces could be promising surface candidates to
prevent icing, but their performance and survivability in pragmatic
environmental conditions must be determined. Therefore, the next
part of the Thesis, targets the development of a robust hierarchically
textured, environmentally friendly, metal–based (aluminum)
superhydrophobic surfaces, which maintain their performance under
severely adverse conditions. Based on their functionality, selected
hydrophobic layers (i.e. self-assembled monolayers, thin films, or
nanofibrous coatings) are superposed on hierarchically textured
aluminum surfaces, collectively imparting high level robustness of
superhydrophobicity under adverse conditions. These surfaces exhibit
simultaneously chemical stability, mechanical durability and droplet
i

impalement resistance. They maintained impressively their
superhydrophobicity after exposure to severely adverse chemical
environments like strong alkaline (pH ~9-10), acidic (pH ~2-3), and
ionic solutions (3.5 weight% of sodium chloride), and could
simultaneously resist water droplet impalement up to impact velocity
of 3.2 m/s as well as withstand standard mechanical durability tests.
Repelling and shedding metastable supercooled water droplets from a
superhydrophobic surface before freezing occurs is a significant
component of an icing strategy. Therefore, the next part of the thesis
is focused on the study of dynamic interaction of water droplets on
textured surfaces at low temperature conditions. High droplet
mobility of micro/nano-textured superhydrophobic surface leads to
spectacular rebound events. It is not clear however, if and under what
conditions this rebound behavior is maintained, when such surfaces
are severely undercooled possibly leading to the formation of frost
and icing. Here key aspects of this phenomenon are elucidated, and
show that the outcome of rebound or impalement on a textured
surface, is affected by air compression underneath the impacting
drop, and the time scale allowing this air to escape. Remarkably, drop
impalement occurred at identical impact velocities, both at room and
at very low temperatures (-30C) and featured a ring-like liquid
meniscus penetration into the surface texture with an entrapped air
bubble in the middle. At low temperatures, the drop contact time and
receding dynamics of hierarchical surfaces were profoundly
influenced by both an increase in the liquid viscosity due to cooling
and a partial meniscus penetration into the texture. For hierarchical
surfaces with the same solid fraction in their roughness, minimizing
the gap between the asperities (both at micro- and nanoscales)
yielded the largest resistance to millimetric drop impalement. The
best performing surface impressively showed rebound at -30C for
drop impact velocity of 2.6 m/s.
Following this, the dynamic interaction of supercooled water drops
down to -17°C on textured surface at the same temperature is studied.
It is found that increased viscous effects significantly influence all
stages of impact dynamics, and in particular the meniscus
impalement behavior, with severe implications to water retention by
the textures (sticky vs. rebounding drop). Viscous effects in water
ii

supercooling conditions cause a reduction of drop maximum
spreading (~25% at impact speed of 3 m/s for a millimetric drop) and
can significantly decrease the drop recoil speed when the meniscus
partially penetrates into the texture, leading to an increase of the
contact time up to a factor of 2 in supercooling conditions, compared
to room temperature. It also showed that meniscus penetration upon
drop impact occurs with full penetration at the center, instead of ring
shape, common to room temperature drop impact. To this end, an
unobserved mechanism is described: unlike for room temperature
drops, where transition from bouncing to sticky (impaled) behavior
occurs sharply at the condition of full texture penetration, with a
bubble captured at the point of impact, under supercooled conditions,
the full-penetration velocity threshold is increased markedly
(increasing by ~25%, from 2.8 m/s to 3.5 m/s) and no bubble is
entrapped. However, even though only partial texture penetration
takes place, failure to completely de-wet due to viscous effects can
still prohibit complete supercooled drop rebound.
Repelling metastable supercooled water droplet is not the only
criterion of a surface to be considered as an anti-icing surface because
icing is sometimes unavoidable after long exposure to extreme
weather conditions. The ice adhesion on the surface should also be
minimized. Therefore, the last part of the thesis investigates the role
of surface morphology/texture on ice adhesion.
Due to its
importance in many applications and the fact that it is a very good
representative of metals regarding micro- and nanostructuring
processes, here aluminum is employed as a material platform and is
identified key porous hierarchical textures, yielding extraordinary
impalement-resistant behavior. Droplet repellency is demonstrated
consistently for water impact velocities up to 12 m/s (extreme Weber
number, We ≈ 3500). Surprisingly however, despite impressive
superhydrophobic behavior, if ice forms on such porous hierarchical
surfaces, the ice adhesion is markedly stronger than on simple, less
hydrophobic alumina nanotube array structures. In a departure from
the findings of the well-accepted and practiced shear stress based ice
adhesion testing, a deviation between decreasing ice adhesion
strength and decreasing water wettability is observed if normal
stresses are present (as they are in practically every application). This
is explained with anisotropic ice adhesion considerations, depending
iii

strongly on the applied stress field orientation and the respective
effective ice-substrate contact area. These diverging trends can be
exploited to identify different strategies toward surface texture design
for icephobicity and points toward a rethinking of the criterion of
shear strength testing alone in evaluating ice adhesion.
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Zusammenfassung
Oberflächenvereisung ist allgegenwärtig in der Natur und in der
Technologie und oft sind damit katastrophale Konsequenzen
verbunden. Superhydrophobe Oberflächen mit mikro- und
nanohierarchischer Rauheit weisen eine exzellente Wasserabweisung
und eine tiefe Adhäsion zu Wasser auf. Solche Oberflächen könnten
plausibel eine gute Wahl zur Verhinderung von Oberflächenvereisung
sein. Das Verhalten von solchen texturierten superhydrophoben
Oberflächen ist jedoch komplex und unter Vereisungsbedingungen
nicht untersucht. Diese These hat zum Ziel, die Physik der TröpfchenOberflächen Interaktion zu verstehen bei Bedingungen, die günstig
für Vereisung sind, und einen Schritt in Richtung rationellem Design
von eisphoben Oberflächen zu bewerkstelligen.
Im ersten Teil der These wird die Interaktion zwischen
Wassertröpfchen und einer mikrotexturierten superhydrophoben
Oberfläche studiert. Die komplexe Luft zu Flüssigkeit Schnittstelle
wird mit Synchrotron-Röntgenstrahlungs-Radiographie visualisiert.
Die verdampfungsgetriebene Verkleinerung des Tropfens führt zu
einem Ansteigen des Laplace Drucks innerhalb des Tropfens und dies
verursacht schlussendlich das Eindringen des Tropfenmeniskus in die
Mikrotextur. Es wird gezeigt, dass das Eindringen der
Flüssigschnittstelle in die Oberflächentextur diktiert wird von der
Bilanz zwischen Kapillar- und Laplace Druck, bei welchen die
intrinsische dreidimensionale Natur berücksichtigt werden muss.
Luftblaseneinschlüsse in der Textur unterhalb des aufprallenden
Wassertropfens werden ebenfalls visualisiert und die Mechanismen
der Tropfenverdampfung nach dem Aufprall werden diskutiert.
Superhydrophobe Oberflächen sind vielversprechende Kandidaten
zur Verhinderung von Vereisung aber ihre Leistungsfähigkeit und
Beständigkeit in pragmatischen Umgebungsbedingungen muss
bewiesen werden. Der nächste Teil der These behandelt darum die
Entwicklung
einer
robusten
hierarchisch
texturierten,
umweltfreundlichen,
metallbasierenden
(Aluminium)
superhydrophoben Oberfläche, welche ihre Leistungsfähigkeit unter
ungünstigen widrigen Bedingungen behält. Basierend auf ihrer
v

Funktionalität werden selektiv hydrophobe Schichten (d.h. selbst
assemblierende Einzelschichten, dünne Filme oder nanofaserbasierende
Beschichtungen)
auf
hierarchisch
texturierten
Aluminiumoberflächen
überlagert,
die
kollektiv
den
superhydrophobischen Eigenschaften einen hohen Grad an
Robustheit verleihen selbst unter widrigen Bedingungen. Diese
Oberfächen weisen gleichzeitig chemische Stabilität, mechanische
Strapazierfähigkeit
und
Widerstandsfähigkeit
bezüglich
Tropfenaufpfählung auf. Sie haben in beeindruckender Weise ihre
superhydrophoben Eigenschaften erhalten als sie ungünstigen,
widrigen chemischen Umgebungen ausgesetzt waren wie stark
alkalische (pH ~9-10), saure (pH ~2-3) und ionischen Lösungen (3.5
Gewichtsprozent von Natrium-Chlorid). Gleichzeitig konnten sie
Tropfenaufpfählung bis zu einer Aufprallgeschwindigkeit von 3.2 m/s
verhindern und auch die standardisierten mechanischen
Strapazierstests wurden bestanden.
Die Abstossung und Abweisung von metastabilen unterkühlten
Wassertröpfchen von einer superhydrophoben Oberfläche, bevor
Gefrierung einsetzt, ist eine signifikante Komponente einer AntiEisstrategie. Der nächste Teil der These ist darum fokussiert auf das
Studium der dynamischen Interaktion von Wassertröpfchen mit
texturierten Oberflächen bei unterkühlten Temperaturen. Hohe
Tropfenmobilität auf mikro-nano-texturierten Oberflächen führt zu
spektakulären Abprallereignissen. Es ist nicht klar, ob und unter
welchen Bedingungen dieses Abprallverhalten erhalten bleibt, wenn
diese Oberflächen in beträchtlichem Mass unterkühlt werden und
damit verbunden Frost und Vereisung entstehen kann. Hier werden
Schlüsselaspekte erläutert und wird gezeigt, dass der Ausgang des
Aufpralls, d.h. Abprall oder Aufpfählung, auf einer texturierten
Oberfläche durch die zusammengedrückte Luftschicht unter dem
Tropfen beeinflusst wird und durch die Zeitskala, die benötigt wird,
für die Luft zu entfliehen. Bemerkenswert war, dass die Aufpfählung
des Tropfens bei Raum- und sehr tiefen Temperaturen (-30°C) bei
identischen Aufprallgeschwindigkeiten entsteht und charakteristisch
gekennzeichnet war durch eine ringförmige Eindringung des
Flüssigkeitsmeniskus in die Oberflächentextur mit eingeschlossener
Luftblase in der Mitte. Bei tiefen Temperaturen wurde die
Tropfenkontaktzeit und die Rückzugsdynamik massgeblich
beeinflusst durch ein Ansteigen der Viskosität der Flüssigkeit
vi

aufgrund der tieferen Temperaturen und durch das teilweise
Eindringen des Meniskus in die Textur. Für hierarchische
Oberflächen mit gleichem Festanteil in ihrer Rauheit führte die
Minimierung der Kavitätenbreite (auf der Mikro- und Nanoskala) zur
grössten Aufprallwiderstandsfähigkeit für millimetergrosse Tropfen.
Die beste Oberfläche zeigte Abprallverhalten bei beeindruckenden 30°C und einer Aufprallgeschwindigkeit von 2.6 m/s.
Darauf folgend wurde die dynamische Interaktion von unterkühlten
Wassertropfen und texturierten Oberflächen, d.h. Tropfen und
Oberfläche sind auf dieselbe Temperatur unterkühlt, für
Temperaturen hinunter bis -17 °C studiert. Es wurde herausgefunden,
dass der erhöhte Viskositätseffekt signifikant alle Stufen der
Aufpralldynamik beeinflusst und im speziellen das Aufpfählverhalten
des Meniskus mit unerwünschtem Zurückbleiben von Wasser auf der
Textur (klebender versus abprallender Tropfen). Viskose Effekte in
wasserunterkühlten Bedingungen verursachen eine Reduktion der
maximalen Tropfenausbreitung (~25% bei Aufprallgeschwindigkeit
von 3 m/s für einen millimetergrossen Tropfen) und können
beträchtlich die Tropfenrückzugsgeschwindigkeit reduzieren, wenn
der Meniskus teilweise in die Textur eindringt. Dies führt zu einer um
Faktor zwei erhöhten Kontaktzeit bei unterkühlten Bedingungen im
Vergleich zu Raumtemperatur. Es wird ebenfalls gezeigt, dass die
Meniskuseindringung beim Tropfenaufprall mit voller Eindringung
im Zentrum passiert anstelle der Ringform, welche bei
Raumtemperatur üblich ist. Zu diesem Zweck wird ein bis dahin nicht
beobachteter Mechanismus beschrieben: Entgegengesetzt zu
Raumtemperatur, wo der Übergang von abprallendem zu klebendem
(aufgepfähltem) Verhalten exakt bei der Bedingung voller
Textureindringung stattfindet mit einer Luftblase gefangen beim
Aufprallpunkt,
ist
bei
unterkühlten
Bedingungen
die
Geschwindigkeitsschwelle für volle Eindringung merklich erhöht
(25% höher, von 2.8 m/s bis 3.5 m/s) und keine Luftblase wird
eingeschlossen. Jedoch,
wenn auch
nur eine
partielle
Textureindringung stattfindet, kann ein mangelhaftes Entnetzen
aufgrund viskoser Effekte das komplette Abprallen noch
verunmöglichen.
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Metastabile unterkühlte Wassertropfen abzustossen, ist nicht das
einzige Kriterium, welche Anti-Eis-Oberflächen erfüllen sollten, weil
Vereisung in extremen Wetterbedingungen manchmal nicht
verhinderbar ist. Zusätzlich sollte die Eisadhäsion einer Oberfläche
auch minimiert werden. Darum untersucht der letzte Teil der These
die Rolle von Oberflächenmorphologie/textur auf Eisadhäsion.
Aluminium wird aufgrund seiner Wichtigkeit in vielen Anwendungen
und dem Fakt, dass es ein sehr guter Repräsentant von Metallen
betreffend Mikro- und Nanostrukturierungsprozessen ist, als
Materialplattform
verwendet.
Infolge
des
verwendeten
Oberflächenstrukturierungsverfahrens ist die Textur hierarchische
poröse und dadurch wird eine aussergewöhnliche Resistenz bezüglich
Aufpfählung erreicht. Die Tröpfchenabstossung wird konsistent für
Wasseraufprallgeschwindigkeiten bis zu 12 m/s (extreme Weber
Nummer, We ≈ 3500) demonstriert. Überraschenderweise jedoch
trotz beeindruckendem superhydrophobem Verhalten ist die
Eisadhäsion merklich grösser als auf einfachen weniger hydrophoben
Aluminium-Nanoröhrchen Strukturen. Im Unterschied zu den
Erkenntnissen der gut akzeptierten und üblich praktizierten
schärspannungsbasierenden Eisadhäsionmessmethoden wird eine
Abweichung zwischen abnehmender Eisadhäsionsstärke und
verminderter
Wasserbenetzbarkeit
beobachtet,
wenn
Normalspannungen vorhanden sind (Normalspannungen sind in
praktisch allen Applikationen präsent). Dies wird erklärt mit
Überlegungen zur anisotropischen Eisadhäsion, welche stark von der
Orientierung des angelegten Spannungsfelds und der entsprechenden
effektiven Kontaktfläche Eis zu Substrat
abhängt. Diese
divergierenden Trends können ausgenutzt werden zur Identifizierung
unterschiedlicher Strategien in Richtung Oberflächentexturdesign für
Eisphobizität und deuten darauf hin, dass das Kriterium der
alleinigen Schärspannungsmessung für die Bestimmung der
Eisadhäsion überdacht werden sollte.
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1. Introduction
1.1 Context
Wetting of liquids on solids is ubiquitous in our everyday experience.
In many applications complete spreading of a liquid on a solid surface
is preferable, such as, in painting, lubrication, ink or dye application
on a smooth solid or more complex (porous). In other cases,
spreading of liquids on solid surfaces is undesirable, as for example,
in water accumulation on the windows, clothes, condensers and
aeroplane wings etc. are name a few. Additionally, minimizing
wetting of water on surfaces is beneficial to avoid surface icing at low
temperature conditions. Surface icing in particular has serious
implications in everyday life, often bringing with it catastrophic
consequences. To suppress icing passively, the engineering of surface
textures with the ability to repel/shed ice, or to prevent the formation
of ice from supercooled water is required. This requires the
development of a deep understanding on the interaction of water with
textured surfaces at various icing conditions.1–3
1.2 Wetting of liquids
superhydrophobicity

on

solids:

hydrophilicity

and

Wetting of liquids on solid surfaces is pertinent in many industrial
processes, chemical industry (paints, ink, colouring etc.), automobile
industry (surface preparation prior to painting, treatment of tire
surfaces to promote adhesion on roadways etc.), glass industry (antistain and anti-frost) to name a few. Therefore, understanding the
wetting behaviour of liquids on solid surfaces is of great practical
relevance. When a droplet is placed on a solid surface, three phases
(solid, liquid and vapour) coexist along the contact line, as shown in
Figure 1.1.
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Figure 1.1. Liquid drop on solid surface: existence of three phases (solid,
liquid and vapor)

Simultaneous consideration of solid, liquid and vapour surface
energies leads to Young`s equation which is a relationship between
the equilibrium contact angle (  eq ) that the liquid drop makes with
the surface and the surface energies as follows,4

 SV   SL   coseq

(1.1)

where  SV ,  SL and  denote surface energy of solid/vapour,
solid/liquid and liquid/vapour interfaces, respectively. In most of the
applications, surface energies do not change; however,  eq can be
modified by altering surface chemistry and hence the liquid wetting
behaviour on surfaces. With water as liquid, the surface is termed
hydrophilic when  eq <90° indicating the favourable wetting of water
on such surface. Likewise, if  eq >90°, surface is termed hydrophobic.
It should be noted that in equation 1.1, an ideal smooth surface is
considered to determine the wetting state of the liquid on the surface.
However, in real applications, the inherent roughness of the surface
can affect wetting. Depending on the surface roughness, two models
are proposed to study wetting on textured surfaces, (a) Wenzel and
(b) Cassie-Baxter.
(a) Wenzel model: In this model,5 the roughness scale of the surface
is considered to be much smaller than the size of the droplet. The
droplet meniscus follows the roughness asperities of the surface, as
shown in Figure 1.2a. The apparent contact angle ( W ) differs from

 eq and can be related by the following equation,
2
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cosW  r coseq ,

(1.2)

where, r denotes the roughness of the surface and is the ratio of
effective rough surface area to projected area. From equation 1.2 is
clear that surface roughness always magnifies the fundamental
wetting properties of the surface, both hydrophobic and hydrophilic.
(b) Cassie-Baxter model: In this model,6 an intrusion of vapour layer
between liquid and solid is considered (see Figure 1.2b). The
apparent contact angle ( CB ) can be related with  eq by the following
equation,
cosCB  1   (1  coseq ) ,

(1.3)

where,  denotes the fraction of solid surface in contact with liquid.

Figure 1.2. Schematic showing different wetting models on textured surfaces
(a) Wenzel and (b) Cassie-Baxter.

These two models described above consider a unique contact angle,
generally referred as the static contact angle. In the case of a nonideal surface, contact angle is not unique and a range of contact
angles exists, depending on the movement of the contact line. For
example, if a drop is inflated on a non-ideal surface, the contact angle
increases and reaches a maximum value (referred to as advancing
contact angle,  A ) immediately before the contact line moves.
Similarly, when drop is deflated, the contact angle decreases and
reaches a minimum value (referred to as receding contact angle,  R )
immediately before the contact line moves. The contact angle of a
gently deposited droplet on a surface may vary within the range of
3
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 A and  R . Advancing and receding contact angles are shown
schematically in Figure 1.3.

Figure 1.3. Schematic showing (a) advancing (  A ) and (b) receding (  R )
contact angles when droplet inflating and deflating, respectively.

The difference between  A and  R is called contact angle hysteresis
(  ).  is the measure of the effect of surface roughness on the
contact line motion of the droplet meniscus in advancing and
receding modes. Contact angle hysteresis that arises due to pinning of
droplet meniscus on roughness feature of the surface in the receding
mode, is of immense practical relevance to engineer surface with high
droplet mobility. A surface with  R >135° and  <10° is, generally
referred as superhydrophobic surface.7,8 The self-cleaned and
extremely hydrophobic lotus leaf surface is perhaps the most
prominent example of a natural superhydrophobic surface. A careful
investigation on the lotus leaf confirms the existence of a low surface
energy (wax) coated multi-tier morphology (at micro- and nanoscales) which is responsible for the extreme hydrophobic behaviour.9
Inspired by the lotus leaf, many researchers fabricated hierarchically
textured superhydrophobic surfaces. Different substrates have been
used to impart superhydrophobic property such as silicon,
aluminium, copper etc. Typically, a two-step fabrication process is
followed: at first rough morphology is generated followed by coating
with low surface tension molecules. An alternative approach is to
create a rough morphology directly on the low surface-energy
polymer substrate, e.g. Teflon is a typical example of this process.
4
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1.3 Breakdown of Superhydrophobicity under dynamic
conditions
The superhydrophobic or the non-wetting property of a surface is
achieved due to entrapment of a gas at the solid/liquid interface. The
entrapped gas reduces the effective contact between liquid and solid.
Recent studies show that such an intervening gas layer plays a crucial
role during a droplet impact event on superhydrophobic surface.10,11
The velocity of an impacting droplet is a decisive factor to sustain the
intervening air layer. At low impact velocity, the droplet impacts on
the surface and rebounds leaving no traces of satellite droplets on the
surface, as shown in Figure 1.4. When the impact velocity is
increased further, the droplet meniscus penetrates into the surface
texture replacing the intervening air layer and resulting in a sticky
satellite droplet on the surface, as shown in Figure 1.4. The specific
impact velocity, above which the rebound to sticky transition takes
place, is called critical velocity and that depends on the surface
geometry, which can be tailored to augment the water droplet
meniscus stability.

Figure 1.4. Rebound to sticky transition when the impact velocity ( V ) is
greater than the texture specific critical velocity ( Vc ).

Capillary pressure: Capillary pressure is the resistive pressure
against the penetration of a droplet meniscus (rebound to sticky
transition) upon impact. The surface can be engineered to
micro/nano-scale to maximize capillary pressure and Vc . The
capillary pressure scales as  / d , where d denotes the opening
diameter of the surface texture. d can be reduced to micro-scale and
5
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even nano-scale to maximize the capillary pressure.12 Micro/nanofabrication techniques, e.g. photolithography, plasma etching, coblock polymerization, are employed to fabricate high droplet
meniscus impalement resistance.
Impalement pressure: Understanding of the underlying mechanism
of meniscus penetration upon drop impact is important to fabricate
superhydrophobic surfaces with high meniscus stability. The dynamic
pressure of a water droplet impinging with an impact velocity V, can
be written as,

1
V 2 , where  denotes the density of water. Reyssat
2

et al.13 found that dynamic pressure is only 15-20% of the capillary
pressure for a surface texture of micron sized opening and therefore
cannot cause the impalement of the liquid meniscus into the texture.
Deng et al.14 showed that water hammer pressure causes the
impalement of water meniscus into the surface texture up on drop
impact. The concept of water hammer effect relies on the collision of a
compressible liquid to a solid body which generates a shock wave. The
velocity of the shock wave is of the same order of magnitude of the
velocity of sound.14 It was proposed that a fraction (pre-factor) of the
total water hammer pressure is the impalement pressure (this prefactor to the total water hammer pressure was proposed as 0.2). In
more recent studies, Dash et al.15 showed that the effective hammer
pressure depends on the surface texture and the pre-factor should be
of the order of 10-3. However, due to lack of understanding, the
physics behind the meniscus impalement is still unclear.
Mandre et al.11 performed a numerical study on the drop impact event
on smooth hydrophobic surfaces. Interestingly, they show that the
compressibility of entrapped gas layer between surface and the
impinging liquid leads to a pressure rise at the liquid/air interface.
The underlying physics of the above numerical analysis is
considerably different from the previous understanding on the drop
impact physics which is based on the water hammer pressure
theory.14,15 However, the influence of the compressibility of the
entrapped air on the drop impact event needs experimental
validation. In addition to that, a possible extension of the above
proposed model on textured superhydrophobic surface needs careful
consideration.
6
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1.4 Superhydrophobic surface as anti-icing strategy
Superhydrophobic surfaces can be considered as an anti-icing
strategy due to ultra-low adhesion and repelling of water under
dynamic conditions. However, the non-wetting property of a
superhydrophobic surface can be lost due to condensation in the
texture, impact of a droplet on the surface beyond a texture specific
speed, mechanical damage (wear and abrasion), etc., which are
common in practical applications. Therefore, the challenge is to
fabricate robust superhydrophobic surface that can be used in
adverse icing conditions and realistic applications.
1.5 Effect
of
environmental
superhydrophobic property

conditions

on

For anti-icing applications, it is essential that superhydrophobic
surfaces maintain their non-wetting property at severe undercooled
conditions. Therefore, it is worth studying the effect of environmental
conditions like temperature and humidity on droplet mobility and
drop impact on textured superhydrophobic surface.
In recent years several researchers have investigated the effect of
temperature on the different stages of droplet dynamics on textured
superhydrophobic surfaces and their non-wetting properties under
severe icing condition.2,16–19 Mishchenko et al.16 showed that the
freezing transition of an impacting supercooled droplet on textured
surfaces is between -25 to -30°C. Within this temperature range,
supercooled droplets freeze and adhere on the surface upon impact. It
should be noted that the thermodynamically metastable supercooled
water at temperature ~-30°C has almost ~400% higher viscosity
compared to room temperature, with surface tension remaining
practically constant.20 Therefore, the increased water viscosity can
affect significantly the droplet dynamics and mobility on a
superhydrophobic surface at a low temperature environment. Indeed,
Khedir et al.2 showed that the increased water viscosity at low
temperature causes energy loss in the form of viscous dissipation
during a droplet impact event leading to retardation of the receding
dynamics during the recoiling phase. In a separate work, Alizadeh et
al.21 studied the effect of surface temperature in the range of -15° to 85°C for impacts of room temperature drops on surfaces with various
7
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wettability in dry conditions (relative humidity <2%). Interestingly,
the temperature was found to have major impact on the droplet
dynamics only on hydrophilic surfaces whereas, this effect was
practically absent on superhydrophobic surfaces. The authors
suggested that the presence of air pockets inside the surface texture of
superhydrophobic surfaces acts as a thermal barrier at the solidliquid interface leading to temperature independent droplet
dynamics. The temperature independent droplet dynamics on
superhydrophobic surfaces as proposed by Alizadeh et al.21
contradicts the observation of Khedir et al.2 and clearly indicates the
intense need for new studies on the temperature effect on the droplet
dynamics.
At low temperature and high relative humidity, the droplet mobility
on a superhydrophobic surface can drastically be affected. Heydari et
al.22 investigated the effect of temperature on the contact angles and
drop mobility in the range 25°C to -10°C, showing that with
decreasing temperature the contact angle decreases due to
condensation inside the surface texture. In a different study, Varanasi
et al.23 and Kulinich et al.24 showed that frost formation on a
superhydrophbic surface can affect its performance, significantly.
More recently, Jung et al.18 studied systematically the effect of
environmental conditions such as humidity and the shear flow of the
surrounding air on the mobility of supercooled droplets on
superhydrophbic textured surfaces. It was found that the high
humidity condition, compared to dry humidity condition, results a
dramatic reduction of droplet mobility on the superhydrophobic
surface leading to enhanced probability of freezing. Also, the presence
of small ice crystals on the surface reduces the mobility of the droplet.
In a separate work, it is shown by the same group19 that on relatively
low thermally conductive surfaces, the freezing of an individual
droplet leads to concentric formation and propagation of a
condensate halo that can form an annular frost layer on the substrate.
Such condensate halo initiates the freezing of the adjacent droplet.
However, for surfaces with high thermal conductivity under identical
conditions (relative humidity ~30% and degree of supercoiling ~15K),
the condensate completely evaporates before it freezes.
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1.6 Ice adhesion on textured surfaces
Under extreme environmental conditions, icing on the surface is
unavoidable. Therefore, the effect of surface morphology and
wettability on the ice adhesion strength must be studied. Recently,
Meuler et al.25 and Kulinich et al.26 found that ice adhesion strength
can be correlated to the surface wettability: The higher the receding
contact angle the lower is the ice adhesion strength. The above
finding is based on the liquid/solid interaction. However, in the case
of surface icing, solid (ice)/solid (surface) interactions need to be
considered. In the case of solid/solid interaction, in addition to
surface energies of two interacting solid bodies, the work of adhesion
depends on the stored elastic energy that is released from crack
formation. The energy needed to initiate crack formation can be
theoretically estimated. If force-displacement relationships between
two interacting bodies separated by a distance x (modeled as a sinewave) the corresponding equation can be written as,

   c sin(2 x /  ) ,

(1.4)

where,  c is the maximum stress and  / 2 is the half wavelength of
the sine wave.
For small displacement, equation 1.4 can be linearized to,

   c (2 x /  ) ,

(1.5)

Applying the uniaxial Hooke`s law between two solid bodies and
from equation 1.5, it can be written as,
E / R  2 c /  ,

(1.6)

where, E is the Young modulus of the solid bodies and R is the radius
of the interfacial contact area.
Considering the work required to separate two solid bodies by pulling
them apart,

9

1. Introduction

x

/2

0

0

W    ( x) Adx    c sin(2 x/  ) Adx ,

(1.7)

where, A denotes the contact area between two interacting solid
bodies.
The total work done per unit area to separate two interacting solid
bodies should be equal to the energy created for two new surfaces.
Therefore,
W / A   c ( /  )  2 ,

(1.8)

where,  denotes the change in free energies per unit area of the two
interacting surfaces.
Now, assuming that wavelength of the sine curve is equal to half of
the distance of the two bodies ( R ), the change in free energies to
create two new surfaces can be correlated with E , as follows,
  R c 2 / E

(1.9)

From the equation 1.9, it is clear that the ice adhesion strength should
depend not only on the interfacial energies of the two interacting
surfaces but also on the Young's modulus and contact area of the
surfaces.
1.7 Thesis outline
The present thesis consists of seven chapters, including this
introductory Chapter 1. In Chapter 2, the droplet evaporation
mechanism on textured superhydrophobic surfaces has been studied
with X-rays. In the following chapter (Chapter 3), a rational
pathway of fabricating chemically stable and mechanically robust
aluminum based superhydrophobic surfaces has been proposed.
In Chapter 4 and Chapter 5, the effect of environmental
temperature on drop impact dynamics on textured superhydrophobic
surface has been studied. Furthermore, the role of the underlying
entrapped air film between impinging water droplet and solid surface
10
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on the meniscus penetration mechanism has been investigated and
proposed an universal criterion to design textured superhydrophobic
surfaces that can show repellency at low temperatures.
In the sixth chapter (Chapter 6), high droplet impalement stability
on aluminum based nanotextured superhydrophobic surface is
discussed and ice adhesion mechanism on such surfaces has been
investigated.
The last chapter (Chapter 7) of the thesis concludes by highlighting
main findings of the thesis and suggesting important future works.
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2. Unravelling wetting transition through
surface textures with X-rays: Liquid meniscus
penetration phenomena
T. Maitra, C. Antonini, J. B. Lee, S. Irvine, D. Derome, Manish K.
Tiwari, J. Carmeliet, D. Poulikakos, “Unravelling wetting transition
through surface textures with X-rays: Liquid meniscus penetration
phenomena”, Scientific Report 4, 2014, Doi:10.1038/serp05055.
2.1 Abstract
In this report we show that synchrotron X-ray radiography is a
powerful method to study liquid-air interface penetration through an
opaque surface roughness, leading to wetting transition. We
investigate this wetting phenomenon in the context of sessile drop
evaporation, and establish that liquid interface sinking into the
surface texture is indeed dictated by the balance of capillary and
Laplace pressures, where the intrinsically three-dimensional nature
of the meniscus must be accounted for. Air bubble entrapment in the
texture underneath impacting water drops is also visualized and the
mechanisms of post-impact drop evaporation are discussed.
2.2 Introduction
A sessile drop on a superhydrophobic surface has an almost spherical
shape and can easily roll off the surface upon even a gentle nudging.
This is due to the presence of an air-liquid-solid interface under the
drop, where air pockets prevent full surface wetting. A drop with such
behavior is referred to be in the Cassie-Baxter state.27 The
macroscopic manifestation of this state is that the drop contact angle
can reach values higher than 150°. Additionally, the contact angle
hysteresis (difference between advancing and receding contact
angles), which provides an indication of drop stickiness on the
surface, can be lower than 10°. Such high water repellency is useful in
a variety of applications,28 such as self-cleaning surfaces,29 liquid
transport,30 heat transfer enhancement due to drop wise
condensation,31,32 realization of heat transfer devices33 and in antiicing.34,3,25
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To promote the Cassie-Baxter state, a combination of surface
topography, i.e. roughness, and surface chemistry, i.e. low surface
energy, comes to play. The opposite scenario of drop behavior is the
complete penetration through the surface asperities, reaching the socalled Wenzel state.35 In the Wenzel state, although high contact
angles may still be observed, the contact angle hysteresis is
significantly enhanced. Consequently, the water drop loses its
mobility on the surface and becomes ‘sticky’. The transition from
Cassie-Baxter to Wenzel states can be caused by a variety of factors,
such as drop impact,36,13,37 drop evaporation,38–41 pressure rise in the
liquid,41 mechanical vibration,42 electrowetting etc.43,44 Such a
transition on surfaces designed to be superhydrophobic is not
desirable, since its reversal is possible only in special situations.44
Different tools have been developed to visualize this transition and to
observe the related complex wetting phenomena. Most of these
techniques employ optical methods such as observation of the overall
drop shape,38,40,42 visualization of the drop from the top39 or from the
bottom45 (on transparent solid surfaces), or in some cases even by
means of high-resolution microscope imaging.41 Recently a variety of
advanced techniques, such as environmental scanning electron
microscopy (ESEM)46 and confocal scanning microscopy,47 has also
been explored; such techniques offer significantly better spatial
resolution of the liquid meniscus. Papadoupolos et al.47 proposed a
confocal microscopy based technique, which allowed threedimensional (3D) reconstruction of the liquid meniscus on
superhydrophobic surfaces consisting of micropillars with a time
resolution of ~1s. Typically, optical techniques for visualizing the
meniscus between the texture asperities have limited time resolution
and may require transparent substrates.
X-rays offer a unique alternative to optical and SEM based
visualization. Lee et al.48 used ultrafast X-ray phase-contrast imaging
to visualize the formation and evolution of a bubble underneath a
drop impacting on a smooth solid surface. Here, we show that X-ray
projection imaging, which we performed at the TOMCAT beamline at
the Swiss Light Source, Paul Scherrer Institute, Villigen, Switzerland,
can be used to visualize liquid meniscus penetration into the
microtexture of superhydrophobic surfaces, consisting of a
micropillar array with inter-pillar spacing of ~5 µm, and to analyze
14
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the pertinent meniscus dynamics. The evaporation of both sessile and
impacted water drops on a microstructured superhydrophobic
surface is used to investigate the dynamics of the liquid meniscus.
Our results clearly establish the feasibility of the X-ray method to
penetrate through superhydrophobic micropillar forests, with an
unprecedented combined time and spatial resolution. In addition,
liquid meniscus transition during drop evaporation is explained by
means of a force balance approach. Although this approach has been
recently brought into question40,49 and alternative energy based
approaches have been proposed, here we show that a force balance
approach is valid, if the appropriate three dimensional geometry of
the meniscus is accounted for.
2.3 Results and Discussions
Figure 2.1a and b include a schematic and picture of the setup,
respectively. The X-ray beam, passing through the superhydrophobic
surface and the drop, is converted by scintillator (LAG:Ce 20 μm) into
visible light, which is captured by the 20x objective lens fitted to a
CCD camera (pco.edge, PCO), as shown in Figure 2.1a.
Simultaneous observation by means of an optical high-speed camera
was also performed. A detailed description of the setup is provided in
the Materials section.
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Figure 2.1. Experimental setup: (a) schematic top view with main
components and (b) picture of (1) the optical lens, (2) the environmental
chamber, (3) the falling drop guide tube, (4) the sample on the translation and
tilting stage, (5a,b) the relative humidity sensors and (6) the LED illuminator.

The projection image sequence shown in Figure 2.2a-d captures the
four stages of drop evaporation. The corresponding evolution of drop
radius, R, drop contact radius, RC, and the contact angle, , are shown
in Figure 2.3. At the beginning, i.e. during stage 1 (Figure 2.2a),
the drop was sitting on top of the micropillars in the Cassie-Baxter
state. The contact angle in stage 1 essentially corresponded to the
receding contact angle, i.e. 140°. During stage 1, the contact line
retracted, in a stepwise manner, due to local pinning and depinning
at the pillar edges. During stage 2 (Figure 2.2b), the contact line was
pinned and the contact angle decreased, while the drop volume
decreased due to evaporation. In stage 3 (Figure 2.2c), liquid
penetration between pillars occurred: this phenomenon, known as
impalement, essentially marks a transition from Cassie-Baxter to
Wenzel state. The transition is due to the continuous increase of
pressure inside the drop. With a decrease in drop volume and radius,
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the pressure inside the drop increases due to Laplace pressure
difference, pL  2 lg R , between the drop interior and the
surroundings. The symbols  lg and R denote the water surface
tension and drop radius of curvature, respectively. For a large drop
radius, the liquid penetration can be avoided, if the force driving the
sinking into the texture due to Laplace pressure difference is
counterbalanced by the resisting capillary force,36 the correct
formulation of which will be discussed in the sequel. When the
pressure inside the drop overcomes the capillary pressure, the liquid
meniscus will penetrate through the pillar forest. Interestingly,
during stage 3 an increase in the contact radius by ~20% was noticed.
This is a consequence of drop volume conservation: since the contact
angle decreased rapidly during this stage, the contact radius had to
increase.47 Finally, during stage 4 (Figure 2.2d) the liquid film
among the pillars evaporated completely.

Figure 2.2. (a-d) X-ray image sequence showing the four stages of a sessile
drop evaporation on a pillar-like microtextured surface, and (e) SEM image of
the superhydrophobic surface micropillars.
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Figure 2.3. (a) Schematic of evaporating drop. (b) Schematic of liquid
meniscus (blue surface) and contact line (red line) in a unit cell of the surface
microtexture. (c) Time evolution of drop radius, R, drop contact radius, RC,
and apparent contact angle, , for an evaporating drop. The four stages of
evaporation, as observed in Figure 2.2, are also indicated. Definition of
initial time t = 0 s is arbitrary. A repeat measurement is also shown in Figure
A. 1 in Appendix A. (d) Critical drop radius as function of  AS , i.e. the
advancing contact angle measured on the corresponding smooth surface.

Understanding Cassie-Baxter to Wenzel state transition is
fundamental to design surfaces, usually aiming at avoidance or delay
of such transition. Two main mechanisms have been identified in the
literature to predict the critical drop radius, R*, at which the
transition occurs: the “touch-down” and the “sliding”36 (alternatively
called “pinning instability”40) mechanisms. In the touch-down
18
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mechanism, the meniscus remains pinned at the top of the pillar and
deforms by the increase in pressure inside the drop. Eventually, if the
pillars are not too tall, the transition can occur by the meniscus
touching the bottom of pillars. As can be seen from Figure 2.2c, this
was not the impalement mechanism in our case. Rather, in our
experiment the penetration occurred via meniscus de-pinning from
the top of the pillars and eventual penetration of the gaps between
them. In this mechanism, the meniscus should start to sink into the
texture when the Laplace pressure, pL , overcomes the resisting
capillary pressure.
For a square array of micropillars, using a simplified two-dimensional
(2D) approach, the force balance (per unit length) in a unit cell of the
pillars can be expressed as:
pL  

where



2 lg cos m



2p  d



(2.1)



2 p  d is the maximum distance between two pillars in a

unit cell and  m is the contact angle of the meniscus. In equation 2.1,
the right hand side quantifies the capillary pressure, pC . The
diagonal separation between the pillars is used since that would
correspond to the weakest capillary pressure. In equation 2.1,  m can
vary, within a limit, to accommodate the increase in pL with
decrease in drop radius. The meniscus is in equilibrium until m   AS ,
where  AS is the advancing contact angle that can be macroscopically
measured on the corresponding smooth surface. At the moment of
transition m   AS , using the expression for Laplace pressure,

pL  2 lg R , the critical drop radius can be calculated as:
R2*D  

2p  d
cos AS

(2.2)

The above expression, although perhaps adequate for scaling analysis,
has limited validity. A more general expression for Laplace-capillary
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force balance can be formulated taking into account the inherent 3D
geometry of the meniscus in the unit cell,36 as:
pL A   lg cos AS LC

(2.3)

where A  p2   d 2 4  p2 1    is the projected planar area of the
meniscus and LC   d is the total length of the contact line, where
capillary force is acting (see schematic in Figure 2.3b). The resulting
drop radius at the moment of transition is:
R3*D  

1 d
2 cos AS

(2.4)

The predictions from equations 2.2 and 2.4 are plotted in Figure
2.2b as function of  AS . The difference between the predictions
becomes relevant especially for surfaces with very low values of the
solid fraction, as is typical for superhydrophobic surfaces and, in
particular, for the surface tested in the present study, having =4.2%.
The validity of the force balance approach for meniscus penetration is
still a debated topic in the recent literature, where it has been
proposed that only energy-based approaches are able to explain
meniscus penetration.40,49 However, our data show that the force
balance approach works well, if the correct formulation, as expressed
in equation 2.4, is used. Indeed, as the Figure 2.3d shows, for the
measured value of  AS  115  3 , the corresponding critical drop radii
*
*
*
are R2D
= 9 ± 1 µm and R3D
= 41 ± 5 µm, respectively. R3D
is thus

rather close to the measured value of 59 ± 5 µm despite the fact that
no fitting parameter is employed to obtain it. Note that the measured
critical radius of 59 ± 5 µm, from equation 2.4, corresponds to a
 AS value of 107±2, which is close to the measured value of 115±3.
Therefore, from both these metrics our experiments underpin the
validity of the force balance approach. As an additional note, the
prediction from equation 2.4 should be considered as the minimum
radius for observing meniscus penetration. Simple variations such as
deposition of dust from room air on the surface may change the local
contact angle, and thus engender impalement even at higher radii, as
already reported.50
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Another interesting set of drop interface penetration dynamics
involves impact of drops on textured surfaces. Here, evaporation and
dynamic features of drops impacted on microtextured surfaces were
investigated. Due to a concomitant need for high spatial resolution
(having to visualize the inter-pillar gap of ~5m), the X-ray
radiography setup had a time resolution of ~30 ms. Thus, events with
a characteristic convective time scale of ~1 ms or lower,13 could not be
visualized. However, our time resolution was sufficient for
investigating the post-impact drop state and dynamics. Due to the
kinetic energy of the impact, the water drop can locally penetrate into
the surface texture, with a portion of it remaining on the surface. This
was also observed by high-speed optical camera (see Figure 2.4a).
Analysis of this remnant drop yielded useful information regarding
the drop impact process. Figure 2.4c shows the remnant drop on
the surface after impact, at two different magnifications: water wetted
the pillars under most of the drop, except in the central region, where
a trapped air bubble was visible. Although most of the drop interface
was in Wenzel state, a Cassie-Baxter “island” persisted. This is
consistent with observations in ref.50 and can be also deduced by
observing the drop impact event with a high-speed camera from the
top. The latter allowed the identification of an air bubble (bright spot
in Figure 2.4b) trapped within a ring-like region, where transition
to Wenzel state had occurred (dark grey ring in the center).
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Figure 2.4. Evaporation of a miniature drop remaining on the surface after
impact of a ~1 mm radius drop (impact speed V=2 m/s). (a) The original drop
only partially rebounded after impact, with a portion remaining attached to
the surface. (b) Top view optical image of an impacting drop, captured during
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drop spreading, showing a trapped air bubble (bright spot in the center)
underneath the drop. (c) Side view of the miniature remnant drop and
magnified view into the microstructure, showing a trapped air bubble. (d) and
(e) Release of the trapped bubble upon the receding motion of the contact line.
(f) and (g) The corresponding schematic of the drop shape.

With drop evaporation, the contact line receded, moving in the
direction of the trapped bubble. Before reaching the bubble, the
contact line remained circular (see Figure 2.4d). However, after
reaching the bubble, the contact line rapidly receded above the
bubble. The contact line took a locally concave shape, which appeared
as multiple apparent contours with multiple contact angles in the
projection image shown in Figure 2.4e. Figure 2.4d and g show
schematics of the drop state, before and after the bubble release. In
Figure 2.4g the contours, visible in Figure 2.4e, have been
highlighted for clarity. Overall, the sequence establishes the ability of
X-ray radiography to capture liquid meniscus dynamics and the
related inter-pillar events.
2.4 Conclusions

In conclusion, we presented an X-ray radiography based visualization
method to directly observe the intricate wetting phenomena on
opaque textured surfaces. The high spatial and temporal resolution of
the technique allowed visualization of Cassie-Baxter to Wenzel state
transitions
during
drop
evaporation
on
micro-pillared
superhydrophobic surfaces. A force balance accounting for the three
dimensional shape of the meniscus matched well with experimental
observations on meniscus penetration into the microtexture.
Furthermore, entrapment and release of an air bubble, underneath an
evaporating drop after impact on the micro-pillared surface, was
captured through a post-impact visualization, thereby also illustrating
the dynamics of the receding contact line. Our work clearly
demonstrates that use of X-rays can be a powerful approach for
investigating complex wetting and multiphase flow physics on opaque
textured surfaces.
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2.5 Methods
X-ray projection imaging. The TOMCAT beamline exploits a 2.9
T magnetic dipole, corresponding to a critical energy of 11.1 keV,
generating a closely bundled and highly brilliant X-ray beam. A fixedexit double crystal multilayer monochromator (DCMM) is set up to
obtain a central X-ray photon energy of 30 keV. The X-ray beam
passing through the sample setup is converted by scintillator (LAG:Ce
20 μm) into visible light, which is captured by the 20x objective lens
fitted to a CCD camera (pco.edge, PCO), as shown in Figure 2.1a.
The synchrotron X-ray radiography images were recorded at 33 fps,
with an exposure time of 20 ms, and ~0.33 μm pixel resolution,
providing high temporal and spatial accuracy. Simultaneously, for
control reasons, an optical high-speed camera recorded the impinging
drops at 5000Hz in shadowgraphy mode, perpendicular to the X-ray
beam (see Figure 2.1). Drops of ~1 mm radius were generated by
hand for sessile drop experiments, and by a syringe pump, for the
drop impact tests. For impact tests, droplets were released from
heights of 20 cm and 40 cm. The drops fell through a tube to prevent
deviations by air drafts and reached the superhydrophobic surfaces in
a chamber maintained at ~31oC temperature and ~22% relative
humidity (see Figure 2.1b).
Superhydrophobic surface fabrication. To fabricate the
superhydrophobic surface, a p-type (100) silicon wafer was used. The
wafer was photolithographically patterned using Karl Suss MA6 mask
aligner and AZ1505 positive photoresist. The patterned photoresist
film was used as mask to etch silicon in a SF6 and C4F4 plasma (Bosch
process in Alcatel AMS 200 machine) and form the micropillars.
Then, the photoresist film was stripped and the wafer was diced into
2 x 2 cm size chips. After standard cleaning, the chips were wet
functionalized by 1H,1H,2H,2H-Perfluorodecyltrichlorosilane (FDTS)
(96% Alfa Aesar) in n-hexane solution. The fabricated surface had
pillar diameter d  1.5 µm, pillar center-to-center distance p  6.5
µm, height h  13 µm, and a corresponding solid fraction   4.2% .
The measured advancing and receding contact angles were equal to
155 ±4 and 140 ±4, respectively.
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3.1 Abstract
Superhydrophobic surfaces are highly desirable for a broad range of
technologies and products affecting everyday life. Despite significant
progress in recent years in understanding the principles of
hydrophobicity, mostly inspired by surface designs found in nature,
many man-made surfaces employ readily processable materials, ideal
to demonstrate principles, but with little chance of survivability
outside a very limited range of well controlled environments. Here we
focus on the rational development of robust, hierarchically
nanostructured, environmentally friendly, metal–based (aluminum)
superhydrophobic surfaces, which maintain their performance under
severely adverse conditions. Based on their functionality, we
superpose selected hydrophobic layers (i.e. self-assembled
monolayers, thin films, or nanofibrous coatings) on hierarchically
textured aluminum surfaces, collectively imparting high level
robustness of superhydrophobicity under adverse conditions. These
surfaces exhibit simultaneously chemical stability, mechanical
durability and droplet impalement resistance. They maintained
impressively their superhydrophobicity after exposure to severely
adverse chemical environments like strong alkaline (pH ~9-10),
acidic (pH ~2-3), and ionic solutions (3.5 weight% of sodium
chloride), and could simultaneously resist water droplet impalement
up to impact velocity of 3.2 m/s as well as withstand standard
mechanical durability tests.
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3.2 Introduction
Superhydrophobic surfaces have been attracting great interest, not
only because their design involves exciting multidisciplinary scientific
challenges, but also due to their great potential for industrial
applications, exemplified by anti-icing,34,3,1,18,51 anti-fouling,52 antifogging,53 and anti-corrosion54 and in promotion of drop wise
condensation.32 Significant progress has been achieved in
understanding the principles of hydrophobicity, mostly inspired by
surface designs found in nature, ranging from plant leaves to the skin
of fish or other swimming organisms,55,56 the performance of which is
tailored by evolution in their natural environments. However,
majority of man-made surfaces employ readily processable albeit
sensitive materials, which cannot survive outside a very limited range
of well controlled environments, prohibiting their potential usability.
Both surface roughness and chemistry play an important role in
superhydrophobicity. A detailed thermodynamic analysis of the role
of surface roughness (at the microscale) and surface chemistry in this
context has been discussed by Li et al.57 In particular, the
combination of nano- and microstructures can be advantageous not
only in improving surface non-wetting properties, but also in creating
surfaces with enhanced mechanical durability, as discussed in Li et
al.58 based on thermodynamic and mechanics principles. Typically, in
a first step a micro-, nano- or hierarchical morphology is created
followed by a second step involving surface chemistry by coating this
morphology with low surface energy molecules. To accomplish the
first step, various methods exist, such as electrospinning,59–62
chemical vapor deposition,63 hydrothermal processes,64,65 chemical
etching.66–80 The techniques vary depending on the substrate on
which superhydrophobicity needs to be imparted.64–66,77,78,81 A
prominent exception to the above two step procedure are
fluoropolymer based superhydrophobic surfaces, where either by
texturing the fluoropolymer or by including its particulate forms in
the coating superhydrophobicity is obtained in a single step.1,82 In
addition to a fluoropolymer, an intrinsically hydrophobic elastomer,
poly(dimethylsiloxane) (PDMS), can be used at the surface if a
superhydrophobic property needs to be imparted. A PDMS-based
hierarchical superhydrophobic surface was developed by Cortese et
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al.,83 through a multistep process including fabrication of square
micropillars by soft lithography, followed by generation of nanoscale
roughness by means of CF4 plasma treatment. Changes in the
influence of micro- and nanoscale geometrical structures were
investigated to show that surfaces with extreme superhydrophobicity
can be achieved.
The ability to impart superhydrophobicity to commonly used metals,
such as aluminum, found in a plethora of applications, is highly
desirable. Fabrication of superhydrophobic surfaces based on
aluminum that simply show repellency of a sessile water drop for the
purposes of a laboratory demonstration is not a significant challenge
any more and the literature contains several such works.29,73,74 On the
other hand, several scientific and technical challenges need to be
overcome on the way to the realization of multi-functional and robust
superhydrophobic surfaces on aluminum, having the potential of
employment in adverse environments and realistic applications.
In this work, we focus on developing a rational framework for
superhydrophobic textures on aluminum in a scalable manner,
aiming at chemical stability, mechanical durability, and high liquid
impalement resistance into the texture, as schematically illustrated in
Figure 3.1. We employ a systematic approach to attain and
characterize the chemical stability in multiple environments, with the
objective of understanding which design and fabrication approaches,
ranging from multi-layer functionalization to multi-scale morphology
control, can provide the best performance.
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Figure 3.1. Challenges for fabrication of multi-functional and robust
aluminium based superhydrophobic surfaces.

A critical challenge related to the use of aluminum as substrate for
superhydrophobic surfaces is its high reactivity due to its position in
the electromotive series, compared to other metals such as zinc, iron,
copper, silver etc. The native oxide layer on aluminum, which acts as
a protective layer, can be easily dissolved in various chemical
environments such as acidic or alkaline water, causing aluminum
exposure to corrosion. This poses a serious problem and thus
considerable attempts have been made to develop aluminum-based
superhydrophobic surfaces with protective layers towards different
chemical environments.54,72–74,79,80,84–90
Xu et al.84 showed the stability of superhydrophobic surfaces for only
3 to 5 hours in different pH media and in corrosive environment, such
as acetic acid-water mixture. Saleema et al.74 also evaluated the
stability of superhydrophobic surfaces in corrosive environment like
in 3.5 weight% sodium chloride solution, reporting degradation after
one day. Similar results were reported by Bo et al.54 However, the
development of long-term sustainable superhydrophobic surfaces of
potential use in many applications has remained a challenge.
Another critical issue is the development of a scalable and
environmentally
benign
fabrication
technique
for
such
superhydrophobic surfaces, which can be applied to large scale
processes and applications. Despite a number of previous works
attempting to address the scalability issue,54,72,74,75,88 the reactive
etchant used to enhance surface roughness in these techniques are
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strongly acidic or basic solutions, which are not well suited from the
sustainability perspective.
The second challenge for superhydrophobic surfaces is the resistance
to liquid meniscus impalement, e.g. under drop impact, or under
high-pressure underwater environments. Impalement should be
avoided, since it causes a strong increase in contact angle hysteresis,
leading to a reduction of drop mobility27,91 and causing drops to stick
after impact (transition from Cassie-Baxter to Wenzel state), instead
of rebounding.36,13,37 The property of high impalement resistance can
be of great practical relevance, for example to avoid accumulation of
rain drops on a surface, in the design of anti-icing surfaces, or in
marine applications.
The third challenge is mechanical durability.88,92–94 Deng et al.94
demonstrated the fabrication of a thermally and mechanically stable
superhydrophobic surface based on glass. In this case, the mechanical
stability test was carried out by impacting of sand particles (size of
particles ~100-300 µm in diameter) from a certain height. Their
fabricated surface showed the loss of superhydrophobic property on
impact of sand particles from more than 30 cm distance. In addition,
the proposed fabrication process is not up scalable and cannot used
for functionalization of aluminum. Cho et al.88 fabricated abrasion
resistant aluminum based superhydrophobic surfaces. In their
mechanical test, a known load was placed on an abrasion film, which
was then placed upon a superhydrophobic surface and the surface
was pulled with a velocity of 5 mm/s. With abrasion load of 1000 kg,
the hysteresis of a micro/nano hierarchical surface went up to 30o.
Although promising, the proposed fabrication process makes use of
environmentally adverse alkali solution for the creation of roughness
morphology. Xu et al.94 60 showed a facile method to fabricate a
superhydrophobic surface by coating candle soot on glass. The candle
soot based superhydrophobic coating was mechanically quite durable
and resistant against sand (particle size ~100-300 µm) abrasion tests
with sand-impacting velocity of ~3 m/s. However, the adhesion of the
superhydrophobic coating with the different useful substrates such as
metals was not addressed.
To sum up, a rational framework for superhydrophobic surface design
for materials with great demand for direct application potential, such
as aluminum, also delivering the necessary robustness, from both
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mechanical and chemical perspective is lacking. To address this issue,
the superhydrophobic surface were designed by introducing microand nanoscale texturing on aluminum by etching with ferric chloride,
since this can be considered an environmental benign chemical and is
already widely used for industrial processes.95 Ferric chloride causes
dislocation etching of aluminum90,96 and thus helps creating a rough
morphology on the aluminum surface. Upon texturing, surface
functionalization was achieved using a combination of three different
functional coatings. The three functional coatings consisted of a selfassembled molecular monolayer of a fluoroalkylsilane (FDTS), a thin
film coating of PDMS, and a self-assembly of methyltrichlorosilane
(MTS) nanofibers.97 The underlying thesis was to show that, although
surfaces with any of these top layers could be employed to obtain a
superhydrophobic surface with high drop repellency and mobility, as
it has been shown in previous works referred above, it is a careful
combination of all these layers that leads to robustness. Therefore, we
first evaluated each layer for robustness individually, and then
combined them for optimal performance. The resistance of each
superhydrophobic surface after exposure to different harsh
environments was systematically investigated to assess chemical
stability. To assess resistance to liquid penetration in dynamic
conditions and estimate the surface capillary pressure resisting liquid
meniscus penetration, drop impact tests were employed. Finally,
surface mechanical durability was studied using the ASTM standard
adhesive tape test (EN ISO 2409), i.e. a tape peel test. 98 During all the
stability/durability studies, the surface degradation was monitored by
measuring the advancing and receding contact angles, as well as their
difference (contact angle hysteresis) which is essential for correctly
predicting both drop capillary adhesion and sticky/rebound behavior
after the impact.99,100 In addition, a thorough thermodynamic
analysis of the contact angle hysteresis by Li et al.8 highlighted the
need to understand and predict the contact angle hysteresis for best
superhydrophobicity.
Results show that PDMS on the top of the FDTS layer significantly
enhances chemical stability and leads to excellent mechanical
robustness. On the other hand, the presence of MTS nanofibers on
the top of the FDTS and PDMS layers offers a clear advantage in
terms of meniscus impalement resistance under dynamic conditions,
30

3. Hierarchically nanotextured surfaces maintaining superhydrophobicity
under severely adverse conditions

while preserving good chemical resistance, which could not be
achieved by the use of MTS nanofibers alone. In addition, such
surface shows also good mechanical properties, resisting
approximately 10 cycles of tape peel tests. We also show that for
applications where requirements on chemical stability are not
stringent, but instead high mechanical durability is required, a
different superhydrophobic surface with a microspherulite
morphology and coated only with a FDTS monolayer can resist 50
tape peel tests with no signs of degradation (Δθ < 10°).
3.3 Results and Discussions
The processes scheme for superhydrophobic surface fabrication is
described in Figure 3.2. Overall, three different processes, termed A,
B and C, were developed, each consisting of up to four steps. Figure
3.2 also includes the representative SEM images below the
corresponding schematic. In all three processes, the aluminum
surface was etched with 1 M ferric chloride solution. For the A and B
processes, the etching temperature was 25°C, whereas for the C
process the temperature was 50°C. From the SEM images in Figure
3.2, it is clear that two different morphologies were achieved from
these two etching conditions: The A1 and B1 surfaces showed sharp
pits, which are typical of crystal dislocation etching processes,96
whereas the C1 surface was populated with rounded microspherulites,
which resemble the well-known lotus leaf9 microstructures on the pit
walls, creating a dual-scale hierarchical texturing. Based on the
overall scheme in Figure 3.2, we terminated the process as needed
to obtain superhydrophobic surfaces with different morphologies, i.e.
microstructured or hierarchical, and with single or multiple
hydrophobic layers, including a self-assembly of FDTS (step #2), the
formation of a thin film of PDMS (step #3), and non-woven
nanofibers of MTS (step #4). For example, coating A3 refers to an
aluminum surface etched at 25°C to obtain the microstructure,
followed by functionalization with FDTS and PDMS, where PDMS
imparts chemical resistance, and FDTS acts both as a protective layer
and also helps improve the adhesion between the aluminum substrate
and the PDMS layer.
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Figure 3.2. Process schematic of fabrication of aluminum-based
superhydrophobic surfaces. Processes A and C consist four different steps,
which are labeled by numbers 1 through 4. In each step, one of the three
different coatings are applied e.g. FDTS, PDMS and MTS nanofiber, which are
depicted by a red line (
), a blue line (
) and black curls ( )
respectively. In process B, step 4 is imposed directly. SEM images show the
resulting morphology for each process. In process C, the rounded features,
depicted with green half circles (
), denote the nanotextured
microspherulites generated during etching at 50°C.

In addition to the SEM based morphological characterization, energydispersive X-ray spectroscopy (EDX) illustrated in Figure 3.3 was
employed. The EDX spectra of the A1 surface confirmed that only
aluminum was present, whereas the C1 surface spectrum
demonstrates the presence of iron, which was seen to be prevalent in
rounded microspherulites. The genesis of iron microspherulites can
be explained by the fact that at higher temperature the sharp pits
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provide nucleation sites for iron which is produced from the chemical
reaction (equation 5.1 below) between the ferric chloride solution and
the aluminum surface.
Al (s)  3FeCl3  3FeCl2  AlCl3
(5.1)
This reaction is enhanced at higher temperatures and therefore the
nucleation76 of the iron on the sharp pits is also more probable on the
C1 surface than on A1. As a result, the A1 surface only showed very
dispersed microspherulites (see the SEM image of A1 in Figure 3.2),
whereas C1 was completely covered.

Figure 3.3. The EDX spectra of two different surfaces, A1 and C1, obtained by
aluminum etching with FeCl3 solution at two different temperatures. The
surface morphology obtained by etching the aluminum at (a) 25°C and (b)
50°C respectively. The EDX spectra are shown next to the schematic and the
corresponding SEM image of the etched surface. The spots with different
colors were highlighted to show the points where the EDX spectra were taken.

The presence of microspherulites on the top of pit walls has a clear
effect on surface wetting at the macroscale, as reflected by the contact
angle data of the intermediate A2 and C2 surfaces (coated by a
monolayer of FDTS), which are illustrated in Figure B. 1 in the
Appendix B. The contact angle hysteresis of the C2 surface is only
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2.7° ± 3.4°, which is significantly lower than that of A2 surface, at 29°
± 12°. The difference is attributed to the effect of rounded
microspherulites: on the A2 surface, the sharp pit edges act as partial
pinning locations for the contact line,46 causing reduced  R and thus
relatively high  . The presence of microspherulites on the sharp pit
walls shadows the sharp edges, thereby decreasing the contact line
pining, and thus, increasing  R and reducing  .
To impart a multi-scale hierarchical structure to the surface by adding
nanoscale features, and to improve drop impact resistance, samples
of MTS nanofibers were formed on the A4, B4 and C4 surfaces by





immersion in an MTS solution in n-hexane for 12 hours. The A , R
and  measured on the three surfaces are shown in Figure 3.4. It
can be observed that the contact angle hysteresis was minimized on
both A4 (  =2.6°±3.6°) and C4 (  =2.9°±4.6°) surfaces, due to the
combined presence of FDTS/PDMS layers and MTS nanofibers. The
hysteresis is slightly higher on B4 surfaces (  =10.1°±6.9°), where
only the MTS fibers are present on the pit walls. Overall, the A4, B4
and C4 surfaces show similar wetting properties with sessile drops,





with almost identical A ~160° and R in the range of 150-160°.
However, their robustness characteristics varied significantly, as will
be shown below.

Figure 3.4. The advancing,

 A , and receding,  R , contact angles and the

contact angle hysteresis,  , of three different surfaces: A4, B4 and C4.
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The MTS nanofibers were self-assembled from an n-hexane solution
(see the Experimental Section below). Since n-hexane may cause
delamination of PDMS over long exposures,101 an FTIR study was
performed on a PDMS coated aluminum sample, before and after
dipping it into n-hexane for 13 hours, to check the eventual PDMS
layer degradation. The FTIR spectra (see Figure 3.5) confirmed
partial degradation of PDMS layer after immersion into n-hexane, as
the intensity of the peak of  stretching of C  H (at 2960 cm-1) was
reduced compared to the fresh PDMS coated sample. Nonetheless,
PDMS degradation was only partial and a thin PDMS thin layer was
still present on the surface, as also confirmed by SEM images (see
Figure B. 2 in Appendix B), meaning that the MTS nanofiber
fabrication step can be performed, without affecting the PDMS
protective layer significantly.

Figure 3.5. The Fourier Transform Infrared (FTIR) spectra of PDMS coated
smooth aluminum surface before (red dotted line) and after (black solid line)
attack of n-hexane for 13 hours.

Figure 3.6 provides an overview of the chemical stability test for A4,
B4 and C4 surfaces under three different chemical environments, i.e.
acidic water (pH 2-3), alkaline water (pH 10-11) and ionic solution
(3.5 weight % sodium chloride), the latter being representative of a
corrosive environment like marine water. The surfaces were
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immersed into those solutions for several hours and periodically
removed to monitor evolution of the wetting properties through
contact angle measurement, as illustrated in Figure 3.6. First, the
results show that surfaces A4 and C4 were extremely stable in
alkaline solution with pH of 10-11 and maintained a remarkable
superhydrophobicity even after 72 hours (  <10°), whereas the 
of surface B4 increased to 16° ± 5° already after only 12 hours (note
the different horizontal scales in the graphs).

Figure 3.6. Chemical stability tests on three different surfaces, A4,
B4 and C4. The top most row shows the schematic of those surfaces
(A4, B4 and C4 respectively). In the rows below the schematic, the
chemical stability tests with alkaline (pH 10-11), acidic (pH 2-3) and
ionic (3.5 % weight sodium chloride solution) solutions are shown,
respectively. The pH of the acidic and alkaline water solutions were
maintained constant by adding hydrochloric acid and sodium
hydroxide solution, respectively.
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In the acidic solution of pH 2-3, A4 and C4 showed a similar
behavior, with first signs of degradation after 24 hours, when the
receding contact angle decreased down to ~140° and the contact
angle hysteresis increased to ~20°, while the advancing contact angle
remained approximately constant at ~160o. For the B4 surface,  A
remained also constant, but a decrease of  R to 126° ± 9°, with
consequent increase of  to 33° ± 9° after 12 hours immersion
suggests that a progressive degradation of the surface occurred much
faster. These results also imply that  R and, as a consequence,
 provide a clearer indication of superhydrophobicity degradation
compared to only  A , since  R is more sensitive to surface

degradation than  A , which remains almost unaffected. Finally, after
immersion of 72 hours in ionic solution, the receding contact angle of
surface A4 reduces to a value below 120°, with the advancing contact
angle remaining close to 150°. The resistance of the A4 surface is thus
slightly better than that of the C4 surface, which completely degrades
after 48 hours, with the value of  R becoming less than 90°. The
resistance time to ionic solution of the surface B4 is again close to 12
hours, when  =81° ± 9°.
The different behavior in chemical stability tests, between the A4, B4
and C4 surfaces can be explained by the role of different layers in the
multilayer coatings. Indeed, FDTS and PDMS on A4 and C4 surface
act as barrier layers; thus, A4 and C4 possess remarkably better
stability than B4, which is only coated by MTS nanofibers. The small
difference between A4 and C4 can be explained by differences in
PDMS coating conformity. The more complex morphology on C-type
surfaces, due to presence of rounded microspherulites (see SEM
images in Figure 3.1), should make it relatively harder to form a
perfectly conformal PDMS coating compared to the A-type surfaces,
where microspherulites are not present. The importance of PDMS as
barrier layer was further confirmed by the study of the chemical
stability of intermediate surfaces C2 and C3, presented in the
Appendix B (see Figure B. 3 in Appendix B): the C2 surface,
coated with FDTS only, degrades within two hours in alkaline water
or the ionic solution, whereas the stability of the C3 surface increases
to up to two days, due to the presence of the PDMS as protective
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layer. The FDTS layer is nonetheless important to improve PDMS
adhesion to the aluminum substrate.
To measure the surface resistance to the liquid meniscus penetration,
drop impact tests were performed. Such tests allow to measure the
value of the critical velocities, VC , above which an impacting drop
does not fully rebound from the surface and part of the drop remains
attached (impaled). Impalement occurs when the pressure
engendered during impact overcomes the resistive capillary pressure,
PC , which is directly proportional to the liquid surface tension,  , to
the advancing contact angle of water on a corresponding smooth
surface,  As , and inversely proportional to the surface characteristic
roughness, r , i.e. PC   cos As / r .36 The exact formula for the
capillary pressure can be derived a priori on simple, well defined
geometries, such as micro-pillars or micro-grooves. However, on
surfaces with random, hierarchical roughness, where multiscale
structures are present, predicting the capillary pressure is more
complex. Nonetheless, for such surfaces drop impact experiments can
be used to indirectly measure the capillary pressure, PC , from
determination of the critical velocity, Vc , at which impalement
occurs, as explained in reference102 and in the Supplementary
Information. The values of both Vc and estimated values of PC are
illustrated in Figure 3.7. The best performing surface was A4, with a
critical velocity of Vc ≈ 3.2±0.2 m/s, followed by C4 with Vc ≈ 2.7±0.2
m/s and B4 with Vc ≈ 1.9±0.2 m/s. The corresponding capillary
pressure is 346  34 kPa for the A4 surface, 111  33 kPa for C4, and
42  9 kPa for B4 (see calculation details in Appendix B). Note that
even a relatively small variation of the drop impact critical velocity
corresponds to a large variation in the surface capillary pressure, due
to the fact that the developed pressure upon impact, which is needed
to overcome the capillary pressure, scales with the impact velocity to
28/9
approximately the power of three, PC  V
.
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Figure 3.7. Critical Velocity VC and estimated capillary pressure PC for
three different surfaces A4, B4 and C4. In the image above the graph, it is
shown that, if the impact velocity V is less than VC , there is no water droplet
portion left on the surface after the impact. On the other hand, if the impact
velocity V is greater than VC , there is an impaled drop remainder
(highlighted with a red circle) after the impact as a consequence of liquid
meniscus penetration.

The large differences in drop impalement resistance can be
understood with the help of the magnified SEM images of A4, B4 and
C4 surfaces (see in Figure 3.7). One of the main factors affecting
meniscus penetration upon impact is the density of MTS fibers, which
is controlled by the presence of OH groups on the substrate, serving
as nucleation sites for nanofiber growth. The density of fibers on A4
and C4 surfaces was higher than on the B4 surface (see SEM images
of B4 in Figure 3.1). In the case of B4 surface, OH groups were
generated by treating the etched aluminum sample (B1) in oxygen
plasma for 10 minutes, whereas for surfaces A4 and B4 the
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OH groups were generated on a PDMS thin film by immersion in
boiling water and where thus denser.103 With respect to the
differences between A4 and C4, again they can be attributed to the
PDMS layer: the PDMS film is more conformal on A4, so that MTS
fiber distribution is more homogeneous on A4 than on C4.Finally,
mechanical durability was tested on A4, since this was the best
performing MTS coated surface from previous tests, together with the
intermediate surface C2, i.e. the surface with only FDTS coating with
very good wetting properties (low Δθ). The ASTM standard adhesive
tape (EN ISO 2409) was used for mechanical peel test.98 As described
in Figure 3.8a-c, the tests consisted of (a) tape application on the
sample (b) pressing and rubbing to ensure best tape adhesion and (c)
tape peel off from the sample. On the A4 surface, after 10 cycles, the
advancing contact angle was still high, at ~160°, but the receding
contact angle decreased to ~120°, with contact angle hysteresis
increasing up to 40°. The SEM image in Figure 3.8 shows that
degradation of the surface was caused by peeling of the nanofibers.
On the other hand, the C2 surface preserves its exceptional
superhydrophobicity even after 50 cycles of tape tests: both
advancing and receding contact angles remain high, with
 remaining lower than 10o. This shows that the C2 surface, despite
having a lower chemical stability, with a degradation of the sample
within two hours when immersed into a solution of alkaline water
with pH 10-11 and in ionic solution (see Figure B. 3 in Appendix
B), could be suitable for applications where mechanical durability is a
priority. The good mechanical properties of C2 are guaranteed by a
combination of hierarchical surface structuring, offered by pits and
microspherulites, and functionalization by FDTS, which is grafted
chemically onto the surface and thus adheres more robustly to the
substrate.
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Figure 3.8. The mechanical durability test on aluminum based
superhydrophobic surfaces. Different steps performed are depicted in
sequence in (a) to (c). Inside the graph (d) for surface A4, the SEM images
before (i) and after (ii) 10 cycles of adhesion tape tests are shown. In (e), the
contact angle evolution after tape tests on the surface C2 is shown (scale bar in
SEM is 200 nm).

In order to provide a global overview, the studies of chemical
durability, drop meniscus impalement resistance and mechanical
durability of all surfaces are listed in the Table 3.1. The color codes
are used to designate the relative performance, such as green: good,
yellow: acceptable, red: poor.
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Table 3.1. Performance evaluation of different surfaces: Colour code: green: good,
yellow: acceptable, red: poor.
Surfa
-ces

Wetting

Chemical

Drop

Mechanical

Performa

stability

impalement

durability

-nce

resistance

(No. of

(  , O )

( VC , m/s)

cycles)

A2

29±12

--

--

--

A3

30±11

--

--

--

A4

2.6±3.6

~ 72 hours (for

3.2±0.2

10

1.87±0.1

--

1.86±0.4

50

alkali and
acidic
solution)
~ 48 hours (for
ionic solution)
B4

10.1±6.9

C2

2.7±3.4

C3

4.1±4.2

1.87±0.2

--

C4

2.9±4.6

2.74±0.4

--

~ 2hr
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3.4 Conclusions
In closing, our work aimed at identifying a rational framework for the
development and fabrication of robust, hierarchically nanotextured
superhydrophobic surfaces on aluminum. The surfaces were tested
not only for their water repellency with static contact angle
measurements and drop impact tests, but also for their robustness
including chemical stability in acid, alkaline and corrosive ionic
solutions and mechanical stability using tape peel tests. The surface
design and development were based on the control of the micro and
nanoscale morphology, through environmentally benign aluminum
etching with iron chloride, in combination with single or multiple
hydrophobic layers, including a self-assembled FDTS monolayer,
PDMS thin film, MTS nanofibers. Results proved that combined use
of multiple layers, i.e. FDTS and PDMS, conferred optimal chemical
stability properties to the superhydrophobic surface, which were
capable of resisting up to 72 hours in severely adverse environments.
The layer of MTS nanofibers imparted additional hierarchical
structuring introducing nanoscale features, which led to minimization
of contact angle hysteresis and to an increase in surface capillary
pressure, improving liquid meniscus penetration resistance. On the
other hand, maximization of surface mechanical durability was
achieved on surfaces with microscale roughness functionalized by
self-assembly of FDTS, without the nanofiber layer, since molecular
grafting to the oxidized aluminum substrate guarantees high
adhesion of the layer to the substrate, compared to films and
nanofibers. The FDTS coated surface showed impressive mechanical
durability, being able to resist 50 cycles of tape peel tests, without
deterioration of surface superhydrophobicity (   10 ).
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3.5 Experimental
Surface and Chemicals. The aluminum substrate (AW 1085)
having composition of (Al 99.85%, Si 0.1%, Fe 0.12%, Cu 0.03%, Mn
0.02%, Mg 0.02%, Zn 0.03%, Ti 0.02%, Ga 0.03% and V 0.05%) was
purchased from Metall Service Menziken AG. Acetone, isopropyl
alcohol, n-hexane, tetrahydrofuran (THF) and methyltrichlorosilane
(99%) were purchased from Sigma Aldrich and were used without
further purification. Anhydrous ferric chloride (reagent grade, 97%)
and sodium hydroxide pellets (<98%, anhydrous) were also
purchased
from
Sigma
Aldrich.
1H,1H,2H,2HPerfluorodecyltrichlorosilane (FDTS) C10H4Cl3F17Si was purchased
from Alfa Aesar. The deionized (DI) water (18.2 MΩ, Mill-Q pore) was
used for contact angle measurements and drop impact experiments.
Polydimethylsiloxane (PDMS) based elastomer was purchased as
Sylgard 184® silicon elastomer kit from Dow Corning.
Surface preparation. The different process schematics (Figure
3.1) described the fabrication of aluminum based superhydrophobic
surfaces. Three different processes, labelled as A, B and C, were used.
In processes A and C, there are 4 steps, (see Figure 3.1). Process B
consisted of two steps (1 and 4). The aluminum substrates (size 2cm x
2cm) were initially cleaned under sonication in acetone, isopropyl
alcohol and deionized water for 10 minutes each. To prepare the
samples and remove native oxide layer, cleaned samples were also
treated with 1 weight% sodium hydroxide solution for 10 minutes
under ultrasonication and then cleaned again with deionized water.
Subsequently, the aluminum surface was etched with 1 (M) ferric
chloride solution for 25 minutes with probe sonication (power,
amplitude 80%). During etching with ferric chloride solution (step #1
in Figure 3.1), the aluminum samples were cleaned every 2.5
minutes with isopropyl alcohol for 2-3 minutes to avoid precipitation
of ferric hydroxide on the surface. The etching was performed at two
different temperatures, i.e. at 25oC (for processes A and B) and at
50°C (for process C). In the step #2 (processes A and C), the samples
were treated with 1.43 m(M) solution of trichloro-1H, 1H, 2H, 2Hperfluorodecylsilane (FDTS) in n-hexane solution for two hours, to
impart hydrophobicity, and then baked for 45 minutes at 120 oC.
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During step #3 (process A and C), a PDMS layer was formed using a
solution of PDMS in THF. The solution was prepared by mixing 70
mg of Sylgard 184® and 7 mg of curing agent in 50 ml of THF, in a
custom made dip coating unit. Right after the coating with PDMS, the
surface was baked at 130oC for 30 minutes. In order to prepare the
samples for step #4, the A3 and C3 surfaces were treated in boiling
water for 5 minutes for hydrolysis reaction, which generates OH
groups on the PDMS surface162. The formation of OH group is
needed for the following fiber coating process (step #4). In process B,
the bare aluminum etched samples were treated with oxygen plasma
for 10 minutes at 100 W, to generate OH groups. Finally, during
step #4 the samples were dipped into a 0.14 (M) solution of
methyltrichlorosilane (MTS) in n-hexane for 12 hours. At the end, the
surface was rinsed in n-hexane for five minutes and baked at 100°C
(processes A and C) or at 120°C (process B) for 30 minutes.
Surface characterization. The surface morphologies were studied
by SEM (Zeiss ULTRA 55). The EDX study was performed by EDAX
(TEAMTM EDS analysis). The Fourier Transform Infrared (FTIR)
spectroscopy was performed by Vertex 80/80V (Bruker).
Contact angle measurements. An in-house goniometer system
was used. The system consisted of a zoom lens (Thorlabs, MVL7000)
fitted to a CCD camera. A syringe pump (Harvard Instruments) was
employed for altering the volume of drops on the surfaces thereby
enabling measurement of the advancing and receding contact angles,
as well as the contact angle hysteresis.
Drop impact experiment. A high-speed camera (Phantom V9.1)
was used to record the drop impact at the rate of 2500 frames per
second. DI water drops of 2.2 mm diameter were generated using a
fine needle fitted to a syringe pump (PHD Ultra, Harvard Apparatus).
Adhesion tape test. The mechanical durability was evaluated by
ASTM standard adhesion tape test (ASTM EN ISO 2409).
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surface textures below the freezing temperature”, Nano Letters 14,
2014, 172–182.
4.1 Abstract
The superhydrophobic behavior of nano- and microtextured surfaces
leading to rebound of impacting droplets is of great relevance to
nature and technology. It is not clear however, if and under what
conditions this behavior is maintained, when such surfaces are
severely undercooled possibly leading to the formation of frost and
icing. Here we elucidate key aspects of this phenomenon, and show
that the outcome of rebound or impalement on a textured surface, is
affected by air compression underneath the impacting drop, and the
time scale allowing this air to escape. Remarkably, drop impalement
occurred at identical impact velocities, both at room and at very low
temperatures (-30C) and featured a ring-like liquid meniscus
penetration into the surface texture with an entrapped air bubble in
the middle. At low temperatures, the drop contact time and receding
dynamics of hierarchical surfaces were profoundly influenced by both
an increase in the liquid viscosity due to cooling and a partial
meniscus penetration into the texture. For hierarchical surfaces with
the same solid fraction in their roughness, minimizing the gap
between the asperities (both at micro- and nanoscales) yielded the
largest resistance to millimetric drop impalement. The best
performing surface impressively showed rebound at -30C for drop
impact velocity of 2.6 m/s.
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4.2 Introduction
Nanotextured surfaces in nature or human-made have been proven to
exhibit unique and very valuable properties when it comes to
interactions with liquids, ranging from extreme liquid affinity to
extreme repellency,35,104 enhanced thermal transport,32,105 and ice
formation retardation.18,16,23 The icing phenomenon in particular can
have tremendous natural and technological implications.106
Infrastructure elements and aircraft industry are severely affected by
undesirable icing and are likely to benefit markedly by potential
passive, facile, energy saving approaches to mitigate it.3,107,108 Use of
hydrophobic textured surfaces for anti-icing is motivated by the high
water repellency of these surfaces. Through research on both
natural109 and artificially fabricated surfaces,110 it has now been well
established that the presence of a hierarchical morphology and low
surface energy materials are key elements needed to prepare solid
surfaces with extreme liquid repellency and low liquid adhesion. At
static conditions, a surface displaying liquid droplet receding contact
angle of over 135 8,7 and contact angle hysteresis (difference between
the advancing and the receding contact angles) lower than 10 is
considered to be superphobic to the given liquid. 35,82,110,111
Superhydrophobic surfaces have also been analyzed for anti-icing
applications. However, texturing, which is inherently linked to
superhydrophobicity, if imposed without accounting for nucleation
thermodynamics, can reduce the energy barrier for heterogeneous
nucleation. As a result, while some studies have reported significant
delay in droplet freezing on superhydrophobic surfaces,1,112 others
have noted the critical importance of roughness control.3,1
Given the success of textured surfaces with respect to liquid
repellency in static conditions, even for low surface tension
liquids,104,113 these surfaces have also been extensively analyzed for
their ability to resist dynamically impacting liquid droplets at room
temperature. Some studies of droplet impact in cold conditions have
also been reported.13,50,114,14,15,115 The major interest in using textured
hydrophobic surfaces at low surface temperatures lies in the fact that
an impacting droplet can avoid getting impaled in to the texture and
bounce off after impact, thereby avoiding freezing. Mishchenko et
al.16 performed droplet impact tests on microstructured surfaces
48

4. On the nanoengineering of superhydrophobic and impalement resistant
surface textures below the freezing temperature

down to -25 to -30C and used droplet temperatures in the range of -5
to 60C. Using room temperature droplets, Alizadeh and co-workers
investigated droplet impact on surfaces down to -25C.116,21 Despite
progress, the mechanisms (and related criteria) for droplet bounce off
or stickiness (penetration and impalement) on textured surfaces,
especially at low temperatures, are not well understood. In fact, a
systematic control of both micro- and nanostructures comprising
hierarchical morphologies is needed, to understand the physics of the
role of roughness on possible droplet rebound, penetration or
impalement at low temperatures. The goal of the current work is to
explore
and
understand
the
mechanisms
of
droplet
rebound/impalement, of textured surfaces with excellent droplet
impalement resistance (waterproofing) properties down to -30C. The
drop impacts were characterized by dimensionless Weber number
2
(We) defined as lV D0  , where the  l denotes the density of the

liquid,  its surface tension and the V and D0, respectively, the drop
velocity and diameter. Our results establish that dynamics of
meniscus penetration, in the We range ~102 - 103 or lower, is
controlled by compressibility of air between the impacting drop and
the substrate,116,21 and not by the water hammer effect,15,117 which
originates from liquid compressibility.
4.3 Results and discussions
4.3.1 Morphology control and Wettability characterization
To evaluate the dynamic drop impalement resistance of the textured
superhydrophobic surfaces, it was necessary to prepare substrates
with controlled morphology. Figure 4.1 shows a scheme capturing
the series of micro, nano and hierarchically textured substrates
prepared for this study. Figure 4.1 also shows the representative
morphology of different textures obtained using scanning electron
microscope (SEM) and atomic force microscope (AFM). The
microstructured surfaces, consisting of circular micropillars in a
square array, are designated by the symbol . To specify the
microstructure in the subsequent discussion, the symbol will be
embellished as pa0 , where a0 denotes the diameter of the micropillar
and p the pitch of the square array, both expressed in m (see Figure
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4.1a, leftmost panel). Three different kinds of nanostructures were
formed using the glancing angle deposition of titanium (see Methods
section), which results in the formation of nanowires. The thickness
of the deposited titanium film was changed (100 or 400 nm) to alter
the nanowire height. The two resulting nanowire heights are referred
as short or tall. The angle of deposition was either 80 or 85 to
change the density of nanowires in the nanostructures. The resulting
density was characterized as dense and sparse, respectively. Thus the
nanostructures are designated as  yx , where x can be s (sparse) or d
(dense) and y can be s (short) or t (tall). Overall, these results in
nanostructures referred as sparse-short (short nanowires with a
higher gap in between), sparse-tall and dense-tall. Post fabrication, all
surfaces
were
functionalized
using
1H,1H,2H,2HPerfluorodecyltrichlorosilane (FDTS) to lower their surface energy
and impart hydrophobicity.
Figure 4.1 shows the result of water droplet contact angle
measurement on typical surfaces used in this work. Although we
tested a variety of different micro, nano and hierarchical structures,
only a few microstructures with an inter-pillar gap of 2 and 4 m are
shown in Figure 4.2.
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Figure 4.1. Scheme of fabricated surfaces with controlled micro, nano and
hierarchical morphology. (a) Schematics showing the micro and hierarchical
morphologies. (b) SEM images of the top of the micropillars. (c) Leftmost
panel shows a micropillar array and the remaining three panels show SEM
images of nanostructures on top of the micropillars. Three different
nanostructures consisting of titanium nanowires: sparse-short, sparse-tall,
dense-tall. (d) Two right images show AFM images of the tall nanostructures
with two different spacing between the nanowires. The leftmost panel shows
the line profiles obtained from the AFM scans to distinguish the nanowire
gaps for two nanostructures. For both cases, the AFM tip cannot penetrate the
full wire depth, therefore the height profiles in the left image are shown in
arbitrary units just to clarify the lateral spacing.

Contact angles on additional tested surfaces are presented in Figure
C. 1 of Appendix C for brevity. To ensure reproducibility, each
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measurement in this work was performed at least three times on
substrates from at least two different fabrication batches. Therefore,
for each data point, the shown error bars denote variations over six
different measurements. In Figure 4.2, we have focused on two
specific microstructures with small inter-pillar spacing in order to
maximize their expected dynamic droplet impalement resistance,13 as
will be discussed in a more detail below. On any textured hydrophobic
surface, minimizing the contact between droplet and solid enhances
hydrophobicity. This is typically achieved by minimizing the solid
fraction of the textured hydrophobic surface (when viewed from top),
aiming at having sessile droplets essentially sitting on air (Fakir
state)35. The solid fraction for a square micropillar array (see Figure
C. 2 in Appendix C) can be expressed as



 a02
4 p2

(4.1)

4.5
  0.24 . Since these two
For both 2.5
and 9.0
5.0 , the solid fraction is

surfaces consist of FDTS functionalized Si micropillars, the nearly
identical values of both their advancing (  A ) as well as receding (  R )
contact angles indicate that the droplet is in Fakir state on these
surfaces. This can be understood by employing Cassie equation for
 A , which assumes that droplet touches only top of pillars, and can be
expressed as
cos  A  1   1  cos  A*  ,

(4.2)

where  *A denotes Young’s contact angle on the corresponding
smooth functionalized Si, which was measured to be 117 ± 2.
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Figure 4.2. Advancing (  A ) and receding (  R ) contact angles and contact
angle hysteresis (  ) on the different micro, nano and hierarchically textured
surfaces.

Smooth surface here refers to the original silicon wafer functionalized
with FDTS, on which the average roughness (Ra, obtained from AFM
scans) was below 1 nm. The  A values on the three tested
nanotextured surfaces are very close, thereby indicating that they
must have similar solid fraction. Employing  *A on a smooth
functionalized titanium surface (Ra below 2 nm), measured to be 115
± 0.5, equation 4.2 and the  A measurements in Figure 4.2  N is
calculated as 0.19 ± 0.03, 0.22 ± 0.02 and 0.16 ± 0.05, respectively
on  st ,  dt and  ss . Clearly, these solid fraction values are close to
each other, their average being 0.19 ± 0.05, although as we see from
the Figure 4.1, the nanowires in the sparse and dense configurations
have very different spacing. Thus it is evident that in the sparse case
the average diameter of the nanowires should be more than in the
dense case in order to have same  N (see Appendix C section II and
Appendix Figure C. 3 for a detailed discussion and assessment of
N for the nanostructures from their SEM morphology images). For
hierarchical surfaces  is the product of its values for the micro and
nanostructures, i.e.
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H  N ,

(4.3)

where the subscripts are used to specify the texture. Since
  0.24 and N values are very close to each other, H values for all
the hierarchical surfaces shown in Figure 4.2 should be nearly
similar. This explains the nearly identical contact angle measured for
all the hierarchical surfaces shown. Furthermore, the very low value
of H (<0.05), supports the relatively lower contact angle hysteresis
for these surfaces, which is under 30 in all measurements on our
different substrates.
4.3.2 Influence of substrate temperature on drop rebound
The influence of substrate morphology on dynamic droplet
impalement resistance in cold conditions was evaluated next. The
contact time of the droplet on substrate during the impact event is a
critical parameter in determining the droplet impalement resistance
in cold conditions. Figure 4.3 shows plots of contact time on
different substrates as a function of substrate temperature. The
droplets were produced at standard room conditions (temperature
23C, humidity 25-40%). The results are shown for two values of We.
Some immediate observations can be made from Figure 4.3. First, it
is clear that for all the substrates, the contact time increases with
decrease in substrate temperature, as clarified by the dotted blue line,
which was added simply as guide to the eye.
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Figure 4.3. Influence of substrate temperature and morphology on the
contact time of the impacting droplets at impact Weber numbers of ̴ 66 and ̴
100. The contact time is increasing with decrease in substrate temperature due
to a steep rise in water viscosity. Note that at high undercooling (-30C) the
contact time for two surfaces with identical solid fraction, e.g. two
microstructured substrates having   0.24 , is different at We ~100. The
reason is explained in the text. The blue dotted line in the top and bottom
plots is simply a guide to the eye. The contact time is not shown for
nanotextured surface at -30C since the droplet did not rebound in this case.

Second, although at room temperature the contact time values for
different substrates overlap within experimental errors, at lower
temperatures the contact time is lower on hierarchical substrates
compared to the other textures. Third, on the nanotextured surface
the droplet failed to rebound at substrate temperatures below -15C.
4.5
Remarkably, on our hierarchical substrate 2.5
  ss , droplets
completely rebounded at the substrate temperature of -30C. The
physics of the droplet contact time on substrate temperature and
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texture, can be understood by invoking the effects of rise in liquid
viscosity with decrease in temperature and, quite crucially, by
deciphering the dependence of partial penetration of liquid meniscus
in to the texture on impact speed (We). We discuss these two effects
consecutively in the sequel.
Immediately upon contact the droplet temperature starts to decrease.
Within the time scale of droplet impact im ~15 ms, we can estimate
the thermal penetration depth 118 to be T ~  im 

1

2

~45 m, where a

thermal diffusivity of water of 1.3  10-7 m2/s was used. Therefore,
despite relatively small level of thermal penetration, use of viscosity
increase to explain a rise in viscous dissipation is justified: indeed, the
liquid layer nearest to the substrate should experience the maximal
viscous shear stress. A reduction in water temperature from room
temperature (23C) to -27C leads to a five-fold increase in
viscosity.119 This strong viscosity increase explains the increase in the
contact time with substrate temperature, since the droplet dissipates
more energy through viscous effects both in its interior and through
dissipation at the contact line119 is particularly strong for the onlynanostructured surfaces, which have higher contact angle hysteresis.
This leads to the droplet not rebounding on this surface at low
temperature (below -15C). The viscosity rise can also explain the
relatively lower contact time observed for hierarchical surfaces
compared to the corresponding microstructured surfaces, due to the
lower solid fraction of the hierarchical surface. As a side note, the
presence of air pockets on the microstructured surface have a
negligible effect on the heat transfer between the liquid drop and the
solid substrate, since the difference of thermal resistance of the
silicon pillar-air layer to only silicon layer is insignificant, as
explained in the detailed calculation in the Appendix C (Note V).
In addition to the discussion above, there is a very important aspect
of the data in Figure 4.3 that cannot be interpreted merely by
considering the solid fraction  and the contact angle hysteresis
difference. Figure 4.3 shows a clear difference in the contact time
for two microstructures at low temperature, even though they have
the same  . The effect is particularly apparent in the We ~100 case.
A similar difference is also apparent in the corresponding hierarchical
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structures. We will show that this outcome emerges from a subtle but
important physical reason, which will help in developing a deeper
understanding of what causes substrate impalement resistance at low
temperatures. We need to start with a detailed analysis of the droplet
impact dynamics.
4.3.3 Liquid meniscus impalement and viscosity effect
Figure 4.4 shows the evolution of droplet contact diameter with
4.5
time on the substrates 2.5
and 9.0
5.0 . Figure 4.4a and 4.4b show
the diameter evolution at two different We values of 66 and 100 and
with substrates maintained at -30 C. The contact diameter D was
normalized with the initial droplet diameter D0. At both We values,
droplets spread into a thin disc form, converting the kinetic energy
into surface energy, after which they recoiled to lift off from the
substrate. It is clear from Figure 4.4 that in all cases the recoiling
stage lasts longer than the spreading stage and it features two distinct
regimes with differing rates of diameter decrease. The transition
between these two regimes occurs at ~10 ms, as is clear from the
second row of images in Figure 4.4, which only show the droplet
evolution towards the end of the receding phase. The difference
between the two receding stages lies in the fraction of droplet that is
already off from the substrate. In the slower (late) receding stage, the
droplet is almost completely elongated into a cylinder and just about
to take off from the substrate. This elongated phase should require a
relatively larger fraction of total droplet energy into surface energy,
thus explaining the droplet slow down. Although the slowdown
appears for both substrates and at both the We numbers,
interestingly the late stage diameter evolution rate for the two
substrates are significantly different at the higher We (see the second
row image in Figure 4.4b).
To test if the above difference is only due to the change in water
viscosity due to its contact with the substrates at low temperature, we
investigated the impact dynamics using droplets of 50/50 (by weight)
mixture of water and glycerin, having same viscosity as water at 27C.119 The result for We ~100 is shown in Figure 4.4c. Indeed, the
late stage dynamics for the two substrates appears to have similar
difference as in the case of water droplet impacting on these
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substrates at -30C. As an aside, we note that the maximum
spreading diameter in Figure 4.4c is lower than that in Figure
4.4b. This is because during the spreading stage (lasting for only
~2.4 ms), for a water droplet impacting on cold substrates the
thermal penetration depth, and thus, the corresponding rise in
viscosity will be small. Therefore, the viscous dissipation in
water/glycerin mixture impacting on substrates at room temperature
should be higher than that for water droplet impact on the substrates
at -30C. Furthermore, the decrease in temperature should increase
the water surface tension, an effect which, although small (~10% in
the temperature range tested), is also favorable to the noted
difference of Dmax in these two cases.

Figure 4.4. Evolution of normalized droplet-substrate contact diameter on
the microstructured surfaces

4.5
9.0
2.5
and 5.0 (having same  ). Before impact,

the droplets were at room temperature. (a) Water droplet impact at We ~66
on substrates at ~-30 ºC. (b) Water droplet impact at We ~100 on substrates
at ~-30 ºC. (c) Impact of water and glycerin mixture (50/50 by weight)
droplet at We ~100 on substrates at room temperature. The second row of
images captures the diameter evolution in the late, slow stage of droplet
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recoiling. The top view snapshots shown in third row show the maximum
spreading diameter (marked by the red dashed circle) and the yellow dashed
circle is indicating a local change in droplet solid interface that seems to
impale into the surface texture. Clearly the late stage dynamics is significantly
different on the two substrates in the high We cases in (b) and (c). This must
be related to the different contact time measured on these surfaces at low
temperature.

Based on the above, the difference in the observed receding dynamics
at the late stage cannot be explained solely through the viscosity
increase. Since the two microstructures in Figure 4.4 have identical
solid fraction   0.24 and the viscous dissipation should be
dominant at the solid liquid interface, the plausible viscosity-based
argument is inadequate. This is also supported by the fact that at the
same substrate temperature but lowers We, the two surfaces show
nearly identical dynamics. Therefore, the difference must be related
to the increase in We and, more specifically, to a change in droplet
solid interface conditions locally, in the vicinity of the droplet impact
point, where the difference appears in the receding stage. To this end,
if the meniscus were to partially penetrate into the surface texture,
then the resulting area of contact between liquid and solid (i.e. the
wetted area) would change. A simple calculation of the wetted area is
presented in Note III and plotted in Figure C. 4 of Appendix C.
Given the higher density of pillars in the microstructure 5.0
2.5 , for the
same penetration depth, its wetted area is higher that the 9.0
5.0
surface. However this can be reversed if the meniscus penetration on
these surfaces is different (see Appendix C Figure C. 4). As we will
show in the sequel, such a difference in meniscus penetration is in
fact favorable due to the closer proximity of pillars in 5.0
2.5 . The closer
pillar yields a higher capillary pressure (see equation 4.4) that helps
resist liquid meniscus penetration. Given the importance and
implications of the local variation in the droplet/solid wetted
interface and potential meniscus penetration on altering the droplet
contact time, we recorded the droplet impact events on our substrates
in top view. The lowest row in Figure 4 contains representative top
view images for impact on surface 9.0
5.0 , exactly at the instant of
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maximum droplet spreading. All these images clearly show a spot at
their center (marked by yellow dashed line), which indicates a
depression of the liquid meniscus into the surface texture. This
meniscus penetration must be partial and not extend over the entire
height of the micropillars, otherwise we would necessarily see
impalement and not a complete bounce off of the droplet. Two
aspects of meniscus penetration are noteworthy. First, the partial
meniscus penetration comes from a local increase in the pressure
near the contact point. Second, since partial meniscus impalement is
already present in the droplet spreading stage it must occur very
rapidly, right after the droplet impacts on the substrate. Therefore, it
should not be influenced by substrate temperature. This is confirmed
in Figure 4.5, where we show the partial impalement region (central
bright spot) resulting from water droplet impact on our 95..00 substrate
at -30C and 23C (room temperature), which are both of identical
size. This feature will be discussed and validated through experiments
at different substrate temperatures. A clear repercussion of this
striking result is that the critical Weber number, Wec, (a substrate
specific parameter, beyond which droplet will stick on the surface due
to complete penetration and impalement), does not depend on the
substrate temperature in the broad range investigated from 23C
down to -30C. Therefore, the partial meniscus penetration below this
Wec only influences the droplet contact time and receding dynamics
at low substrate temperatures. This influence is critical because an
excessively high contact time will increase the possibility of droplet
freezing even during the droplet impact phase.
The local, ring-like penetration of the liquid meniscus at room
temperature has been reported in the literature. Given the obvious
similarities in the local, near the droplet impact point, meniscus
impalement at room and low substrate temperatures, we analyzed the
impalement process with droplet impact experiments at room
temperature. The Appendix C Figure C. 6 capture the important
aspects of local meniscus penetration into the texture. From Figure
C. 6, the ring like penetration is apparent. In the Appendix C
Figure C. 6, the central bright spot (see the zoomed image at 2.4 ms)
in the We ~112 case is an air bubble, which is trapped by the
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penetrated liquid meniscus. Entrapment of such air bubble has been
observed previously.13,50

Figure 4.5. Top view images of droplets at the instant of maximum spreading
on

95..00 substrate at -30C and 23C at We ~100. The local meniscus

penetration zone near the center is visible in both instances (marked by yellow
circle) and is of same size.

4.3.4 Predictive model for meniscus impalement: air and
not liquid compressibility
In the literature, a pressure balance argument is used to explain the
local meniscus transition. Any textured hydrophobic surface should
resist penetration of liquid meniscus into it due to its unfavorable
wettability condition. This liquid penetration resistance can be
quantified through so called capillary pressure36
 4

*
PC  
  cos  A .
 ao 1    

(4.4)

This resistive pressure must be overcome by pressure generated by
the droplet impact process in order to realize penetration of liquid
meniscus into the surface texture. Clearly, despite identical  , the
resistive pressure PC will be higher on the 5.0
2.5 surface than on the
9.0
5.0 due to its smaller pillar diameter. This will account for the

difference in the level of meniscus penetration on two surfaces and
explain the related change in the receding dynamics discussed above.
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The capillary pressure PC in equation 4.4 must be overcome for any
meniscus penetration to occur. Since the dynamic pressure, expressed
as
Pd  0.5lV 2 ,

(4.5)

alone is not able to account for the local penetration effect (see
Figure C. 5 and the related discussion in Appendix C Note IV),
typically the concept of water hammer pressure is invoked to explain
the preferential penetration of liquid meniscus near the point of
droplet impact.14,15,115,117 The water hammer pressure comes from
sudden deceleration of the liquid upon encountering a solid substrate.
It is a manifestation of the liquid compressibility and it can be written
as
(4.6)
PWH  kWH l CV ,
where kWH is the water hammer pressure coefficient, C the velocity of
sound in water and V the droplet impact velocity. Right after impact,
the contact line of the droplet is moving faster than sonic speed, thus
the impact shock remains pinned to the contact line. Eventually, the
contact line slows down and the shock can overtake it. The radial
location at which this happens determines the zone of high pressure
near the impact point.120,121 The diameter of this zone can be
estimated as122
dWH 

D0V
.
C

(4.7)

In the current literature, the maximum reported velocity causing a
transition from complete rebound to sticky state was ~8 m/s.115 This
texture-specific threshold velocity for a surface is referred to as its
critical velocity, Vc. By using a conservative value of 10 m/s for Vc, for
our ~2.4 mm diameter droplets, we obtain dWH to be 16 µm. It may
also be argued that a more appropriate velocity in the numerator of
equation 4.7 is the spreading velocity after the drop impact, which is
larger due to the mass conservation principle. Note that the spreading
velocity decreases rapidly after the impact. Thus we consider the
maximum spreading velocity to be ~30 m/s, i.e. 10 times higher than
the impact speed.123,124 The resulting dWH value comes out to be ~48
µm. This is still considerably smaller that the size of the air bubble
appearing during drop impact in our experiments, as can be seen in
the Appendix C Figures C. 6 and Figure 4.6 below (bubble
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diameter ~200 m or higher). Even if we consider the time at which
pressure release occurs, estimated as   D0V / 2C 2  8 1010 s ,123 and a
contact line speed equal to 10 times higher than the impact speed, V,
the liquid compressibility effects would affect the meniscus
penetration over an area with a characteristic diameter of
d  10V  0.024 µm. However, experiments show that in this area
penetration does not occur due to bubble entrapment. Recent works
on textured surfaces, have pointed out that the water hammer
pressure coefficient kWH needs to be reduced by two orders of
magnitude15,117 compared to those on smooth surfaces in order to
match the experimentally observed critical velocity of transition from
rebound to sticky state. Dash et al.15 proposed to use a balance of the
impacting pressures PWH and Pd with the resistive pressure Pc to
calculate the coefficient kWH . Their analysis yielded a two orders of
magnitude lower kWH on a microtextured compared to a flat surface.
Furthermore, they suggested that kWH should be a function of Pc. In
fact, a similar analysis of our data (shown in Appendix C Figure C.
7) indeed agrees with these general conclusions. The rationale for the
reduction of kWH was articulated to be the facile drainage of
intervening air between the droplet and the substrate as the droplet
approaches the textured surface.15 However, the air bubble
entrapment on the textured surfaces as observed in our experiments
and also in other works in literature13,50 contradicts this explanation.
Therefore, the air bubble entrapment and one order of magnitude
larger size of the local penetration zone compared to that expected
from water hammer effect point to a very different physical
mechanism for local (near impact point) penetration of the liquid
meniscus into the surface texture.
For the impact velocity in range of 1 to 10 m/s, which corresponds to
We in the range of ~102 - 103, the analysis of droplet impact on
surfaces shows that the compressibility of the air layer between
approaching droplet and the substrate is a key feature guiding the
dynamics.10,125 The air layer must be drained from underneath the
droplet in order for the liquid to reach the substrate. The compressed
air drainage between droplet and substrate can slow the droplet down
and deform it generating a dimple. The dimple formation coincides
with a maximum pressure rise in a ring like region near the impact
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point.10,125 This is shown schematically in the top two rows in Figure
4.6. The range of 1-10 m/s becomes evident by looking at Figure
4.6b in Mani et al.,10 who find this to be range of velocity in which
there is time to form dimple due to gas compressibility.
Beyond this range the droplet approach will be too rapid and the air
layer should be unable to deform the droplet or form the dimple. Due
to the axi-symmetric impact, the two symmetric pressure peaks in the
schematic in Figure 4.6 are the cross section of a ring-like pressure
peak. This ring-like pressure peak is strikingly consistent with our
observation of ring-like penetration of the liquid meniscus into the
substrate. Furthermore, the size of the theoretically calculated dimple
region is L ~102 m, which is consistent with our observation of the
size of the local penetration zone. Based on the above evidence, the
compressibility of the draining air, rather than the water hammer
pressure effect in the liquid, explains the meniscus penetration
observed in our droplet impact tests.
By analyzing the relevant time scales, it can be shown that air bubble
entrapment should be feasible during droplet impact on a textured
surface. Our analysis is similar to the analysis of air drainage between
two coalescing bubbles.126 The time scale of droplet deformation
(dimple formation) by the draining air can be expressed as10
 dim  RSt

2

3

/V ,

where R is the droplet radius and the St 

(4.8)
g

lVR is the Stokes

number with  g denoting the air viscosity. For V = 2 m/s, we obtain

dim ~0.1 s. To determine the time scale for air drainage, we must
balance the pressure gradient driving the air drainage with the
viscous stress resisting it.
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Figure 4.6. Mechanism of dimple formation and droplet deformation by
draining air. The dimple formation and associated rise in pressure near the
impact point explain the meniscus penetration. On top the droplet impact,
dimple formation and the resulting pressure profiles are shown schematically.
Our results indicate that at lower impact velocity (We) the meniscus
penetrates partially, whereas beyond a critical velocity the ring like peak in the
pressure profile engenders ring like penetration of the meniscus. Schematics
in (a), (b) and (c) show the difference impalement conditions. Below these
schematics the high-speed snapshots show the corresponding experimental
repercussions. The partial impalement is visible as bright spots top view
images shown (the zoom in images are used to highlight them). Above a
critical impact velocity, the ring like penetration of the meniscus into the
texture is obvious in the top view image under the schematic in (c), which
clearly shows a dark impaled ring surrounding a centrally trapped air bubble.
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The air must drain across a horizontal length scale of L (the dimple
size). During drainage, the excess pressure in the center of the

dimple region must approach the Laplace pressure  R in the droplet.
Thus, equating the pressure gradient with viscous stress gradient in
the draining air film we obtain

 

1 
V
~ g d 2 ,
h
L R

(4.9)

where Vd denotes the air drainage velocity scale and h is the height of
the micropillars which is assumed much larger than the dimple height
above the substrate. From equation 4.9, we can obtain the drainage
time scale as

L g R  L 
~
.
Vd
  h 
2

d ~

(4.10)

Substituting the numerical values we obtain  d ~ 10 s. Therefore, the
dimple formation occurs nearly two orders of magnitude faster than
the air drainage. As a result, the pressure profile obtained on a flat
surface should also be applicable in our experiments. Note, however,
that drainage time scale is much smaller than the droplet spreading
and receding time scales (~15 ms). Thus an air bubble entrapment
can only occur if the meniscus undergoes a complete ring-like
penetration and traps the bubble in the center (see Figure 4.6 and
4.7).
In Figure 4.7, various diameters characterizing the meniscus
penetration in the central part of the droplet are plotted for substrate
95..00 as a function of the We. At We ~100 a transition from complete
rebound to sticky state occurs characterized by a ring like penetration
into the texture (i.e. a local transition from Cassie to Wenzel states).
In the figure, Dimpaled denotes the overall diameter of the central
region showing impalement. The ring like region between Din and Dout
is completely penetrated. The Din denotes the size of the trapped
bubble. The region extending from Dout to Dimpaled should have partial
impalement. The physical reason for partial impalement at
intermediate We values can be understood as follows. Due to the
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pressure peak, the meniscus penetration into the texture will occur
for a maximum of  d ~ 10 s, after which the air must drain out. This
is evident from droplet

Figure 4.7. Characteristics of complete rebound to sticky transition during
9.0
droplet impact on the microstructured substrate 5.0 .

impact recordings in top view, where the central bright spot
(penetration zone) is visible almost right from the onset of the droplet
spreading regime (note that our time resolution in imaging was 0.25
ms, which corresponds to a video recording of 2500 frames per
second). In the very initial stage of spreading, a part of droplet
remains above the substrate and obstructs the top view. However, in
almost all high We impact cases we observed the impalement spot
well before the end of droplet spreading phase. Upon coming in
contact with the substrate, the sharpened liquid interface at the edge
of the dimple should relax. Therefore, unless the velocity is
sufficiently high, with a corresponding higher value of pressure peak
(see the maximum pressure Pmax calculations below), the meniscus
can stop at an intermediate stage while penetrating into the surface
texture. This should lead to the partial impalement state shown
schematically in Figure 4.6 and 4.7.
4.3.5 Predictive model for liquid impalement
In the last segment of this discussion we will show how the dimple
formation and associated pressure rise can explain the penetration of
the meniscus and therefore quantify complete bounce off to sticky
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transitions on substrates of various morphologies. The analysis will
also help explain the beneficial role of appropriately designed
hierarchical morphology with respect to achieving complete rebound.
On a flat surface, using the asymptotic self-similar solution of Mandre
et al.,127 the strength of the pressure peak during the droplet dimple
formation can be expressed as127
Pmax  P0

1.4

 hmin

,

(4.11)

where hmin is a parameter denoting the minimum air film thickness
observed (see Figure 4.7) before the surface tension force suppress
any further sharpening of the dimple edge and  is a parameter that
qualifies whether the gas should be considered compressible or
incompressible. These two quantities can be expressed as
hmin  2.54

St 8/9
Ca 2/3

(4.12)

and


 R

P0

V 7 l4 

1/3

1
g

,

(4.13)

where Ca  gV /  is the capillary number and P0 is ambient
pressure. By combining equation 4.11 to equation 4.13, we obtain
Pmax  0.88

 R

V 7 l4Ca 

13

1

St

4/9

.

(4.14)

At critical velocity the Pmax should proportional to Pc. In Figure
4.8a, we have plotted Pmax (using the experimental values of velocity
corresponding to transition from rebound to sticky state) as a
function of Pc for various substrates. For hierarchical surfaces the
solid fraction was obtained using equation 4.3 and the effective pillar
diameter was obtained by employing an ImageJ based image
processing of nanotextures obtained from the SEM image of the
nanowires. The procedure is described in Appendix C Section II.
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The straight line in Figure 4.8a shows a linear fit. The slope of the
line is ~80. This shows that Pmax indeed should be considered as the
impalement pressure that causes a local transition from Cassie to
Wenzel state (i.e. impalement of the liquid meniscus into the texture).
The last data point, for the hierarchical substrate 95..00  Ndt was
obtained using droplet of water and isopropanol (IPA) mixture (5%
IPA by volume). This is because for that substrate, using water
droplet impacts at We ~200 the maximum spreading diameter
exceeded our sample size. The water/IPA mixture has lower surface
tension128 (~47.83 mN/m) and contact angle, which result in
rebound to sticky transition at a lower critical impact speed. The
critical speed so obtained was rescaled using the balance of Pc and
Pmax in order to obtain the critical impact speed for water (see the last
paragraph of Appendix C Note IV for more details). Figure 4.8b
plots the critical Weber number Wec in order to express the role
hierarchical morphology on impact resistance. The two
microstructures with identical solid fraction but different Pc are also
shown.
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Figure 4.8. Substrate penetration characteristics in room temperature
impact tests. (a) Plot of Pmax versus Pc for different substrates tested. The
slope of the fit line is ~80, showing validity of argument that dimple formation
causes the local penetration of the meniscus at a critical, high impact speed.
(b) The corresponding Wec of transition on different microstructured and
hierarchical substrates.

We must note here that the Pmax calculated using equation 4.14 is,
strictly speaking, valid for a case of 2D droplet impact on a smooth
surface.10 On textured surfaces detailed numerical simulations have
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indeed shown change in the pressure profile.125 Therefore, the balance
of Pmax and Pc as performed here should be taken as an overall scaling
analysis. However, a linear relation between Pmax and Pc with a slope
equal to ~80 is a strong indicator of the validity of this analysis. From
Figure 4.8 it is clear that for the same solid fraction, a surface with
smaller gap in the asperities is better for dynamic impalement
resistance. This is obviously the case for microtextured surfaces 95..00
and  42..55 . It is also true for the two hierarchical surfaces ( 95..00  Nst and
95..00  Ndt ) with same microstructure (  ) decorated with two

nanostructures with same solid fraction (  N ) but different gap
between the nanowires. Thus for any given solid fraction, reducing
the gap between asperities both at micro and nanoscale is beneficial
for impalement resistance.
4.3.6 Meniscus impalement on hierarchical structures
Figure 4.9 shows the result of droplet impact on substrates at -30 C
in order to establish the fact that for textured surfaces with low pillar
gap (i.e. with high dynamic impalement resistance), the Wec
determined from room temperature experiments provide excellent
guide to the low temperature impalement resistance. This is because,
as argued above, the meniscus penetration time scale is very short
since it should be close to the time scale of dimple formation dim
~0.1s. Therefore, there should be negligible cooling during the
penetration and the impalement process and thus should not be
affected by the substrate temperature. This is validated in Figure
4.9, which shows the outcome of impact experiments. We ~120 is
beyond the Wec of the microstructured surface 95..00 at room
temperature. In agreement to that, the low temperature impact also
shows a remnant droplet after impact i.e. a sticky behavior. Similarly,
on the first hierarchical surface 95..00  Nst , the transition is seen only in
We ~140 case and complete rebound is observed at We ~120.
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Figure 4.9. Beneficial role of hierarchical morphology in determining the
impact resistance at substrate temperature of -30 C.

The room temperature Wec for this surface (see Figure 4.8) was
~133. Finally, continuing the trend the 95..00  Ndt surface shows
complete rebound at both the We numbers. In fact, the surface
showed complete drop rebound up to We of 227 (corresponding to a
drop velocity of 2.6 m/s) at ~-30 C.
Although the penetration itself is not affected by substrate
temperature, it does influence the droplet rebound off the surface.
This is because during the receding stage, by the time the receding
contact line reaches the central penetration zone, the penetrated
(whether partially or fully) liquid will have enough time to cool down,
thereby making it difficult for droplet to rebound due to increased
liquid viscosity. For the partial impalement regime, the droplet is able
to spend part of its initial kinetic energy to pull the meniscus out.
However, this must cost additional energy and explains the relatively
larger contact time observed for cases with partial impalement in
Figure 4.3b. Upon complete ring like penetration beyond Wec the
required energy penalty is too high for the meniscus to be withdrawn,
thereby leading to impalement.
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4.4 Conclusion
The role of morphology of superhydrophobic surfaces, both at micro
and nanoscales, in deciding the droplet impalement resistance under
severely undercooled conditions was investigated by impacting room
temperature droplets on undercooled substrates with precisely
designed textures. It was shown that the phenomenon of meniscus
impalement in the surface texture is governed by the compressibility
of air, and its drainage time scale, from underneath the impacting
drop. In this context we could correctly predict the morphologydependent Wec for transition from drop rebound to impalement.
Interestingly, Wec was independent of substrate temperature, in the
range from room temperature down to -30C, due to the fact that
meniscus penetration occurred very rapidly, at the beginning of the
impact, much faster than the heat transfer time scale. Below Wec, the
meniscus penetration was partial and it could be retracted from the
texture by the receding droplet, thereby rendering complete rebound
possible. However, the partial penetration significantly altered the
droplet receding dynamics and the contact time on the substrates at
low temperatures with associated increase in the liquid viscosity. A
hierarchical superhydrophobic surface with minimal spacing between
the asperities, both at the micro- and nanoscales, was found to yield
best impalement resistance among surfaces with the same solid
fraction. Such a surface resisted droplet penetration at We of 227
(corresponding to a drop velocity of 2.6 m/s) even at a substrate
temperature of ~-30C.
4.5 Materials and Methods
Materials. Boron doped p-type (100) silicon wafer with resistivity of
0.005-0.2 ohm-cm and thickness of 500±25 m was used as
substrate. Acetone, isopropyl alcohol, n-hexane, glycerol and 40%
hydrofluoric acid were from Sigma Aldrich. 1H,1H,2H,2HPerfluorodecyltrichlorosilane (FDTS) C10H4Cl3F17Si was purchased
from Alfa Aesar. The chemicals were used as received. The deionized
(DI) water (18.2 MΩ, Mill-Q pore) was used for contact angle
measurements and droplet impact experiments.
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Fabrication of microstructured surface. The micropillar
substrates were 8  8 mm in size. To start with, a 500 nm thick SiO2
layer was deposited on standard p-doped silicon wafer by plasma
enhanced vapor deposition process (PECVD). Thereafter, the SiO2
deposited silicon wafer was photolithographically patterned using a
Karl Suss MA6 mask aligner and Shipley S1813 positive photoresist.
The pattern was then transferred on to the SiO2 layer by reactive ion
etching95 process employing CHF3/Ar plasma. The patterned SiO2
layer was used as hard mask for subsequent silicon etching process.
Following pattern transfer on the SiO2 layer, the photoresist was
removed using by acetone. The wafer was then diced into 8  8 mm
size chips. To transfer the pattern into silicon, silicon cryo-etching
process was followed in an inductive coupling plasma reactor (Oxford
Instruments, ICP 180) using SF6/O2 plasma at -100C. After the
silicon etching, the SiO2 hard mask was removed by treating with 1:5
diluted 40% HF solution.
Fabrication of Nanostructures. For nanostructures, titanium
metal was evaporated on the microstructures or on smooth surfaces
using the glancing angle deposition technique129 in an electron beam
assisted physical vapor deposition system. In this technique,
substrates are held at an angle with respect to the source. The angular
configuration facilitates metal deposition in the form of nanowires
rather than uniform film. By varying the angle and amount of
deposited material, three different nanostructures
N dt ,
N st and N ss were fabricated. A substrate angle, called glancing angle, of

85 was used for sparse nanowire structures, an angle of 80 was used
for dense nanowire structure. The height of nanowires was changed
by depositing either 100 or 400 nm of film. Simple evaporation was
used to form a smooth titanium film required for measuring the
Young’s contact angle.
Functionalization of Self-Assembled Monolayer. After
texturing and cleaning, all fabricated substrates were treated with
1H,1H,2H,2H-Perfluorodecyltrichlorosilane (FDTS) C 10H4Cl3F17Si (96
% Alfa Aesar) in n-hexane solution to form a self-assembled
monolayer93 and lowers the surface energy of the substrate, rendering
them hydrophobic. A ~2 minutes immersion time was used for SAM
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formation. Finally, the substrates were rinsed consecutively in nhexane and isopropyl alcohol and dried with nitrogen.
Surface Characterization. For surface characterization, SEM
(Zeiss ULTRA 55) and atomic force microscope (Asylum Research,
MFP 3D) were used. The AFM images were obtained by taping mode
scans performed using super sharp silicon tip (NANOSENSORSTM)
with 2 nm tip diameter.
For contact angle measurements, an in-house goniometer system was
used. The system consisted of a zoom lens (Thorlabs, MVL7000)
fitted to a CCD camera. A syringe pump (Harvard Instruments) was
employed for altering the volume of droplet on substrates and thereby
enable measure the advancing and receding contact angles.
Experimental set-up. A double layer, transparent experimental
chamber made of Plexiglas was used to perform the droplet impact
tests. The intervening space between the two layers was evacuated by
a vacuum pump to improve the insulation. To control the
temperature inside the chamber, a brass pipe was fitted into the
chamber and connected to a cold stream of nitrogen vapor. The
nitrogen stream was obtained from a cryogenic cooler (Isotherm
KGW TG LKW-H) with temperature control system. A brass platform
was used to place the test surfaces in the chamber. A small window at
the top of the chamber was used to access the substrates and insert
the impacting droplets. Two thermal sensors (Pt-1000 2I 161, IST AG)
were used to measure the temperature. One measured the ambient
temperature inside the inner chamber and the other was attached to
the brass table. This temperature was controlled using the
temperature control system and taken to be equal the substrate
temperature. A humidity sensor (LinPicco A0545, IST AG) was also
mounted to monitor the humidity near to the substrate. In our
experiments in sub cooled condition, the humidity remained near 0%.
A high-speed camera (Phantom V9.1) was used to record the droplet
impact at a frame rate 2500 frames per second. DI water droplets
with a 2.4 mm diameter were generated outside the experimental
chamber using a fine needle fitted to a syringe pump (PHD Ultra,
Harvard
Apparatus).
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5. On supercooled water drops impacting on
superhydrophobic textures
This chapter is published as:
Tanmoy Maitra, Carlo Antonini, Manish K. Tiwari, Adrian Mularczyk,
Imeri Zulkufli, Philippe Schoch, and Dimos Poulikakos “On
supercooled water drops impacting on superhydrophobic textures”,
Langmuir 30, 2014, 10855–10861.
5.1 Abstract
Understanding the interaction of supercooled metastable water with
superhydrophobic surface textures is of fundamental significance for
unraveling the mechanisms of icing, as well as of practical importance
for the rational development of surface treatment strategies to
prevent icing. We investigate the problem of supercooled water drops
impacting on superhydrophobic textures for drop supercooling down
to -17°C and find that increased viscous effects significantly influence
all stages of impact dynamics, and in particular the impact and
meniscus impalement behavior, with severe implications to water
retention by the textures (sticky vs. rebounding drop) and possible
icing. Viscous effects in water supercooling conditions cause a
reduction of drop maximum spreading (~25% at impact speed of 3
m/s for a millimetric drop) and can significantly decrease the drop
recoil speed when the meniscus partially penetrates into the texture,
leading to an increase of the contact time up to a factor of 2 in
supercooling conditions, compared to room temperature. We also
show that meniscus penetration upon drop impact occurs with full
penetration at the center, instead of ring shape, common to room
temperature drop impact. To this end, we describe an unobserved
mechanism for superhydrophobicity: unlike for room temperature
drops, where transition from bouncing to sticky (impaled) behavior
occurs sharply at the condition of full texture penetration, with a
bubble captured at the point of impact, under supercooled conditions,
the full-penetration velocity threshold is increased markedly
(increasing by ~25%, from 2.8 m/s to 3.5 m/s) and no bubble is
entrapped. However, even though only partial texture penetration
takes place, failure to completely de-wet due to viscous effects can
still prohibit complete supercooled drop rebound.
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5.2 Introduction
The exceptional water repellent properties of superhydrophobic
surfaces make them relevant to a broad palette of applications,
including the retardation or prevention of ice formation on
surfaces.34,3,25,1,18,102,16,23,130,17,131,2 One of the most common ice
accretion mechanisms is the impact of severely supercooled
metastable water drops, theoretically down to the homogeneous
nucleation limit of -37°C.132 Supercooled drops can stick due to
capillary interaction (adhesion) with the surface and finally freeze.
Superhydrophobic surfaces come into play for their ability to reduce
adhesion with water, minimizing the contact time,27,37,133,134 and
enhancing drop shedding,18,135 before water can freeze. Major efforts
have been given in addressing various aspects on the loss of
superhydrophobicity under static conditions136 as well as dynamic
conditions36,13,137–139 at standard environmnets. As an example,
understanding liquid impalement into the microtexture upon drop
impact has been the focus of various studies. As the water drop
impact velocity increases, so does the dynamic pressure (  V 2 ).36,13
However, at the critical speed of impalement, the dynamic pressure is
usually only 10% of the surface capillary pressure resisting liquid
meniscus penetration.13 For this reason, water hammer effect due to
liquid incompressibility,14,15 as well as compressed air drainage
leading to dimple formation into the drop127,140 has been invoked to
explain the complex mechanism of impalement.102 Recently, it has
been shown that at supercooled conditions, viscosity of water affects
the droplet dynamics on superhydrophobic surface. Khedir et al.2
performed water drop impact tests on a superhydrophobic surface at
low temperature, down to -10oC, and low impact speed (0.54 m/s),
reporting that at such low impact speed the contact time remain
unaffected. However, that the drop restitution coefficient, measured
as the ratio between the drop velocity after and before impact, was
shown to decrease with decresing the temperature. This was
attribuited to viscous effects. In a previous study, 102 we investigated
the impact of room temperature drops (at 23oC) on superhydrophobic
surfaces, varying systematically the environmental/substrate
temperature from room temperature down to -30oC. We found that
drops impacting on cold surfaces cool down close to the surface
during the speading phase, thus experiencing a significant local
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increase of viscosity, which is five times higher at ~-30oC than at
room conditions. The novelty of the present work is that we
inverstigate severely supercooled drops down to -17oC, having this
temperature before impact on the substrate. This allows us to show
that increased viscous effects due to low temperatures (viscosities
spanning from 1 to 3.7 mPas between 23°C and -17°C) affect all stages
of drop dynamics, including in particular the early stages of meniscus
penetration, with major repurcussions on transition from rebound to
impalement. We thus demonstrate that early stages of impact
dynamics cannot be considered a merely inviscid, as often done.10,127
5.3 Experimental section
5.3.1 Experimental set-up for supercooled drop impact
experiment. Supercooled drop experiments were performed inside
a specially designed chamber (see schematic in Figure D. 1 and setup description in the Appendix D), where the environmental
temperature was decreased down to -16°C, while keeping relative
humidity (RH) ≈ 0% by constant supply of dry nitrogen, to avoid frost
formation. Room condition tests (23°C and relative humidity RH ≈
20-30%) were also performed for comparison. The drop diameter was
1.90 mm< D 0 <2.40 mm (±0.02 mm), and the impact velocity 0.77
m/s< V <4.0 m/s (±0.02 m/s). Weber number, We  V 2 D 0  , and
Reynolds number, Re  VD 0  , were in the range of 20-400 and
500-7800, respectively. Symbols  ,  , and  indicate liquid density,
viscosity and surface tension, respectively. In all experiments the
environmental temperature, TE , and the substrate temperature, TS ,
were kept equal (within ±1°C). Due to (minor) evaporation effects, the
drop temperature, TD , was lower than TE : the effect was stronger at
temperatures above freezing, with drop being ~5°C cooler than the
environment at TE =10°C, but limited in supercooled conditions, with
TD ~1°C colder than the environment at TE =-16°C, (see the Figure

5.2); thus, TD = -17°C was the minimum tested drop temperature.
The difference between TE and TD was measured directly by a
thermocouple immersed in the drop, during separate calibration tests
(see schematic in Figure D. 1 in Appendix D). The lower limit for
temperature was imposed by the freezing of water at the drop
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dispenser tip. Interestingly, the drops never froze during the impact
process - the impact and contact with the superhydrophobic surface
did not induce heterogeneous nucleation. In a recent work,76 it was
shown that the nucleation temperature, i.e. the temperature at which
instantaneous freezing occurs, for sessile water drops on specifically
designed silicon-based superhydrophobic surfaces could be as low as
~ -24oC. Interestingly, it was observed and explained based on the
nucleation theory and on the exponential dependence of the
nucleation delay time on temperature, that when the operating
surface temperature is kept only a few degrees higher than surface
nucleation temperature mentioned above, very large freezing delays
can be achieved. As an example, for the above mentioned surface with
a nucleation temperature of ~ -24oC, a sessile drop can remain liquid
~25 hours at a temperature of -21°C, i.e. ~3°C higher than the surface
nucleation temperature. The surface used in the current study was
fabricated with an identical process, as the surfaces in Ref. 65, and
nucleation temperature as low as -24oC can be expected. This would
qualitatively explain why the experiments of impacting drops
presented here, at temperature down to -17°C, i.e. still well above the
mentioned surface nucleation temperatures, do not freeze upon
impact and can eventually rebound, since the drop impact
characteristic time is several orders of magnitude shorter than the
freezing delay time.
5.3.2 Superhydrophobic surface fabrication. To fabricate the
superhydrophobic surfaces with microtexture, a p-type (100) silicon
wafer with resistivity of 0.005-0.2 ohm-cm and thickness of 500 µm
was used as substrate. The wafer was photolithographically patterned
using a Karl Suss MA6 mask aligner and AZ1505 positive photoresist.
The patterned photoresist film was used as mask to etch the silicon in
a SF6 and C4F4 plasma (Bosch process in Alcatel AMS 200 machine)
to form the micropillars. Then, the photoresist film was stripped and
the wafer was diced into 2 x 2 cm size chips. After standard cleaning,
the
chips
were
wet
functionalized
by
1H,1H,2H,2HPerfluorodecyltrichlorosilane (FDTS) (96% Alfa Aesar) in n-hexane
solution. Two surface textures were fabricated, the first had densely
4.6
packed pillars (denoted 2.0
) with pillar solid fraction   0.15% as
13.0
and the second comprised of sparsely located pillars (denoted 4.5
)
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with pillar solid fraction   0.15% ; the notation  dp indicates the
pillar pitch, p (center-to-center distance), and the pillar diameter, d ,
both in microns. The SEM images Figure 5.1b and Figure D. 3
illustrate the two substrate morphologies. Figures in this chapter
4.6
13.0
refer to data for the surface 2.0
; data for the surface 4.5
can be
found in the Appendix D.
For contact angle studies, smooth silicon surface (with R.M.S.
roughness of ≈0.2 nm) were also functionalized by the same
procedure as above. The tested surfaces have a critical velocity in the
range of velocities that can be tested in the chamber (up to maximum
speed of 4 m/s), and were thus suitable to study the effect of drop
supercooling on liquid meniscus impalement and drop dynamics.
Contact angle measurements. Advancing,  A , and receding,  R ,
contact angles were measured both at room temperature (with RH ≈
20-30%, see Table D1 in the Appendix D) and in the drop impact
chamber, at RH ≈ 0%, in supercooling conditions. Contact angles
were not affected by temperature (see Figure 5.1a), neither on the
microtextured nor on the corresponding smooth surface. This is
consistent with small variation of surface tension of water (~8%)20 in
the investigated temperature range (from 23°C to -17°C). Differently,
viscosity experiences an almost four-fold increase141 in the same
range, as mentioned earlier, leading to significant effects on drop
dynamics and texture penetration.
5.4 Results and Discussions
During the spreading phase, the increased viscous effects at lower
temperatures are macroscopically manifested through a reduction of
the non-dimensional maximum spreading, Dmax D0 , as visible in
Figure 5.3c, where the Dmax D0 is plotted against the TD for
4.6
different impact velocities on surface 2.0
(additional results for
13.0
surface 4.5
are reported in Figure D. 2 in Appendix D). Although

previous studies proposed that on superhydrophobic surfaces the
maximum

spreading

scales

as

Dmax D0  We0.25 ,142

and

is

independent of viscosity, our data show a clear influence of drop
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temperature due to the large viscosity rise, in particular at high
impact velocities. The combined effect of viscosity and velocity can be
understood by looking at their contribution to energy dissipation. The
energy dissipation rate, Ediss , scales with shear stress,  , contact area,

A , and flow velocity, V , as Ediss   AV   (V y) AV . For scaling
purposes, we can write Ediss   Do 2V 2 / hlam , where hlam is the lamella
thickness (see Figure 5.3b).143 On the basis of simple mass
conservation, the lamella thickness intuitively decreases with
increasing velocity due to increase in

Figure 5.1. (a) Advancing,  A , and receding,  R , contact angles on one
4.6
micropillar superhydrophobic textured surface,  2.0
, and on smooth

functionalized silicon surface at different drop temperatures, TD . Lines are to
4.6
guide the eyes. (b) SEM image of surface  2.0
. Insert picture shows a sessile

millimetric water drop on the same surface.
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drop spreading, hlam  V  , where   0 . As a result, Ediss grows
2 

rapidly with velocity, as  V
(i.e. more rapidly than the drop
kinetic energy at impact), and the viscous effects become more
prominent with increasing impact velocity. Since the viscosity for

supercooled liquids scales as   T  T0  , where T0 =-48°C and

 =1.64 for water,  rises rapidly with decreasing temperature in
supercooled conditions. In Figure 5.4, the experimental values for
Dmax D0 are plotted against theoretical values as

Figure 5.2. Drop temperature, TD , as function of environmental
temperature, TE . The dotted line represents the best fitting curve:

TD  TE  3.4e TE , where  =0.044.
predicated by an energy based model,144 a hydrodynamic model,145
and a scaling law proposed by Clanet et al.,142 Dmax D0  0.9We0.25 .
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Figure 5.3. (a) Images of drop before impact and at maximum spreading,
and (b) corresponding schematic of drop cross-section at maximum
spreading. (c)

function of drop temperature, TD , at three
Dm a xD as
0

4.6
different impact velocities (  2.0
surface).

Note that the model from Mao et al.144 was selected as representative
for the class of energy based models, which employ fitting
parameters, derived typically for the specific case of millimetric drop
impacts. Differently, the approximate Roisman et al.145 hydrodynamic
model was derived from first principles and does not contain any
tuning parameter to fit the data. The correlation by Clanet et al.142
was proposed for impact conditions where P  We Re0.8  1 , and thus
should be applicable to our study, since 0.08  P  0.6 . From Figure
5.4a and b, it is evident that the experimental data are in excellent
agreement with energy based model (average deviation is 5%) and
also in good agreement with hydrodynamic model (average deviation
is 11%). The scaling law proposed by Clanet et al.142 (see Figure
5.4c) shows a good agreement with experiments at room
temperature, but overestimate the spreading for impacts at low
temperatures by 10-15%, since the correlation does not account for
viscosity variation. Good agreement was also found for additional
impact experiments performed at room temperature with various
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water-glycerol mixtures (see Table D. 2 in the Appendix D), which
simulate the increase of viscosity of supercooled water drops (see
Figure 3.4a and b).

Figure 5.4. Experimental values of drop non-dimensional maximum
spreading, Dmax / Do , against values predicted by (a) an energy based
model from Mao et al.,144 (b) a hydrodynamic analytical model from
Roisman et al.145 and (c) a scaling law proposed by Clanet et al.,142
Dmax D0  0.9We0.25 . Blue circles represent experiments with water
drops in the temperature range 23oC to -17oC, and red triangles
represent experiments with water-glycerol drops at room
temperature, using different glycerol concentrations (see Table D.
2).
The viscous effects on drop dynamics continues at later stages,
affecting the drop contact time, tc . In Figure 5.5a, tc is plotted as a
function of TD for two different velocities, 1.3 and 2.7 m/s ( We of 52
and 236, respectively). The second velocity is very close to the critical
velocity (~2.8 m/s), at which rebound to sticky transition occurs.36,13
The contact time remains constant with TD for V =1.3 m/s, whereas it
increases with decreasing TD for V =2.7 m/s. Looking at the time
evolution of the non-dimensional contact diameter (see Figure 5.6a
and b), the drop dynamics is not significantly affected by temperature
at low impact velocity (Figure 5.6a), whereas at 2.7 m/s (Figure
5.6b) the recoil is dramatically slower in the last stages, when the
receding contact line reaches the area close to the impact point (axis
of symmetry). Thus, the contact time increases. Experiments were
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repeated also with various water-glycerol mixtures, confirming the
effect of viscosity on the contact time at higher impact velocity
(Figure 5.5b).
Viscous effects play a role, especially at the very last stages of
recoiling, due to the partial penetration of the liquid meniscus: the
de-wetting process of a partially penetrated meniscus is retarded
when the liquid viscosity is increased. In other words, at low impact
velocity, at which no impalement occurs, viscosity does not affect the
recoiling dynamics and thus the contact time remains unaffected by
the viscosity increase. However, when the impact velocity is increased
enough to cause partial penetration of water meniscus in the
microtexture, the recoiling process and the contact time become
affected by an increase in liquid viscosity. The viscous effects on
contact time was partly captured in tests with room temperature
drops impacting on cold substrates, where the drop cooling occurs
after contact with the cold surface.102 For supercooled drops the
viscosity is already high before impact. We show in the sequel how
this influences the meniscus penetration starting with the early stage
of drop impact.
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Figure 5.5. (a) Contact time, tc , as function of the drop temperature, TD , at
different impact velocities. (b) Comparison of the non-dimensional contact
time, tc

D

3
0

8 

0.5

,133 for water and water-glycerol mixtures as function of

viscosity, for the same impact velocity, as in (a). The water temperatures,
corresponding to different viscosity values, are also given in (b).
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Figure 5.6. Variation of the non-dimensional contact diameter, D(t ) D0 , on
4.6
the  2.0
surface at (a) 1.3 m/s at 23°C and -16°C and (b) 2.7 m/s at 23°C and

-13°C.

The viscous effects on meniscus penetration can be analyzed
measuring the size of the impaled droplet fragment, remaining on the
surface despite recoiling, at different temperatures TD , as illustrated
in Figure 5.7 for various velocities. Two main findings can be
reported: first, at 3.4 m/s, the size of the impaled drop Dimp D0 is
considerably larger at higher temperature, switching from values
Dimp D0 ~0.5 at 10°C to Dimp D0 <0.1 at supercooled conditions
(Figure 5.7). Second, for a velocity of 2.7 m/s drops fully rebound at
temperatures above 5°C, leaving no traces of liquid on the surface
(shown as Dimp D0 =0 in the Figure 5.7), whereas tiny water drops,
with diameters Dimp D0 ~0.01-0.03, remain on the surface at
supercooled conditions. These two results appear to be
counterintuitive at a first glance: viscous effects at low temperatures
are beneficial in reducing the extent of impalement above critical
velocity, while they cause tiny drops to remain on the surface even
below the critical velocity.

88

5. On supercooled water drops impacting on superhydrophobic textures

Figure 5.7. Impaled drop non-dimensional size, Dimp / D0 , as function of the
drop temperature, TD , at three different impact velocities.

To explain this result, top view high-speed drop impact visualization
was performed, allowing observation of the meniscus penetration
patterns. In Figure 5.8 the outcome of drop impact tests at room
temperature is shown to establish a context for comparison and help
analyze the meniscus penetration of water-glycerol drops, mimicking
supercooled water drops, presented in Figure 5.9. Room
temperature drop results in Figure 5.8c highlight that at impact
velocity below the critical threshold of ~2.8 m/s, when drops fully
rebound after impact, circular spots are visible at the solid/liquid
interface, corresponding to the area of partial meniscus penetration
into the microtexture (the corresponding measured diameters are
plotted as red diamonds in Figure 5.8c). However, beyond the
critical velocity, three circles can be observed (Figure 5.8b). From
inside going outwards, the rings correspond to the areas of bubble
entrapment, full penetration and partial penetration, respectively. Air
bubble entrapment at the interface is due to dimple formation in the
drop interface before impact occurs, and is consistent with the
findings of both theoretical,10,127 numerical146 and experimental
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studies.140,147–152 In Figure 5.8c, the diameters corresponding to
different regions of drop/substrate interfaces are plotted against
impact velocity. It can be observed that the diameter of partial
impalement ( D / D0 ≈ 0.5 at 2.7 m/s, red diamonds in Figure 5.8c)
corresponds well to the region where contact line recoil is
significantly decelerated (Figure 5.6b). However, at velocities higher
than the critical velocity, a sharp transition occurs and the drop is
unable to rebound fully from the surface. The contact diameter of the
impaled drop (green triangles in Figure 5.8c) matches the size of the
full penetration area (black triangles in Figure 5.8c), suggesting that
for room temperature drops superhydrophobicity breaks down when
the meniscus fully penetrates the microtexture, so that drop cannot
fully recoil and rebound, as it is classically understood.36,13
When the viscosity increases, however, the penetration patterns
change. Since supercooled drop impact experiments were performed
in a closed chamber, top view recording of the impact event was not
experimentally accessible. Hence, drop impact tests using waterglycerol mixtures at room temperature were performed to mimic the
behavior of supercooled drops. The variation of surface tension of
supercooled water (~78 mN/m,19 water at -17oC) compared to that of
water-glycerol mixture at the same viscosity (~65 mN/m,52 40%
weight water-glycerol mixture) led to small changes in wettability, as
reflected by minor differences in  R only, while preserving  A (see
Figure D. 3 in the Appendix D). In Figure 9c, the diameter of the
penetration patterns for velocity below and above critical velocity
with 40% water-glycerol mixture, having same viscosity as water at 15°C (see Table D. 2 in Appendix D), are given. The extension of
partial penetration (red diamonds in Figure 5.9d) was qualitatively
and quantitatively similar to the case of water at room temperature
(see Figure 5.8c). However, few striking differences can be
observed. First, at high impact velocity, there is no bubble
entrapment (see Figure 5.9c). Second, a dark central region,
corresponding to full impalement, occurs at velocities higher than
~3.5 m/s, which is 25% higher than for room temperature water
(~2.8 m/s). Third, the size of the impaled water drops beyond the
critical velocity is only Dimp / D0 ≈ 0.25, which is considerably lower
than for the room temperature drop.
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Figure 5.8. (a) Schematic of meniscus penetration pattern into the
microtexture, leading to superhydrophobicity breakdown for room
temperature water drops. (b) Top view images of the drop at maximum
spreading, and zoom around the impact point, highlighting the ring-like
penetration pattern. The blue, black and red rings delimit the areas of bubble
entrapment, full impalement and partial penetration, respectively. (c)
Measurement of different diameters visible from the top (partial penetration:
red diamonds, full penetration: black triangles, bubble entrapment: blue
triangles) and of the impaled drop size (green triangles) as function of velocity
4.6
for room temperature tests (  2.0 surface).
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Figure 5.9. (a) Schematic of meniscus penetration pattern into the
microtexture, leading to superhydrophobicity breakdown for water-glycerol,
mimicking supercooled water. Top view images of drop at maximum
spreading, with (b) partial penetration and (c) partial and full penetration,
without bubble entrapment. The black and red rings delimit the areas of full
impalement and partial penetration, respectively. (d) Measurement of
different diameters visible from the top and of the impaled drop size (green
triangles) as function of velocity, for room temperature water-glycerol drops
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4.6
with viscosity of 3.3 mPas, mimicking supercooled water at -15°C (  2.0

surface).

On the other hand, in the velocity range 2.25 < V <3.5 m/s, tiny
droplets of water-glycerol remain impaled on the surface, despite the
fact that no full penetration could be observed from the top. Note that
the impaled drop size is in the range 0.02-0.10, thus similar but
slightly higher than for supercooled water drops (0.01-0.03, see
Figure 5.6). This can be attributed to lower  R of water-glycerol
mixture compared to water, which should lead to greater resistant to
meniscus recoil.
5.5 Conclusions
In this work we identified a complex role of viscosity for supercooled
drop impact on superhydrophobic textures. Viscosity affects the
penetration pattern in the microtexture eliminating bubble
entrapment. The latter is attributed to viscous effects counteracting
the dimple formation at the drop interface, which is responsible for
the formation of a cusp at the dimple periphery,140 where liquid
pressure rises leading to a ring-like meniscus penetration and bubble
entrapment for room temperature water drops impact.102
The supercooled water texture penetration pattern extends
hydrophobicity sustenance and is responsible for the increase of the
full-penetration velocity threshold from 2.8 to 3.5 m/s. However, the
viscosity increase has an accompanying effect, which is that in the
recoiling process in the partial penetration regime, the contact line
receding motion is significantly decelerated. This increases the
contact time (by up to a factor of 2) and causes the arrest of tiny
secondary droplets on the surface at velocities lower than the critical
velocity (< 2.8 m/s).
Taken together, the results highlight that at low temperatures drop
dynamics is affected through a large increase of liquid viscosity
caused by supercooling, and also point to a different mechanism of
superhydrophobicity breakdown for supercooled drops. For room
temperature drops, transition from bouncing to sticky (impaled)
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behavior occurs sharply at the condition of full penetration.
Differently, under supercooled conditions, the full-penetration
velocity threshold is increased markedly, but despite only partial
texture penetration occurs, failure to completely dewet can prohibit
full
rebound.
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6. Superhydrophobicity vs. ice Adhesion: The quandary of
robust icephobic surface design
This chapter is in preparation to submit to an ISI journal: Tanmoy
Maitra, Stefan Jung, Markus Eduardo Giger, Vimal Kandrical, Timon
Ruesch and Dimos Poulikakos, “Superhydrophobicity vs. ice
adhesion: The quandary of robust icephobic surface design”, 2015.
6.1 Abstract
The mesoscale, multitier texture of the lotus leaf has served as an
inspiration to engineer surface designs with controllable
superhydropobic properties, targeting a broad range of applications.
The choice of material is directly related to both the texturing ability
and the surface performance, in particular under adverse and realistic
conditions. Due to its importance in many applications and the fact
that it is a very good representative of metals regarding micro- and
nanostructuring processes, here we employ aluminum as a material
platform and identify key porous hierarchical textures, yielding
extraordinary impalement-resistant behavior. Droplet repellency is
demonstrated consistently for water impact velocities up to 12 m/s
(extreme Weber number, We ≈ 3500). Surprisingly however, despite
impressive superhydrophobic behavior, if ice forms on such porous
hierarchical surfaces, the ice adhesion is markedly stronger than on
simple, less hydrophobic alumina nanotube array structures. In a
departure from the findings of the well-accepted and practiced shear
stress based ice adhesion testing, a deviation between decreasing ice
adhesion strength and decreasing water wettability is observed if
normal stresses are present (as they are in practically every
application). This is explained with anisotropic ice adhesion
considerations, depending strongly on the applied stress field
orientation and the respective effective ice-substrate contact area.
These diverging trends can be exploited to identify different strategies
toward surface texture design for icephobicity and points toward a
rethinking of the criterion of shear strength testing alone in
evaluating ice adhesion.

95

6. Superhydrophobicity vs. ice Adhesion: The quandary of robust icephobic surface
design

6.2 Introduction
Preventing ice formation and adhesion on solid surfaces is a
formidable challenge affecting safety and performance in many
technical applications and natural events. A plausible approach to
avoid surface icing, is to repel and shed supercooled water droplets
from surfaces before freezing occurs. However, in extreme weather
conditions, when sudden ice nucleation and freezing occurs, ice
adhesion has to be necessarily minimized in order to facilitate ice
shedding from the surface. As a potentially sufficient anti-icing
strategy, textured superhydrophobic surfaces are commonly
considered because of their high water droplet mobility, which leads
to spectacular rebound events of droplets upon impact and ultra-low
adhesion to water. Unfortunately, depending on surface texture,
superhydrophobic (non-wetting) properties can be lost either by
water condensation in the texture23 or drop impact beyond a texturespecific velocity (critical velocity), when rebound to sticky transition
occurs.102 In both cases the micro-nano cavities of the surface texture
are filled with water transitioning the droplet from a dewetting,
Cassie-Baxter,6 to a wetting, Wenzel,5 state. In this context, the
challenge is to design robust superhydrophobic surfaces, which
maintain water repellency at very high impact speeds. Experimental
studies on multitier surface textures with nanoscale morphology
reveal indeed the potential of such surfaces to resist rebound to sticky
transition also at high impact speeds.102,153,154,12 Recently, Checco et
al.12 presented a novel co-block polymer based surface with welldefined nano-texture (feature size of ~10 nm) resisting impalement
up to 10 m/s with millimeter-sized water droplets. In another
approach, carbon composite (carbon nanotube or graphene) and
hydrophobic polymer based superhydrophobic surfaces also exhibited
high droplet meniscus impalement resistance up to impact speeds of
5 m/s.153,155 However, in these works the relationship between ice
adhesion and water repellency of nanotextured superhydrophobic
surfaces was not explored.
Here we target aluminum as a platform, an important material
representing metals with respect to imparting superhydrophobic and
icephobic properties, due to its frequent presence in a broad palette of
engineering applications.154 With the help of anodization, it is
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possible to generate and control surface texture and, in combination
with surface chemistry, surface wettability.156–161 Recently, Lai et al.162
and Hu et al.163 exploited anodization to fabricate nanotube-based
superhydrophobic surfaces with extremely low water adhesion. With
the same line of thought, with the aid of anodization and followed by
an acid etching process, we fabricated three surface types with
nanotexture morphologies: Two consisting solely of a closely packed
nanotube array (denoted by NTA) (see Figure 6.1a and b) and the
third consisting of a hybrid nanotube base structure decorated with a
random nanofiber network (denoted by nano-hybrid), comprising a
mesoscale pore hierarchy ranging from O(100 nm) pore diameters of
both the nanotubes (indicated by dp in Figure 6.1c) and of the
interspatial distance of the individual nanofiber bundles in the
network (indicated by df in Figure 6.1c), to O(1 µm) width of bare
“islands” devoid of nanofibers (micropores), randomly distributed in
the network, inherent to the fabrication process (indicated by dµ in
Figure 6.1c).
The effect of the hierarchal porous structure of the nano-hybrid
surface on the droplet impact behavior is evaluated by impacting
millimeter-size water droplets on this surface. Remarkably, the nanohybrid surface fully maintains its superhydrophobic anti-impalement
and dewetting properties up to impact speed of 12 m/s, advancing the
state of the art,12 and this for aluminum as a base material. The
impressive anti-impalement property of the nano-hybrid surface is
possibly due to the hierarchical porous surface structure which is,
preventing the liquid meniscus from touch-down due to extremely
high capillary pressure of the nanotube array (on the nanoscale).
While surface texture and surface chemistry significantly govern antiimpalement and dewetting properties of a surface, they can also play
an important role in reducing ice adhesion.25,26 In recent works, it has
been claimed that ice adhesion strength is directly related to surface
wettability, which can be regulated by surface chemistry and surface
texture. Based on standard shear-strength measurements of adhesion
on different surfaces with wettabilities ranging from hydrophobic to
hydrophilic, Meuler et al.25 and Kulinich et al.26 showed that ice
adhesion correlates strongly with the work of adhesion required to
remove a liquid water droplet from a surface. They argued that any
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further reduction in ice adhesion requires textured superhydrophobic
surfaces as the ice adhesion strength reaches a minimum with
maximizing the receding water contact angle.37
Our experimental results bring a different perspective into play and
evidence that, depending on the ice shedding mode, which is a
function of the force applied on the ice mass to shed it from the
surface, no strong correlation between ice adhesion and surface
wettability may exist for nanotextured superhydrophobic surfaces.
These surfaces may actually show considerably stronger ice adhesion
values compared to less hydrophobic reference surfaces. We
demonstrate here that ice adhesion strength strongly depends on
both, the surface texture and the ice shedding mode.
Moreover, lack of robustness to mechanical stresses generated during
multiple icing/deicing cycles is critical, which often limits the long
term usage of anti-icing coatings/surfaces.166,167 Here, we also
evaluated the performance of the fabricated NTA and nano-hybrid
textured surfaces under several icing/deicing cycles (~20 cycles). The
surface degradation is monitored by measuring advancing and
receding contact angles, as well as contact angle hysteresis. 100,168
Impressively, both designed surfaces (NTA and nano-hybrid)
maintained their superhydrophobic property even after 20 icingdeicing cycles.
6.3. Results and Discussions
Description of surfaces: Three aluminum and silicon/aluminum
based surface types are employed in the droplet impact and ice
adhesion studies. The schematics, SEM images (at low and high
magnification) and line profiles of AFM scans (on small, 5 µm2 and
large 25 µm2 area scans) of all tested surfaces are shown in Figure
6.1. Figure 6.1a shows a silicon/aluminum based NTA surface type
(denoted by NTA-regular in the subsequent discussion) with pore
diameters in the range of 150-200 nm (details on the pore size
distribution are given in Note II in Appendix E) and uniform pore
wall thickness, fabricated by thermally depositing aluminum,
followed by anodization, and acid etching of the ~800 nm deposited
aluminum on a silicon wafer (detailed procedure in the experimental
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section). SEM images of an aluminum based NTA surface (denoted
by NTA-irregular in the subsequent discussion) are shown in Figure
6.1b with pore diameters in the range of 150-200 nm. A few
examples of the unavoidable irregularities in pore wall thickness and
randomly distributed nanotube arrangements in different elevations
are highlighted with red circles. Figure 6.1c shows the nano-hybrid
surface comprising of a random nanofiber network grown on top of a
NTA. The texture contains the bare islands and associated micropores
discussed earlier, indicated by red circles and exemplified by the
magnified SEM image and AFM scans, varying in size from ~10 µm at
their top opening to ~1 µm at their bottom (indicated by dµ in Figure
6.1c). Such pores occupy ~10-15% of the total area, as estimated from
top-view SEM image (see Note I in Appendix E for area coverage of
micropores in nano-hybrid surface). The color scale bars at the top of
Figure 6.1 describe summarily the domain of pore size hierarchy for
each sample, ranging from approximately O(100) nm for the NTAregular to O(10) µm for the NTA-irregular (due to elevation
differences of the nanotube surface, which brings with it a several
micron-size roughness) and for the nano-hybrid (due to the existence
of micropores) surfaces.
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Figure 6.1. Schematics (first row), low- and high-magnified scanning
electron microscopic (SEM) images (second and third row) and line profiles
obtained from the atomic force microscopy (AFM) scans on 25 µm2 and 5 µm2
area (fourth and fifth row) of three different surface types used in the
experiments. (a) silicon/aluminum based NTA-regular, (b) aluminum based
NTA-irregular (red circles indicate examples of inherent height differences
and irregularities in pore wall thicknesses) and (c) aluminum based nanohybrid, showing the presence of different pore sizes, indicated by dµ, dp and df.
The color bars at the top end of the figure describe summarily the domain of
pore hierarchy for each sample. Note that the roughness profiles of NTAs do
not reflect the apparent tube heights as AFM tip cannot penetrate full
nanotube depth.

100

6. Superhydrophobicity vs. ice Adhesion: The quandary of robust icephobic surface
design

Drop impact study: To measure the liquid meniscus impalement
resistance and to determine the critical velocity ( Vc ) above which
rebound to stick transition occurs, a dedicated water drop impact
study is performed on the three different surfaces types of Figure
6.1. The nano-hybrid surface did not show any rebound to stick
transition up to drop impact speeds of 4.5 m/s (highest impact speed
we could impart through free-fall in our experimental set-up). To
determine Vc on nano-hybrid surfaces at even higher impact speeds, a
dedicated rotating paddle apparatus was constructed. In these
experiments, a falling droplet is timed to impact a surface affixed on
the paddle rotating at a certain speed, when it is at its horizontal
position moving upwards. The two relative velocities of the falling
droplet and the rotating surface add to the absolute impact velocity
(details are given in the Note IV of Appendix E).
A droplet impact sequence of the rotating paddle experiment at the
impact velocity of ~12 m/s on a NTA-irregular surface is shown in
Figure 6.2a to establish a basis for comparison with the nanohybrid surface (Figure 6.2b). From the current rotating paddle
experiment, impact sequence at ∆t3~79 ms, a left-over droplet
(highlighted by a yellow circle in Figure 6.2a) is clearly visible on
the NTA-irregular surface, while no traces of remaining liquid is
detected on the nano-hybrid surface (Figure 6.2b). Increasing the
impact speed further to 15 m/s finally also results into a small portion
of liquid arrested on the nano-hybrid surface.
Both NTA-irregular and nano-hybrid surfaces possess a large height
to pore diameter ratio (~250), with pore diameters in the range of
~100-200 nm (Figure 6.1b and dp and df in Figure 6.1c) and two
orders of magnitude larger nanotube height (~50 µm), which offers
highly resistive capillary pressure (~7.2 MPa), prohibiting
penetration and touchdown of the droplet meniscus to the very
bottom of the surface texture. However, irregularities in pore wall
thicknesses of NTA-irregular surface, as indicated in Figure 6.1b,
leading to capillary adhesion of water meniscus to the surface texture
with high contact angle hysteresis, causes the rebound to sticky
transition at comparatively low impact velocity (~4.5 m/s) (see Note
III in Appendix E for related discussion). Moreover, the remarkable
droplet impalement stability of nano-hybrid surface is due to the
existence of highly dense nanofiber network decorated on the top of
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the NTA, that screens the impinging droplet from underlying
defective NTA arising due to irregularities nanotube wall thickness
and minimizes the pinning effect. An estimation based on top-view
SEM image of nano-hybrid surface shows that nanofiber network
covers 85-90% of the total area (see the Note I in Appendix E) and
masks the impinging water droplet from the aforementioned defects
of NTA.
On the other hand, the rebound to sticky transitions on NTA-regular
surface occurs at a velocity of ~1 m/s due to touchdown of water
meniscus to the bottom of the surface (see Note III in Appendix E
for related discussion).

Figure 6.2. Water droplet impact sequence on the (a) NTA-irregular and (b) nanohybrid surface at impact speed of 12 m/s (∆t1 ~3 ms: droplet immediately before
impact, ∆t2 ~4 ms: droplet at maximum spreading/splashing and ∆t 3 ~79 ms: after one
full rotation of the paddle). On the NTA-irregular surface, the remaining portion of the
liquid after impact (∆t3 ~79 ms) is visible as indicated by the yellow circle.

Ice adhesion study: The high meniscus impalement stability is not
the only desirable feature of a surface with respect to an anti-icing
performance. Under extreme weather conditions, icing may be
unavoidable. Therefore, a surface with low ice adhesion strength is
also a desirable target, in order to readily remove already formed ice.
Earlier studies showed that ice adhesion strength depends on the
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ice/solid contact area, which in turn depends on surface wettability
(higher receding contact angles or lower hysteresis, indicating lower
ice/solid contact area).25,26 Here we find that ice adhesion strength
depends not only on the surface wettability but also on the ice
shedding mode and the characteristics of the surface texture,
requiring a more universal criterion.
Depending on the point of application of the force to shed ice, two
types of ice shedding modes can be identified, as depicted in Figure
6.3a. In the concurrent shedding mode interfacial shear (τ) and
tensile (σ) stress are acting simultaneously, while only τ is acting in
the shear shedding mode. The shear ice shedding mode (designated
as case I) is illustrated by a cylindrical ice mass, where the external
force is applied at the ice-substrate interface and parallel to it
(Figure 6.3a). The concurrent ice shedding mode (designated as
case II) is represented by the cases of spherical cap and cylindrically
shaped ice masses, where the force is applied away from the
ice/surface interface (Figure 6.3a).
The ice adhesion stresses (τ or σ), are calculated with the
experimentally measured ice adhesion force per unit projected
contact area (detailed calculation in Note V in Appendix E),
normalized with respect to the theoretical van der Waals bond
strength (see following discussion),  th , for both the shear shedding
mode (case I) and the concurrent shedding mode (case II) for our
three different textured surface types (Figure 6.1), as shown in
Figure 6.3b and c. In case I, the results clearly show that the NTAirregular surface, with contact angle hysteresis of ~30°, has the
highest ice adhesion stress (τ) in comparison to the other two surface
types with lower hysteresis, indicating the ice adhesion strength can
in this case indeed be related to ice-surface contact area, in good
agreement with previous studies.25,26 However, in the concurrent ice
shedding mode (case II), where the force is applied away from the
ice/substrate interface, the nano-hybrid surface shows considerably
higher ice adhesion strength, in contrast to NTA-regular and even
NTA-irregular surface types as shown in Figure 6.3c, where σ and τ
are evaluated from the measured applied force (detailed analysis in
Note V in Appendix E). These results clearly indicate that surface
wettability alone cannot be directly used to determine ice adhesion
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strength if (as in many practical applications) both τ and σ are acting
simultaneously.
The unexpected results of higher ice adhesion strength on the nanohybrid surface compared to the NTA-regular surface with similar
contact angle hysteresis (~5°) but also the NTA-irregular surface with
a much higher contact angle hysteresis, suggests the need for a more
universal ice adhesion mechanism than the proposed singular
relationship of ice adhesion and surface wettability for nanotextured
surfaces,25,26 which has been tested and indeed appears to be valid in
the case of shear stresses acting alone. In the combined fracture mode
(corresponding to the concurrent shedding mode) the enhanced σ on
one half of the contact surface automatically increases the contact
pressure on the tension-symmetric opposite side (see Figure 6.3a)
which in turn increases the τ at the interface. Since σ has been
measured to be always higher than τ in the concurrent ice shedding
mode (Figure 6.3c), adhesive failure is expected to be governed by
tensile stress in case II.
In the following section we will discuss the role of surface texture and
ice shedding mode on the ice adhesion strength, employing
theoretical considerations for interfacial crack formation of two solid
bodies.
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Figure 6.3. (a) Schematic shows different ice shedding modes: shear ice shedding
mode (case I) with force applied to the ice/surface interface and concurrent ice
shedding mode (case II) with force applied away from ice/surface interface (tensile (σ)
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and shear (τ) stresses are acting simultaneously at the ice/surface interface).
Normalized shear strength (τ/σth) and tensile strength (σ/σth) with respect to van der
Waals stress (σth) on NTA-regular, NTA-irregular and nano-hybrid surfaces for (b)
case I and (c) case II. (d) shape independent (i) and shape dependent (ii) ice adhesion
mechanism that relies on surface features above (R>> R crit) and below ( R<< Rcrit),
when the distance, b, between two interacting bodies is ~0.5 nm, within the attraction
zone of van der Waals forces.

Ice/surface interaction: The work of adhesion between two surfaces
can be expressed by the change in free energy when they make
contact,    1   2   12 , where the magnitude of  reflect the
strength of the interfacial bonding. For the dewetting of a solid
surface from a liquid, the work of adhesion can be quantified as169
 l s   lv 1  cosrec  , where  lv , and  rec are the surface free energy at
the liquid-vapor interface and the receding contact angle,
respectively. However, the work of adhesion between two solid
surfaces additionally depends on the release of stored (elastic) energy
from crack formation. This is formulated in Griffith’s condition for
2

crack initiation170 and scales as  is ~ R crack E , where R, σcrack

denote the radius of the interfacial contact area of each ice/substrate
contact point and the tensile stress for adhesive failure, respectively.
For ice with Young’s modulus Ei and Poisson’s ratio νi in contact with
a solid substrate with Young’s modulus Es and Poisson’s ratio νs the
combined Young’s modulus can be generalized according to180 as

1 E  1  i2  Ei  1  s2  Es .

It is known from fibrous structures in nature such as hairy
attachment pads of animals and insects, e.g. from geckos, flies and
spiders,170 that for contacts below a certain critical size (represented
by R) the adhesion strength becomes insensitive to surface
roughness/morphology of the two interacting bodies (shape
independent), as shown Figure 6.3d. This shape independent
adhesion strength is equivalent to that of two ideally matching and
completely smooth surfaces,170 and reaches a maximum which is
equivalent to the theoretical van der Waals bonds strength,
 th ~  b  20 MPa, in the hypothetical case of ideally matching
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smooth surfaces,171 where b is the characteristic length of surface
interaction (~0.5 nm for van der Waals interaction) and Δγ is the
work of adhesion, which is around ~10 mJ/m2 for van der Waals
interaction.170
We propose a similar approach for the adhesion strength of ice in
contact with nanotextured surface features below a certain critical
size. The design of the optimal shape (ideally matching and
completely smooth surfaces), although theoretically plausible, is not
realizable in practice at the macroscopic scale. Gao et al.170 have
shown that the difference between the shape dependent adhesive
strength, σcrack, where the stress distribution is equivalent to the
shape dependent stress distribution associated to crack initiation, and
that of the shape independent adhesive strength,170 σth, decreases as
the size of the contact area is reduced. At the critical scale

Rcrit ~ Eb  th , the strength of the shape dependent adhesion becomes
equal to that of the shape independent adhesion, which for the
materials involved here we estimated to be ~0.7 µm knowing the
value of E * ~1.09*1010 Pa for ice/Al2O3 combined system, much larger
than the characteristic feature size, i.e. potential ice-substrate contact
points of all the surface structures, in Figure 6.1 (~100 nm). From
this analysis we can conclude that ice adhesion strength of each icesubstrate contact on the fabricated nanotextured surfaces can be
correlated to the optimal van der Waals stress (σth).
The effective ice-substrate contact area can be defined as the sum of
many individual contact points, which theoretically scales as nR2,
where n is the number of contact points per unit projected contact
area. Assuming shape independent adhesion at each contact point as
discussed earlier, the experimentally measured ice adhesion strength
(τ and σ) scales as σth nR2, where nR2 is unknown and can be obtained
from this scaling and the measured values of ice adhesion strength (τ
and σ). In Figure 6.4a the effective ice contact area, nR2, is plotted
against the experimentally determined non-dimensional ice adhesion
strength, including the values of τ and σ for the three tested surface
types in two different ice shedding modes, i.e. for case I and case II
(compare with Figure 6.4a). Furthermore, Figure 6.4b shows the
plot of the difference of the effective ice-substrate contact areas,
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ΔnR2, as a function of the difference of τ in case I and case II for our
three surface types (Figure 6.1). From the trends between the
effective ice contact area and non-dimensional ice adhesion strength
presented in Figure 4a and b, the following conclusions can be
drawn:
- The ice adhesion strength (τ or σ) depends linearly on the effective
ice contact area: The higher the ice adhesion strength the larger the
nR2 (see in Figure 6.4a).
- The differences in ice adhesion strength between shear and
concurrent shedding modes is markedly higher in the case of nanohybrid (geometrically non-isotropic) surface textures compared to the
NTA-regular and -irregular (geometrically isotropic) surface textures
(see red, blue and yellow squares for nano-hybrid, NTA-irregular and
NTA-regular surfaces, respectively in Figure 6.4b).
Consequently, the relationship between ice adhesion strength and
effective ice-substrate contact area (Figure 6.4b) can be used as a
direct measure of the effect of surface texture and ice shedding modes
(case I or case II) on ice adhesion strength. These findings can have
significant consequences on the design and evaluation criteria of
icephobic surface properties.
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Figure 6.4. Plot of (a) estimated effective ice-substrate contact area (nR2) as
a function of experimentally determined ice adhesion strengths (σ/σth or τ/σth)
and (b) the difference of the effective ice-substrate contact area (∆nR2), as a
function of the difference of the shear ice adhesion strength (Δτ/σth) between
two ice shedding modes, case I and case II for nano-hybrid (red square), NTAirregular (blue square) and NTA-regular surfaces (yellow square).

Robustness
under
icing/deicing
cycle:
The
textured
superhydrophobic surfaces often degrade due to mechanical stresses
which are generated in icing/deicing cycles.166,167,24 Therefore, the
lack of robustness may eventually limit the use of textured surfaces as
potential anti-icing solutions. In the current study, the mechanical
robustness of all three different surface types (NTA-regular, NTAirregular and nano-hybrid) is evaluated under several icing/deicing
cycles (Figure E. 6 in Note VI in Appendix E). The degradation of
surfaces is monitored by measuring advancing and receding contact
angles before and after icing/deicing cycles, as shown in Figure E. 6
in Note VI of Appendix E. It is evident from the result that no
degradation is observed for all three surfaces, even after 20
icing/deicing cycles.
6.4 Conclusions
In summary, this work shows that aluminum based porous
hierarchical nano-hybrid surfaces comprising of a nanofiber network
grown on top of an NTA substructure, fully repelled impacting water
droplets up to We ~3500 (impact velocity 12m/s). The remarkable
droplet repellency behavior is due to the coexistence of the
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substructure NTA and the dense nanofiber network: The dense
nanofiber network offers high viscous and capillary resistance to the
impinging droplet hindering contact with the underlying NTA. In the
limited (10 to 15% of total area) “bare island” regions devoid of
nanofibers, inherent to the fabrication process, the high capillary of
the underlying tall NTA, is sufficient to prohibit droplet meniscus
touchdown at its bottom.
The results of ice adhesion experiments show that ice adhesion
strength on nanotextured surfaces strongly depends on the effective
ice contact area (intimately connected to the surface structure) and
the ice shedding mode: The ice adhesion strength on the
geometrically isotropic relatively low effective ice contact area NTA
surfaces is practically unaffected to a change in the ice shedding
mode. On the contrary, the ice shedding mode affects drastically the
ice adhesion strength on the irregular and geometrically nonisotropic nano-hybrid surfaces with high effective ice contact area. A
series of icing/deicing cycles showed mechanical robustness of all
tested surfaces. Employing aluminum as a material platform due to
its importance in applications, we provided new fundamental insights
on engineering surface nanotexture architectures as they relate to
juxtaposing superhydrophobicity to ice adhesion, toward developing
surfaces with extreme resistance to water adhesion upon droplet
impact and icing.
6.5 Experimental section
Materials. Acetone, isopropyl alcohol, n-hexane and glycerol were
purchased from Sigma Aldrich and used without further purification.
Sodium hydroxide pellets (<98% anhydrous) and phosphoric acid
(80-85% concentrated) were also purchased from Sigma Aldrich.
1H,1H,2H,2H-Perfluuorodecyltrichlorosilane (FDTS) C10H4Cl3F17Si
was purchased from Alfa Aeser. Deionized (DI) water (18.2 MΩ, MillQ pore) was used for contact angle measurements and drop impact
experiments.
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Surface preparation
NTA-regular (silicon/aluminum bases substrate): In order to
fabricate a nanotube array with homogeneous pore wall thickness,
~800 nm aluminum is thermally deposited on a silicon wafer in
Univex-500. The two-step anodization process and the pore widening
step discussed earlier are carried out on the deposited aluminum film,
resulting in a closely packed array of nanotubes. The SEM image
(Figure 6.1a of this nanotube array (NTA-regular) shows uniform
diameters.
NTA-irregular and nano-hybrid (aluminum based substrate): The
aluminum substrates (size 2 cm x 2 cm) are initially cleaned under
sonication in acetone, isopropyl alcohol and DI water for 10 minutes
each. To remove the native oxide, the cleaned aluminum substrates
are treated with 1 weight% of sodium hydroxide solution for 2
minutes and subsequently cleaned with DI water. Thereafter, the
aluminum substrates are placed in a two-electrode cell using
platinum as a cathode and the aluminum substrates as anode. 0.3 M
oxalic acid solution is used as electrolyte. To achieve a regular NTA of
aluminum, a two-step hard anodization172 process is performed with a
voltage of 80 V in electrolyte. After 8 hours of the first anodization
step, the aluminum layer is removed by treatment with 2 weight%
phosphoric acid, which leaves an ordered honeycomb structured
pattern on the aluminum substrate. Next, a second 12-hour
anodization step is carried out on this honeycomb-patterned
aluminum surface. This yields a highly ordered and porous nanotube
structure with pore diameters of 40-50 nm. A pore widening step is
performed with a 5 weight% phosphoric acid solution and this
process is continued until the desirable sized nanotubes are obtained,
which is essential to the superhydrophobic property after chemical
modification with fluorosilane (SEM image is shown in Figure 6.1b).
The optimal nanotube size for achieving superhydrophobicity after
fluorosilane treatment is found to be ~150-250 nm (see Figure E. 2
in Note II in Appendix E for diameter analysis of the porous
aluminum nanotube array). However, the pore widening process
incorporates some defects in the nanotube structure (defected regions
are highlighted with a red circle) rendering irregularities in the
nanopore wall thickness, consistent with previous fabrication
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results.160 After hydrophobic treatment with fluorosilane, the contact
angle hysteresis of the inhomogeneous nanotube array surfaces
(NTA-irregular) is ~30° indicating high capillary adhesion due the
inhomogeneity of the nanotubes.100,168
Further etching with phosphoric acid yields the nano hybrid structure
mentioned earlier (Figure 6.1c) resulting from partial dissolution of
tube walls except for the thicker joint regions of adjacent tubes which
remain as nanofibers, eventually collapsing on the top of the
nanotube array. The SEM image (Figure 6.1c) of the nano hybrid
structure shows that a random fiber network forms on top of the
regular tube structure.
Experimental Methods. The recording of the drop impact events
is performed using a high-speed camera (Phantom V 9.1). Two
experimental campaigns were designed to determine the maximum
range of critical impact velocity where impalement is avoided. In
falling droplet experiment, droplets were released from a certain
height, where the highest attainable velocity of impact was limited to
~4.5 m/s, due to the effects of air drag and gravity on the falling
droplet. To perform drop impact tests at higher speeds, a rotating
paddle set-up is constructed. The details of this experimental set-up
are discussed in Note IV in Appendix E.
The ice adhesion measurements were performed in a closed cooling
chamber, where the sample surface temperature could be controlled
precisely. The ice shedding device, which was incorporated in the
chamber, was connected to a force sensor to measure the ice adhesion
of the tested surface (details are given in Note VII in Appendix E).
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7. Conclusion:
7.1 Results overview
Icing on a solid surface is common problem in nature, technology and
everyday life often leading to catastrophic consequences. To counter
surface icing, micro/nano engineered surfaces are in major demand.
In this thesis, the fundamental aspects of the interaction between an
impacting water droplet and a micro/nanotextured surface are
studied under adverse conditions, focusing on conditions prone to
icing: A step forward in defining rational pathways to design surface
textures with extraordinary resistance to ice formation is made.
In the first part of the thesis, wetting transition (Cassie-Baxter to
Wenzel state) of an evaporating sessile water droplet on a textured
superhydrophobic surface is studied with synchrotron X-ray
radiography techniques. The liquid interface sinking into the surface
texture is dictated by the balance of capillary and Laplace pressures,
where the intrinsically three-dimensional nature of the meniscus of
the liquid interface must be accounted for. Furthermore, air bubble
entrapment in the texture underneath impacting water drops is also
visualized and the mechanism of post-impact drop evaporation is
studied.
The following part of the work is focused on the fabrication of
aluminum based robust superhydrophobic surfaces. Several
challenges exist on the way to the realization of superhydrophobic
surfaces on aluminum, which can be used under adverse conditions
like acidic, basic and corrosive environments and simultaneously can
resist liquid meniscus impalement under drop impact. Surface micro
texturing on aluminum was rendered with a ferric chloride solution.
To impart high level of robustness of superhydrophobicity, multiple
hydrophobic polymers were superposed on the structured aluminum
surface. The hydrophobic polymer consisted of fluorosilane and
polydimethylsiloxane (a synthetic rubber). In addition, to impart
nanotexturing, the surface was coated with a methyltrichlorosilane
based nanofiber network. The so fabricated surfaces impressively
maintained their superhydrophobic property after exposure to
adverse chemical environments like strong alkaline (pH 9-10), acidic
(pH 2-3) and ionic solution (3.5 weight% of sodium chloride)
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continuously for two days. Simultaneously, such surfaces could resist
water droplet impalement up to an impact velocity of 3.2 m/s, as well
as withstand standard mechanical peel tests for up to 50 cycles.
The dynamic liquid-surface interactions under conditions prone to
icing are studied in chapter 4 and 5. More precisely, the conditions
under which superhydrophobicity and complete droplet rebound
after droplet impact are maintained are studied, when
superhydrophobic surfaces are severely undercooled and prone to the
formation of frost and icing. The outcome of rebound or impalement
on a textured surface is affected by air compression underneath the
impacting drop, and the time scale allowing this air to escape. At low
temperatures, the drop contact time and receding dynamics of
hierarchical surfaces are clearly influenced by both an increase in the
liquid viscosity due to cooling and partial meniscus penetration into
the texture. For hierarchical surfaces with the same solid fraction in
their roughness, minimizing the gap between the asperities (both at
micro- and nanoscales) yielded the largest resistance to millimetric
drop impalement. The best performing surface, fabricated with these
guidelines, impressively showed rebound at -30°C for drop impact
velocity of 2.6 m/s.
To study further the effect of the significantly increased water
viscosity on the impact dynamic of supercooled water droplets, a
specially designed chamber is constructed and the impact
experiments are carried out at fully supercooled isothermal
conditions, where the environmental temperature, surface
temperature and droplet temperature are equal. At room
temperature, the main transition from bouncing to sticky (impaled)
drop behavior occurs sharply at the condition of full penetration.
Interestingly, under supercooled conditions, the full penetration
velocity threshold is increased markedly, but despite the fact that only
partial texture penetration occurs, failure to completely dewet can
prohibit full rebound. For impact velocity beyond the texture specific
threshold velocity, the size of the impaled drop is considerably larger
at high temperatures that that at lower temperatures. At the impact
velocity near to the threshold velocity, the drop rebounds fully leaving
no traces of liquid on the surface, however, at supercooled conditions
a tiny droplet is left on the surface.
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In the last part of the work, an anodization technique is used to
generate and control surface nanotexture on aluminum in
combination with surface chemistry, surface wettability. Two
different surface textures are fabricated, one with a nanotube array
and another consisting of a hybrid nanotube base structure decorated
a random nanofiber network. Impressively, the hybrid texture fully
maintains its superhydrophobic anti-impalement property up to
impact speed of 12 m/s. Surprisingly, in spite of its significant
superhydrophobic behavior, if ice forms on such a surface, the ice
adhesion strength in the concurrent ice shedding mode (different
from the well accepted and practiced shear ice shedding mode) is
markedly stronger than on a simpler less hydrophobic alumina
nanotube array, suggesting that water wettability cannot be
correlated directly to ice adhesion strength.
7.2 Outlook
Rationally nanoengineered superhydrophobic surfaces can be a viable
strategy toward imparting properties leading to extreme resistance
against icing. To evaluate the performance of such surfaces at low
temperature environment, the controlled replication of practical icing
conditions in the laboratory condition is indeed important. For
example, in the atmosphere, supercooled water droplets can exist at
very low temperatures (as low as -40°C), however, in standard
laboratory conditions, the minimum reachable temperature of a
supercooled water droplet is around ~20°C due to the heterogeneous
freezing of water through contact with solids. Therefore, designing of
experimental set-ups to evaluate the performance of surfaces with
different roughness morphologies at extremely low temperatures
(approaching the homogeneous nucleation limit) should be carefully
realized.
In this thesis, the temperature effect on the droplet dynamics is
studied. However, the role of other environmental conditions, e.g.,
humidity, shear flow of the surrounding air and ambient pressure etc.
on the droplet impact dynamics remains to be considered.
Contamination on the surface itself can degrade its performance
leading to surface icing. Depending on the temperature and humidity,
ice crystals can form on the surface and impacting of supercooled
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water on such an ice-contaminated surface results in immediate
freezing. Therefore, the droplet impact dynamics should also be
studied on such ice crystal contaminated surface
Moreover, lack of robustness to mechanical stresses generated during
icing/deicing cycles and stability in adverse chemical environments
like acidic, basic or corrosive environments, limit the long-term usage
of anti-icing coatings/surfaces. Therefore, robustness is very
important criterion of potential anti-icing surfaces and must be
pursued.
Finally, based on the combined knowledge from thermodynamics,
fluid dynamics and surface nanoengineering, the development of
scalable surface fabrication technologies for application-relevant
materials, like aluminum, copper etc. are greatly desired. The goal is
to fabricate at large scales robust textured surfaces that can passively
suppress ice formation without any active control like heating,
vibration and spraying antifreeze liquids.
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Figure A. 1. (a) Schematic of evaporating drop. (b) Time evolution of drop
radius, R, drop contact radius, RC, and apparent contact angle, , for a drop
evaporating on a superhydrophobic surface. The data correspond to the
repetition of the same experiment, as in Figure 2.3 of chapter 2.
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Note I. Contact angles on intermediate surfaces
The contact angle values (advancing and receding contact angles and
contact angle hysteresis) of intermediate surfaces, namely A2, A3, C2
and C3 (see details of surface fabrication process in Figure 3.1 of the
chapter 3) are shown in Figure B. 1. The contact angle hysteresis is
particularly low for surfaces C2 and C3. This can be attributed to the
presence of rounded microspherulites (see schematic in Figure 3.1
in chapter 3) on sharp pits due to aluminum dislocation etching. The
morphology of spherical iron particles resembles the lotus leaf
texture, which excels at minimizing hysteresis. Although the presence
of sharp pits is sufficient to establish a Cassie-Baxter wetting state
after coating with low energy molecules (i.e. FDTS and PDMS), as is
evident from the high values of advancing and receding contact
angles on A2 and A3, the contact angle hysteresis remains relatively
high, ~30o, likely due to the presence of sharp edges which are known
to cause partial/local pinning of the moving contact line. Differently,
on surfaces C2 and C3 the presence of rounded microstructures, i.e.
spherical iron particles enhances superhydrophobicity, with a strong
reduction of contact angle hysteresis.

Figure B. 1. The advancing  A , and receding  R contact angles and contact
angle hysteresis  of intermediate surfaces A2, A3, C2 and C3 (see in
process schematic in Figure 3.1 of the chapter3).
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Note II. PDMS film thickness change with n-hexane
immersion
The Figure B. 2 shows the SEM images of a PDMS film on a smooth
aluminum substrate, dip coated at a speed of 5 µm/s, before and after
submersion in n-hexane for 13 hours. Tests were performed to check
the integrity of the PDMS layer after immersion in n-hexane, which is
used for the MTS functionalization step. The images in Figure B. 2
were used to estimate the PDMS film thickness. The average
thickness was 1.171



0.069 µm initially and was reduced to

0.533  0.070 µm after the immersion in n-hexane for 13 hours, as
was expected due to the solubility of PDMS in h-hexane. However,
the layer is still present on the surface and remains thick enough to
impart the desired functionality.

Figure B. 2. SEM images of a PDMS film coated on a smooth aluminum
substrate (a) before and (b) after immersion in n-hexane for 13 hours.
(Yellow arrows in the images indicate the thickness of the PDMS film).
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Note III. Chemical stability of surfaces with (C3) and
without PDMS film (C2)
The Figure B. 3 shows the chemical stability results of surfaces C2
and C3. The tests were performed using alkaline, acidic and ionic
solutions as described in the chapter 3. The surface C2 was coated
only with a FDTS layer, whereas the surface C3 was first coated first
by FDTS and then by PDMS. It is clear that the surface C2 degrades
within two hours in ionic solution compared to surface C3, which
survived well up to 48 hours. Additionally, in alkaline and acidic
solutions, surface C2 degraded rapidly compared to surface C3. The
better resistance of surface C3 over surface C2 in all the chemicals
tested is due to the existence of the PDMS layer, which serves as a
barrier layer.

Figure B. 3. Chemical stability tests on two different surfaces, C2 and C3,
with alkaline (pH 10-11), acidic (pH 2-3) and ionic (3.5 % weight sodium
chloride solution) solutions.
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Note IV. Impalement pressure balance
For a drop impacting on surface, the impalement pressure peak is
given by,102
1

Pmax

 R 7V 28 l16  9
 0.88 

4 3
 


(B1)

where R , V ,  l ,  and  are the radius of the impacting drop,
velocity of the impacting drop, density of the water, viscosity of air
and surface tension of water/air interface, respectively.
It was shown that for drop impalement into a surface texture, leading
to local transition of Cassie state to Wenzel state in the area close to
impact point, Pmax  Pc . In particular, previous experiments using
photolithographically patterned micro-pillar textured surfaces2
showed that Pmax  80Pc at impalement. Thus, by measuring the
critical velocity of impalement by drop impact tests, Pmax can be
computed using equation B1, and, in turn, the surface capillary
pressure Pc can be estimated.
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Note I: Surface Characterization
The Figure C. 1 shows contact angle measurements on additional
microstructured surfaces not shown in the chapter 4 for brevity. The
notation for designating the diameter and pitch of the micropillars is
the same as that described in the Chapter 1. The height of the
micropillars was kept constant at 10 m.

Figure C. 1. Advancing (  A ) and receding (  R ) contact angles and contact
angle hysteresis (  ) on additional microtextured surfaces.

Figure C. 2. Schematic showing the square arrays of micropillars used in
microstructured surfaces. The unit cell of the array is shown by dashed lines.
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For all microstructures, the pillars formed a square array, as shown
schematically in Figure C. 2.
Note II: Nanotexture Characterization

Figure C. 3. Original SEM image, the converted binary image and their
superimposition for two different nanostructures. The binary image was used
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to assess the nanowire diameter. a) and b) respectively show the superposition
for nanostructured surfaces N st and N dt , respectively.

For hierarchical surfaces, an estimate of nanowire diameter is needed
to evaluate the resistive capillary pressure Pc using equation 4.4 in the
Chapter 4. The nanowire diameter is the appropriate asperity
diameter (a0) in this case. Use of equation 4.4 amounts to a tacit
assumption that, in order to simplify the analysis, we are reducing the
random arrangement of nanowires as a square array. The diameters
of nanowires were determined from the SEM images of the
nanotexture by employing an image analysis procedure in ImageJ, a
public domain image analysis program. To start with, the brightness
and contrast of the raw images were adjusted slightly to have the tips
of the nanowires brighter than their sidewalls. This was necessary
since our nanowires, formed with the glancing angle deposition
method, are slightly tilted with respect to the vertical. After this minor
adjustment, RGB image of the morphology was converted to a binary
image. In Figure C. 3, we use superposition of images to cross-check
the accuracy of the binary conversion for two different nanotextures.
In each case, the superposed image was obtained by overlaying the
binary image on top of the original RGB image and adding 50%
transparency to the binary image to in order to simultaneously
visualize the underlying RGB image. The resulting superposed images
clearly attest to the accuracy and faithful retention of the
nanostructure tips in the binary image.
The binary images were used to measure the area of isolated bright
spots (corresponding to nanowire/cluster tip area diameter). The
scale bar from the SEM image was used as for calibration. Following
that, the calculated areas were converted into representative
diameters. The area measurement was performed for at least 50
different spots in each case. The resulting diameter values were 280
 146 nm and 80  25 nm for nanostructures N st and N dt ,
respectively.
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Note III: Repercussions of partial penetration

Figure C. 4. Wetted area Aw per unit projected area of surface plotted against
partial penetration depth of the liquid meniscus for two microstructured
surfaces having same  . Given the higher resistive capillary pressure of
4.5
surface than the 9.0
 2.5
5.0 ,the penetration is likely to be significantly lower on

the former, thereby resulting in lower wetted area despite reverse trend in the
figure which is plotted for same level of penetration.

A calculation of the wetted area change due to penetration of liquid
meniscus into the microtextured surfaces is presented in this section.
Upon partial penetration of the meniscus, the wetted solid area of the
texture (see Figure C. 2) per unit projected area can be expressed as
x  2

Aw   ao 2   ao h
p ,
100 
4

(C1)

where x denoted the percentage of pillar height penetrated by the
liquid meniscus.
The resulting wetted area is plotted for two different microstructures
(discussed in detail in the chapter 4) with the same solid fraction 
but different pillar diameter and different pitch. For the same
penetration depth, the wetted area is higher for the 5.0
2.5 surface than
9.0
5.0 . However, this changes if the penetration depths of the two
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microstructures were to be different (see the dotted line in Figure C.
4). This is likely, given the higher resistive capillary pressure for 5.0
2.5
surface, which should have reduced liquid relative to the 9.0
5.0 surface.
The difference in wetted area should correlate directly with the energy
dissipation during the droplet impact event and explains the strong
influence of partial penetration on the droplet receding dynamics at
low substrate temperature, as also discussed in the chapter 4.
Note IV: Rebound to sticky transition
A droplet impacting on a textured hydrophobic surface can either
bounce off (rebound) or partially or entirely remain on the substrate
(sticky state). Typically, at intermediate velocities only a part of the
droplet near the impact point remains on the substrate. One of the
early explanations for such dynamic transition from rebound to sticky
state was presented in Ref.13 where it was proposed that the transition
should be governed by a balance of dynamic pressure PD with the
capillary pressure PC. The Figure C. 5 shows the result of this
balance. The straight line denotes a fit, with slope ~0.05. The small
value of the slope (i.e. the scaling factor) agrees well with the scaling
factor obtained originally by Reyssat et al.13 and clearly points to
some missing physics.

Figure C. 5. Balance of PD with PC. The slope of the fit line is ~ 0.05 and it
points to the inadequacy of the approach as also noted originally by Reyssat et
al.13 themselves.
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Figure C. 5, shows a series of snapshots culled out from high speed
recording of droplet impact on the 95..00 substrate. The images show
impact at room temperature for two different We’s. At We ~90, the
zoom in image at 2.4 ms shows the region of partial impalement,
whereas at the same instant at We ~112, we see evidence of complete
impalement of the meniscus in a ring like region around the impact
point (the dark ring around the central bright spot). From Figure C.
6, the ring like penetration is completely obvious. The central bright
spot in the zoomed in image at 2.4 ms in the We ~112 case is an air
bubble, which is trapped by the penetrated liquid meniscus.
Entrapment of such air bubble in droplet impact on textured surfaces
at room temperature has been observed previously as well.13,50

Figure C. 6. Image sequence from high speed recording of droplet impact on
the 5.0 substrate clarifying the local meniscus penetration near the impact
9.0

point. At We ~ 90 (left), the meniscus penetrates partially, whereas at We ~
112 the meniscus penetration is complete (see the zoom-in image at 2.4 ms).
The complete meniscus penetration at We ~ 112 seems to occur in a ring like
region around the impact point, as evident from the dark ring around the
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central bright spot in the zoom image at 2.4 ms. This penetrated zone also
confines and helps trap an air bubble in the center (the central bright spot, see
Figures 4.6 and 4.7 chapter 4).

In the literature the local transition, which results from a penetration
of liquid meniscus locally into the substrate, is explained by invoking
the concept of water hammer pressure (discussed in more details in
the chapter 4).14 Recent works have also pointed out that on textured
hydrophobic surfaces the water hammer pressure coefficient
kWH should be lower than that on smooth surfaces and it should be
calculated through a balance of capillary pressure PC with the sum of
dynamic pressure PD and water hammer pressure PWH as15

kWH   PC  PD  / l CV ,

(C2)

where the critical velocity of transition is substituted for the droplet
velocity V. By substituting the expression for various pressures (i.e.
equation 4.4 to 4.6 in the chapter 4), we can calculate the kWH , as was
done by Dash et al.15 The results are plotted in Figure C. 7 as
function of Pc for the different substrates tested. Similar to Dash et
al.15 the data indeed collapse on a straight line with the kWH values
lying nearly two orders of magnitude below the 0.2 value on flat
substrates. However, the very concept of water hammer pressure is
questioned in this work by emphasizing that in the We range of
(O(103) or lower) tested, the compressibility of gas should play a more
dominant role than the compressibility of liquid which should begin
to dominate at relatively higher We. This aspect is discussed in much
more detail in the chapter 1, where we clearly show that the local
transition should be explained using the ring like pressure peak
around the dimple formed in the impacting droplet10,127 (see equation
4.14) of the chapter 4 and the pertinent discussion). The peak
pressure is designated as Pmax. Indeed the balance of Pmax and PC also
collapse on straight line for all the measured critical velocities of
rebound to sticky transition on different substrates. The result is
shown in Figure 4.8a of the chapter 4 and the corresponding critical
velocities are summarized as critical Wec in Figure 4.8b.
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Figure C. 7. Plot of water hammer pressure coefficient kWH against PC for
different microstructured and hierarchical surfaces.
t
Of all the tested substrates, one hierarchical substrate 9.0
5.0  Nd did

not show rebound to sticky transition even at We ~200 (see Figure
4.8 in the chapter 4). Beyond this We (velocity ~2 m/s), the
maximum spreading diameter with water exceeded the size of our
tested surfaces (8  8 mm). Therefore, to determine the critical
velocity for this surface a low surface tension liquid consisting of 5%
by volume isopropanol (IPA)128 in water was used. However, to plot
all the data points in the same graph, the critical velocity obtained
using water/IPA mixture was scaled to the corresponding expected
value for water. To do so, the pressure balance of PC and Pmax was
used to obtain
PC1 / PC 2  Pmax1 / Pmax 2 ,

(C3)

where 1 and 2 denote water and water-isopropyl alcohol mixture,
respectively. Using equation C3 and critical velocity of transition
obtained using water/IPA mixture, the corresponding critical
t
velocity, Wec and Pmax for water on the 9.0
5.0  Nd surface were
obtained as 2.3 m/s, ~227 and 8.7  104 ± 1.1 104
respectively.

N/m2,

130

Appendix C

Note V: Thermal Resistance of air and silicon composite
and its effect:

An estimation of the heat transfer between the drop and the solid
surface can be obtained by using the analytical solution of heat
transfer between two semi-infinite bodies at different initial
temperatures coming suddenly into contact. This approach is
commonly used for analysis of drop impact, e.g. to predict
Leidenfrost boiling.173
Under this assumption, the heat flux per unit area between the
droplet and the substrate within the time scale of impact, t , can be
approximated as174


Q  (Q / t )  2kw (To  Ti ) t 0.5 / ( )0.5

(C4)

where k w , T0 , Ti and  denote water thermal conductivity, drop
initial temperature, interface temperature between substrate and
drop and water thermal diffusivity, respectively. The interface
temperature, Ti , can be estimated as
Ti  ( wTw   sTs ) / ( w   s )

(C5)

where  i denote the effusivity of the corresponding component,
which is defined as

  ( C p k )0.5

(C6)

and where  , C p and k denote the density, the specific heat capacity
and the thermal conductivity. The subscripts s and w denote
substrate and water, respectively.
Considering Tw = 296 K and Ts = 243 K, the resulting Ti is 248 K.


Based on the above, from equation C4, Q =8.618·103 W.
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For composite surface consisting of silicon micropillars and air
with   0.25 , the equivalent thermal resistance ( R ) can be written as
(1/ R)  (1/ R1 )  (1/ R 2 ) ,

(C7)

where R1 and R2 are the thermal resistance of air and silicon
respectively.
By considering the thermal conductivities of air as k1 =0.0257 W/mK
and of silicon as k 2 =149 W/mk, the resulting effective thermal
resistance comes out to be R =2.68·10-7 oC/W.
Considering the thermal resistance R of the silicon/ air composite
interface, temperature difference between drop and substrate can be


estimated as T  R Q ≈ 0.231 K. Considering the R value of only
the silicon layer instead, the temperature difference between drop


and substrate is T  R Q ≈ 0.06 K.
Clearly then, it is justified to assume that the air pockets have a
negligible effect on the heat transfer from the water drop to the solid
substrate.
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Note I. Description of the experimental setup
Supercooled drop impact experiments were performed inside a
chamber with controlled environmental conditions. The chamber was
cooled by supply of cold nitrogen gas, both by direct flow into the
chamber from the top, and by indirect cooling through a U-shaped
aluminum channel (see Figure D. 1). The nitrogen flow inside the
chamber was kept low enough, to avoid any disturbance to drop fall
trajectory. Tests were performed at different environmental
temperatures from room temperature, i.e. 23°C, down to -16°C. The
low temperature limit was imposed by water freezing by
heterogeneous nucleation at the drop dispenser tip, made of highpurity perfluoroalkoxyalkane (PFA), with external diameter 360 µm,
and internal diameter 150 µm (part number 1933, Upchurch
Scientific). The environmental humidity was kept at ≈0% by dry
nitrogen flow, as mentioned in chapter 5, to avoid frost formation on
the sample and on the dispenser tip, limiting drop freezing events
while dispensing the drop. Tests were performed after reaching
isothermal conditions in the chamber, so that environmental, TE , and
surface temperature, TS , were equal. Due to evaporation effects, the
drop temperature, TD , was lower than the environment. The
difference between the two was measured directly by a thermocouple
immersed in the drop, during separate calibration tests (see Figure
5.2 in chapter 5). When performing impact experiments, all tests
were repeated at least 3 times on each sample for a given impact
condition to ensure reproducibility.
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Figure D. 1. Experimental setup for drop impact experiment at supercooling
conditions.
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Note II. Contact angle measurement
Table D. 1. Advancing and receding contact angles, and contact
angle hysteresis of the two different micropillar superhydrophobic
textured surfaces used for the impact experiments.
Surface

Advancing
contact angle
( o)

Receding
contact angle
( o)

Hysteresis
( o)

4.6
2.0

162.4±2.5

151.9±3.0

10.5±5.5

13.0
4.5

162.4±1.4

151.4±2.4

11.0±3.8

Note



13.0
4.5

III.

Temperature

effect

on

Dmax / Do

for

the

superhydrophobic surface

Figure D. 2. (a) Images of drop before impact and at maximum spreading.
13.0
(b) SEM image of surface 4.5
(c) Dmax / Do as function of droplet
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13.0
temperature, TD , for the surface 4.5
and for three different impact

velocities, 1.6 m/s, 1.3 m/s and 0.7 m/s.

Note IV. Experimental data for Dmax / Do against existing
analytical models
Experimental values of maximum spreading, Dmax / Do , were
compared to two models available in the literature: an energy based
model from Mao et al.,144 and a hydrodynamic model from Roisman
et al.145
On the basis of energy conservation from the moment of impact to
maximum drop spreading, Mao et al.144 proposed that drop nondimensional maximum spreading, Dmax / Do , can be found from:
3

1
We0.83   Dmax   We  Dmax 2
 1
 0
 
 1  cos   0.2 0.33  
Re   D0   12
3
 D0
4

(D1)

The coefficients for the term accounting for the viscous dissipation,
0.2We0.83 Re0.33 , were derived in chapter 5 to best fit experimental
data from millimeter water drop impact tests.
Roisman et al.145 developed a theoretical model to predict the
evolution of the drop diameter, starting from classical hydrodynamic
balance equations. Under the assumption of 2D-axisymmetric flow,
the mass and momentum balance for the motion of the rim in the
radial direction, appearing at the edge of the liquid film (lamella), can
be written as:

1 dWr
 Rr hl Vl  Vr 
2 dt

(D2)

Wr dVr
2
  Rr hl Vl  Vr   Rr  Rr Fw  Rr F
2 dt

(D3)
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where Wr is the total volume of the rim, Vr is the rim radial velocity,
Vl is the velocity of the liquid in the lamella, hl is the thickness of the

lamella,



is the density of the liquid,  is the surface tension,

Fw   cos is the capillary force at the interface, F is the viscous

drag force and t is the time. As can be seen from the right-hand side
of equation D3, the model takes into account the capillary effects,
wettability effects due to the substrate, as well as viscous effects. The
model was derived from first principles and does not contain any
tuning parameter to fit the data, as is the case for all energy based
models.
Figure 5.4 in chapter 5 illustrates the comparison between
experimental data and predicted value for Dmax / Do , using the energy
based model by Mao et al. (Figure 5.4a), and the hydrodynamic
model by Roisman et al. (Figure 5.4b). Experimental data include
both water drop impact tests at different temperatures, as well as
water-glycerol drop impact tests (see Table S1 for properties of tested
mixtures) at room temperature, to simulate the increase of viscosity
of supercooled water drops. Experimental data are in very good
agreement with the energy based model (average deviation is 5%),
and also in good agreement with the hydrodynamic model (average
deviation is 11%).
Note V. Contact angles with water-glycerol mixtures
The advancing and receding contact angles were measured on the
4.6
superhydrophobic microtextured surface, 2.0
, and on the
corresponding smooth silicon surface (with root mean square
roughness ~0.2 nm), both functionalized by 1H,1H,2H,2HPerfluorodecyltrichlorosilane (FDTS) (96% Alfa Aesar) in n-hexane
solution, at four different concentrations of glycerol (0%, 20%, 30%
and 40% by weight) in water. The data in Figure D. 3 shows that the
advancing contact angle is barely affected by addition of glycerol,
whereas the receding contact angles decreases up to 15° on both
surfaces by addition of glycerol on both microtextured and smooth
surfaces.
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Figure D. 3. Advancing and receding contact angles of water-glycerol
mixtures at four different concentrations of glycerol (0%, 20%, 30% and 40%
4.6
by weight) on the superhydrophobic microtextured surface,  2.0
, and on the

smooth functionalized silicon surface. Tests were performed at room
temperature.
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Note I. Estimation of the coverage of nanofiber network of
nano-hybrid surface
The coverage of nanofibers of the nano-hybrid surfaces, as indicated
in Figure 6.1c in chapter 6, were determined from SEM images by
employing an image analysis procedure in Image J, a public domain
image analysis software. To begin, the brightness and contrast of the
original SEM image were adjusted slightly to have comparable larger
pores (micropores) brighter than other small pores. This adjustment
is needed due to inherent stochastic nature of the process, which
yields many different sizes of pores out of which the larger pores (of
the order of one micron) are of interest, because the liquid meniscus
impales easer through the larger pores by overcoming their
comparatively smaller capillary pressure. Followed by minor
adjustments of brightness and contrast, the original RGB (RedGreen-Blue) images were converted to binary images. To cross check
the binary conversion, the converted binary image is superposed on
top of the original RGB image, and 50% transparency is added to the
binary image in order to simultaneously visualize the underlying RGB
image, as shown in Figure E.1.
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Figure E.1. Original SEM image, the converted binary image and their
superimposition for a nano-hybrid surface. The binary image was used to
determine the coverage of nanofiber network.

The binary image was used to estimate area coverage by nanofiber
network. The isolated black spots in the image are fitted with splines
to determine their area. Also, the number of such black spots is
estimated from the top-view SEM images to calculate the coverage of
the nanofibers. The scale bars of the SEM images are used for
calibration. The resulting nanofiber coverage is ~85-90% of the total
area.
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Note II. Pore size distribution of Nano Tube Array (NTA)
To determine the pore size of a NTA surface the software Image J has
been used. The pore size analysis is based on the adjustment of the
color threshold of the scanning electron microscopic images of NTA.
The process is described elsewhere.175 The histogram plot of pore size
distribution is shown in Figure E.2.

Figure E.2. Histogram showing the pore size distribution of nanotube array.

Note III. Droplet impact performance on NTA-regular and
NTA-irregular surfaces
To measure the liquid meniscus impalement resistance of NTAregular and NTA-irregular surfaces, drop impact tests were
performed. Such tests allow us to measure the critical velocity, V c,
above which rebound to sticky transition occurs.13
Figure E.3 shows schematically two different mechanisms of
rebound to stick transition for the NTA-regular and NTA-irregular
surfaces. For the NTA-regular surface, fabricated by anodizing a
deposited aluminum film (thickness ~800 nm) on a silicon wafer
substrate (details are in Experimental Section in Chapter 6), the
rebound to sticky transition occurs already at ~1.0 m/s due to
touchdown of the water meniscus102 to the bottom of the (shallow)
nanotubes shown by highlighting the water meniscus in red in
Figure E.3a, since the final height (~250 nm) of the nanotubes after
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ph1osphoric acid treatment, is of the same order of magnitude as
their diameter (~150-200 nm), resulting into corresponding pore to
diameter height ratio (d/h) of the order of one.

Figure E.3. Superhydrophobicity breakdown upon drop impact on (a) NTAregular surface, (d/h) = ~1, due to touch down of water meniscus to the
bottom of the surface texture (highlighted with red lines); (b) NTA-irregular
surface, (h/d) = ~250, due to pinning of water contact line (highlighted with
red lines) at the edges of the non-uniform pore walls (high contact angle
hysteresis, ∆θ ~30°). The corresponding values of Vc represent the drop
impact velocity above which rebound to sticky transition occurs.

The NTA-irregular surface possess a high contact angle hysteresis
(~30°) due to locally much thicker nanopore walls compared to the
NTA-regular surface156,159,160 and exhibits a different behavior. The
superhydrophobicity break-down occurs in this case at an average
impact speed of 4.5 m/s due to pinning of the water contact line on
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the texture, as highlighted in red in Figure E.3b. Obviously, the high
capillary pressure with the surface pore openings in the range (~150200 nm), combined with more than two orders of magnitude larger
height to pore diameter ratio of ~250, with ~50 µm tall nanotubes for
this type of surface, are the reasons why meniscus impalement
through touch-down is significantly delayed.
Note IV: Rotating paddle experimental set-up
The rotating paddle set-up shown in Figure E.4 enables experiments
at high impact speeds. In this set-up, the surface under investigation
is mounted on a paddle, which can rotate at a constant speed, V r. The
droplet impacts the surface with absolute speed Vd, when the paddle
is in the horizontal position moving upwards. The resulting relative
impact speed is thus the sum of Vr and Vd.

Figure E.4. Schematic of rotating paddle with mounted target surface and
impacting water droplet.
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Note V: Derivation of the normal and shear stress
components on frozen droplet from an applied external
force
Considering a frozen droplet on a surface as shown in Figure E.5,
the moment of an externally applied shear force ( Fx ) about the zero
moment point P (compare with schematic in Figure E.5a) is
balanced as,
Fx .(R  h)  Fz .(2b)

(E1)

Figure E.5. (a) Schematic of cross-section of a frozen droplet on surface,
including external shear, Fx, and corresponding tensile force, Fz ; P indicates
the point around which balance of Fx and Fz is applied; (b) distribution of
normal and shear stress field at the ice-substrate interface by applying an
external shear force apart from the substrate.

From equation E1, the maximal tensile force Fz can be calculated as,
Fz  Fx (R  h) / 2b

(E1)

Considering a spherical geometry of the frozen droplet and under
geometrical considerations,3
h  R(1  sin )

(E2)

and
b  (h(2R  h))0.5 .

(E3)
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In case of axisymmetric geometry, tensile stress only acts in one half
of the contact area. Hence considering the projected contact area as
the area of contact the maximal tensile stress and shear stress can be
calculated as follows:
  2*( Fz / (b2 ))

(E4)

  Fx / (b2 )

(E5)

Note VI: Evaluation of robustness performance of NTA and
nano-hybrid surfaces under icing/deicing cycles
The robustness of surfaces is an important criterion for long-term use
of surfaces in icing conditions, as the hydrophobic character of
surfaces can be degraded due to mechanical stresses generated during
icing/deicing cycles and long exposure time to water. The mechanical
robustness of the fabricated surfaces is evaluated by performing a
wettability study after multiple icing/deicing cycles (~20 cycles)
considering the concurrent ice shedding mode (case II).
Figure E.6 shows that ice adhesion strength,  A , and  R do not
vary significantly after 20 icing/deicing cycles which confirms the
robustness of the fabricated surfaces (NTA and nano-hybrid) under
multiple icing/deicing cycles. Note that in the concurrent ice
shedding mode, where the applied force is proportional to the normal
and the shear stress, the ice adhesion strengths on the NTA surface
(regular and irregular) are lower than on the nano-hybrid surface, as
explained in the Chapter 6.
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Figure E.6. Measurements of ice adhesion strengths and advancing θA and
receding θr contact angles before and after multiple icing/deicing tests
performed on different surface types: (a) NTA-regular, (b) NTA-irregular,
and (c) nano-hybrid surface.
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Note VII: Experimental
measurement

set

up

for

ice

adhesion

Ice adhesion measurements are performed in an in-house made
chamber as shown in Figure E.7a. A polypropylene cylinder
(diameter ~0.34 mm and length ~3.0 mm) is placed on the sample
surface and is filled with water, which is then cooled down and freezes
with the help of the cooling stage. The surface temperature of the ice
adhesion measurement is -30°C. An external force is applied
horizontally through a linear displacement unit connected at the
lower edge of the cylinder, at the sample surface (case I) or at the
upper edge of the cylinder, away from the sample surface (case II).
The force is measured by a force sensor, connected and aligned with
the displacement axis (Figure E.7a). The applied force causes an
interfacial shear stress (shear ice shedding mode, case I) or a
combination of interfacial shear and tensile stress (concurrent ice
shedding mode, case II) at the ice-substrate interface. The detected
maximal voltage from the force sensor at the moment of adhesive
failure (Figure E.7b) is converted into a maximal applied force
according to the force sensor calibration curve given in Figure E.7c.
The maximal ice adhesion strength is calculated by dividing the
determined maximal force with the projected ice-substrate contact
area (see also Note V).
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Figure E.7. (a) Experimental set-up for ice adhesion measurement, case I
and case II indicate shear ice shedding mode and concurrent ice shedding
mode, respectively, (b) plot of voltage as measured by the force sensor vs.
time (the voltage peek indicates adhesive failure at the ice-substrate interface.
(c) Force as a function of voltage measured from the force sensor.
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