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RÉSUMÉ
Le givrage atmosphérique est un problème difficile pour l'exploitation et la sécurité des aéronefs.
Il se produit en vol lorsque des nuages de micrométriques gouttelettes d'eau en surfusion percutent
et gèlent sur les surfaces exposées, entrainant diverses défaillances et pertes d'efficacité. Ces
gouttelettes, dans une phase liquide instable, possèdent des diamètres de l'ordre de 10 à 50
micromètres, peuvent être refroidies à des températures inférieures à moins 20°C et percuter à des
vitesses de dizaines de mètres par seconde. Les systèmes actuels de protection contre la glace
reposent sur des technologies telles que des éléments chauffants ou des fluides de dégivrages. Ils
sont énergivores, toxiques et peu fiables dans des conditions sévères.
Récemment, le développement de surfaces dites glaciophobes a attiré l’attention pour exploiter
leurs potentielles propriétés afin d'empêcher l'accumulation de glace, de faciliter le déglaçage ou
d'améliorer le dégivrage thermique. Parmi ces surfaces, les revêtements superhydrophobes, qui
combinent des matériaux à faible énergie de surface et une rugosité de surface élevée, ont été
proposés en raison de leur résistance à l’eau exceptionnelle. Il a été démontré que ces surfaces
hydrophobes conservent leurs propriétés dans certaines conditions de givrage, affichant une faible
adhérence à la glace, une répulsion des gouttes dans des environnements glacials ou facilitant la
fonte et l'élimination de la glace. Cependant, l'adoption de surfaces glaciophobes pour des
applications aérospatiales est entravée par un manque de connaissance de leur performance dans
des conditions environnementales réalistes. Les conditions de givrage des aéronefs nécessitent des
installations dédiées d'essai en soufflerie givrante pour reproduire un environnement
atmosphérique réaliste. Le comportement de mouillage et de glaciophobicité des revêtements
superhydrophobes sous l’effet combiné de microgouttelettes, de températures glaciales et d'une
vitesse d'impact élevée est encore largement inexploré. Par conséquent, l'objectif de cette thèse est
d'étudier le rôle de la mouillabilité et de la superhydrophobicité sur la glaciophobicité de surfaces
spécifiquement modifiées dans des conditions de givrage de microgouttelettes en surfusion telles
que subies en vol. L’essentiel du travail expérimental a été réalisé sur une soufflerie de givre à
petite échelle capable de reproduire des conditions de givrage quasi réalistes nécessaires pour tester
la glaciophobicité des surfaces fabriquées. Nous avons étudié l'influence de la mouillabilité et de
la rugosité de surface en examinant successivement la dynamique d'impact des gouttelettes, la
cinétique de croissance de la glace et le comportement des surfaces nanotexturées.
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Dans la première partie de l'étude, nous avons effectué de l'imagerie à ultra-haute vitesse dans la
soufflerie pour observer en détail la dynamique d'impact des microgouttelettes à différents niveaux
de refroidissement sur quatre surfaces de référence avec une mouillabilité allant de quasi
superhydrophile lisse à superhydrophobe micro/nanotexturée. Les expériences ont montré deux
comportements distincts selon la mouillabilité. Sur les surfaces hydrophiles et sur le simple
revêtement hydrophobe, les gouttelettes adhéraient toujours, quelle que soit la température, ce qui
conduisait à une croissance rapide de la glace dans des conditions glaçantes. En revanche, sur le
revêtement superhydrophobe, les gouttelettes rebondissent au lieu d’adhérer, et ceux même jusqu'à
-18°C. Le temps de contact moyen des gouttelettes repoussées s'est révélé constant, quel que soit
la température, la vitesse d'impact ou le diamètre des gouttelettes. Fait intéressant, aucune
fragmentation des gouttelettes n'a été observée au cours des expériences. Ces résultats suggèrent
que la dynamique d'impact des microgouttelettes est dominée par la tension de surface. Néanmoins,
la surface superhydrophobe n'a pas complètement empêché la croissance de la glace. Il semble que
la glace se propage lorsque des microgouttelettes ont été collées et gelées sur des défauts de surface
non hydrophobes dépourvus de nanotextures, conduisant à des points d’ancrage de glace favorisant
sa propagation.
Le comportement d’ancrage ou de rebond des microgouttelettes en surfusion régit la croissance de
la glace sur les surfaces. Pour étudier l'influence de la mouillabilité et de l’ancrage/répulsion des
gouttelettes sur la cinétique de croissance de la glace, nous avons développé un nouvel outil de
caractérisation in situ. Cette technique est conçue pour être utilisée dans des souffleries givrantes
et fonctionne en suivant le déplacement et la largeur d'un faisceau laser, provoquer par la croissance
de la glace. Il permet de mesurer l'épaisseur et la rugosité de la couche de glace pendant les tests
dans les conditions de givrage simulées. Combiné à des observations visuelles en temps réel, ce
nouvel outil a été utilisé pour caractériser la glace qui se développe sur différentes surfaces. Une
fois de plus, nous avons observé des comportements différents corrélés à la mouillabilité. Les
surfaces hydrophiles et hydrophobes ont été rapidement recouvertes de glace tandis que des
gouttelettes incidentes se figeaient immédiatement, formant des îlots de glace qui coalescent
rapidement en une couche continue. À l’inverse, le revêtement superhydrophobe a démontré une
longue période de délai avant la nucléation de la glace, induit par la répulsion des gouttelettes.
Cependant, les défauts dans le revêtement agissent comme des points d’ancrage pour une fraction
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des microgouttelettes, formant des îlots de glace et se propageant lentement alimentés par les
gouttelettes incidentes jusqu'à ce qu'elles fusionnent en une couche de glace complète. Dans tous
les cas, la dernière étape de croissance correspond à un épaississement continu de la couche de
glace à vitesse constante. À flux constant (concentration en eau), le taux de croissance dépend de
la microstructure de la glace et augmente avec l'augmentation de l'hydrophobicité, presque 30%
plus élevé sur le revêtement superhydrophobe que sur le substrat hydrophile de référence. Une
augmentation de la rugosité de la glace est également corrélée avec l'hydrophobicité. La
microstructure de glace est donc plus poreuse sur les surfaces hydrophobes en raison de la
croissance des îlots. De plus, des essais de dégivrage thermique actif et d’anti-givrage ont été
effectués pour étudier l’effet des surfaces sur le déglaçage chauffant. Le dégivrage a montré que le
revêtement superhydrophobe aide à faire glisser la couche de glace, un comportement beaucoup
plus rapide que les autres surfaces où la glace doit fondre presque entièrement avant d'être éliminée.
En anti-givrage, le revêtement superhydrophobe a pu, sous chauffage actif, empêcher la formation
complète de glace sur la surface jusqu'à -2 °C tandis que les autres échantillons testés étaient
entièrement couverts dès que la température de surface atteignait 0 °C. Le revêtement
superhydrophobe a démontré des performances glaciophobes améliorées en retardant la croissance
de la glace et en améliorant l’efficacité des méthodes actives de dégivrage/d'anti-givrage, mais ses
performances sont handicapées par des défauts de surface qui servent d’ancrage aux gouttelettes.
Nos expériences sur les microgouttelettes en surfusion ont montré l’importance de la topographie
de surface, en particulier à l’échelle nanométrique, sur la dynamique et la cinétique de croissance
de la glace et par conséquent les performances glaciophobes des revêtements superhydrophobes.
Pour explorer davantage cette relation, nous avons fabriqué des revêtements hydrophobes
nanotexturés et testé leur comportement sous givrage. Les revêtements ont été préparés par une
combinaison de gravure plasma réactive anisotrope, pour former des piliers nanométriques répartis
de façon aléatoire, et d’un dépôt chimique en phase vapeur amélioré par plasma, pour synthétiser
des couches minces hydrophobes de carbone amorphe fluoré. La mouillabilité a été contrôlée par
le temps de gravure permettant de fabriquer différentes surfaces hydrophobes avec une topographie
nanométrique de type champignon (rugosité quadratique moyenne/angle de contact avec
l'eau/hystérésis): d’hydrophobe lisse (0,63 nm/104 °/48°) jusqu'à superhydrophobe nanotexturée
(71 nm/165 °/3°). Leurs propriétés glaciophobes ont été testées dans la même soufflerie avec notre
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méthodologie in situ. Un comportement inattendu a été observé pour tous les échantillons :
indépendamment de la rugosité ou de la mouillabilité, la nucléation de la glace a été immédiate
sans période d'incubation. De plus, le taux de croissance de la glace en régime continu était
inversement corrélé avec l'hydrophobicité, les revêtements les plus superhydrophobes montrant un
taux de croissance de la glace 30% plus bas sur les substrats hydrophiles de silicium ou de titane.
Le dégivrage thermique actif a également montré que tous les échantillons présentaient le
comportement de fonte de glace lent, caractéristique des surfaces hydrophiles. Contrairement à ce
que l'on attendait, la rugosité à l'échelle nanométrique des échantillons, bien qu'efficace pour
favoriser leur superhydrophobicité, a nui à leur glaciophobicité dans les conditions de givrage des
microgouttelettes. Les échantillons nanotexturés favorisaient un fort ancrage des gouttelettes à
l'état mouillant de Wenzel et stimulaient la croissance d'une couche de glace dense, sans délai de
la nucléation.
Cette thèse s'est concentrée sur une approche matériau/surface pour étudier l'accumulation de glace
sur les surfaces de microgouttelettes d'eau en surfusion et le rôle des propriétés de surface, rugosité
et mouillabilité, sur le comportement glaciophobe. Ce travail met en évidence une lacune dans
notre compréhension du rôle de la rugosité, en particulier de la rugosité à l'échelle nanométrique,
sur la dynamique d'impact à l’échelle des microgouttelettes. Nous avons montré que la topographie
nanotexturée peut être bénéfique ou néfaste à la glaciophobicité d'un revêtement en contrôlant la
répulsion ou l’ancrage des microgouttelettes en surfusion. Toutes les géométries de rugosité ne
sont pas égales à l'échelle microscopique même si elles favorisent la superhydrophobicité. La
mouillabilité n'est pas nécessairement préservée lorsque la taille des gouttelettes diminue. La
compréhension de ces relations est cruciale pour le développement de surfaces glaciophobes
destinées aux applications aéronautiques. Pour résoudre ces défis, les travaux de recherche futurs
devront se concentrer sur des études systématiques de la dynamique d'impact des microgouttelettes
sur des surfaces de topographies diverses à l'échelle nanométrique. Bien que plusieurs autres défis
doivent être surmontés avant l'industrialisation, la compréhension et le contrôle des paramètres de
rugosité qui déterminent la répulsion des microgouttelettes sont la clé pour concevoir la prochaine
génération de revêtements glaciophobes.
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ABSTRACT
Atmospheric icing is a challenging problem for aircraft operation and safety. It occurs in flight
when clouds of micrometric supercooled water droplets impact and freeze on exposed surfaces,
potentially leading to diverse system malfunctions and efficiency losses. These droplets, in an
unstable liquid phase, feature diameters in the range of 10 to 50 micrometers, can be cooled to
temperatures below -20oC and impact at speeds of tens of meters per second. Current ice protection
methods rely on technologies such as heaters or freezing-point depressant chemicals. These are
energy-consumptive, environmentally damaging and prone to failure in severe weather.
Recently, the development of so-called icephobic surfaces has attracted a lot of research to harness
potential properties to prevent ice accretion, facilitate ice shedding or enhanced thermal de-icing.
Among these surfaces, superhydrophobic coatings, which combine low surface energy materials
and high surface roughness, have been proposed due to their exceptional water repellency. These
water-repellent surfaces have been shown to maintain their properties under certain icing
conditions, displaying low ice adhesion, droplet repellency in cold environment, or facilitating ice
melting and removal. However, the adoption of icephobic surfaces in aerospace applications has
been hindered by a lack of research related to their performance under realistic environmental
conditions. Aircraft icing conditions require dedicated icing wind-tunnel testing facilities to
reproduce realistic atmospheric environment. The wetting and icephobic behavior of
superhydrophobic coatings under the combination of micrometric droplets, sub-zero temperatures,
and high impact velocity is still largely unexplored. Therefore, the objective of this thesis is to
investigate the role of wettability and superhydrophobicity on the icephobicity of engineered
surfaces under supercooled water microdroplet icing conditions as experienced by aircraft. The
core of the experimental work was performed on a small-scale icing wind-tunnel able to reproduce
near-realistic icing conditions needed to test icephobicity of the desired surfaces. We investigated
the influence of surface wettability and roughness by looking successively at the droplet impact
dynamics, the ice growth kinetics and the behavior of nanotextured surfaces.
In the first part of the study, we used ultra-high-speed imaging in the wind-tunnel to record in detail
the impact dynamics of microdroplets at different levels of supercooling on four reference surfaces
with

wettability

ranging

from

smooth

near-superhydrophilic

to

micro/nanotextured
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superhydrophobic. The experiments showed two distinct behaviors depending on wettability. On
the hydrophilic surfaces and on the simple hydrophobic coating, droplets were always pinned
regardless of temperature, leading to rapid ice coverage in sub-zero conditions. In contrast, on the
superhydrophobic coating droplets bounced instead of sticking, even down to -18°C. The average
contact time of repelled droplets was shown to be constant regardless of temperature, impact speed
or droplet diameter. Interestingly, no droplet fragmentation was observed in any of the experiments.
These findings suggest that microdroplet impact dynamics is dominated by surface tension.
Nonetheless, the superhydrophobic surface did not inhibit ice growth completely. It appears that
ice was able to take hold when microdroplets were pinned and froze on surface defects such as
non-hydrophobic features devoid of nanotexture, leading to ice nuclei able to promote ice growth.
The pinning or bouncing behavior of supercooled microdroplets dictates the growth of ice on
surfaces. To investigate the influence of wettability and droplet pinning/repellency on the ice
growth kinetics we developed a new in situ characterization tool. This technique is designed for
use in icing wind-tunnels and functions by tracking the displacement and width of a laser beam
induced by ice growth. It allows one to monitor the thickness and the roughness of the ice layer
during testing in the simulated aircraft icing conditions. Combined with visual real time
observations, this novel tool was used to characterize the ice growing on different surfaces. Once
again, we observed contrasting behaviors correlated to wettability. The hydrophilic and
hydrophobic surfaces were rapidly covered by ice as impinging droplets immediately stuck and
froze forming ice islands that coalesced quickly in a continuous layer of ice. Meanwhile, the
superhydrophobic coating demonstrated a long delay in ice nucleation as most droplets are repelled
off the surface instead of sticking. However, defects in the coating act as pinning features for some
microdroplets, nucleating into ice islands and expanding slowly fed by impinging droplets until
they coalesce into a complete ice layer. In all cases, the last growth stage corresponds to a
continuous thickening of the ice layer at a constant rate. At constant water feed (liquid water
content), this growth rate is dependent on the ice microstructure and was observed to increase with
increasing hydrophobicity, almost 30% faster on the superhydrophobic coating compared to the
hydrophilic substrate.
An increase in ice roughness was also correlated to hydrophobicity. The ice microstructure is
therefore more porous on water-repellent surfaces due to the growth by islands. In addition, active
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thermal de-icing and anti-icing were performed to investigate the ability to facilitate ice removal.
De-icing showed that the superhydrophobic coating help shed the ice layer, a much faster behavior
than the other surfaces where the ice needed to be melted almost completely before removal. In
anti-icing, the superhydrophobic coating was able, under active heating, to prevent complete ice
formation on the surface down to -2°C while the other tested samples were entirely covered as soon
as the surface temperature reached 0°C. The superhydrophobic coating demonstrated enhanced
icephobic performance by delaying the ice growth and improving the ice removal performance of
active de-icing/anti-icing methods but was crippled by droplet-pinning surface defects.
Our experiments on supercooled microdroplets impact dynamics and ice growth kinetics hint at the
importance of nanoscale surface topography in the icephobic performance of superhydrophobic
coatings. To explore more this relation we fabricated nanotextured water-repellent coatings and
tested their behavior under icing. The coatings were prepared by a combination of anisotropic
reactive ion etching, to form nanometric randomly distributed pillars, and plasma enhanced
chemical vapor deposition, to synthesize hydrophobic thin films of fluorinated amorphous carbon.
The wettability was controlled by the etching time allowing to fabricate water-repellent surfaces
with mushroom-like nanometric topography (root-mean-square roughness/water contact
angle/hysteresis) from

smooth

hydrophobic (0.63 nm/104°/48°)

up to

nanotextured

superhydrophobic (71 nm/165°/3°). Their icephobic properties were tested in the same icing windtunnel with our in situ methodology. An unexpected behavior was observed for all of the samples:
regardless of roughness or wettability, ice nucleation was immediate without any incubation
period. Moreover, ice growth rate in the continuous regime was inversely correlated with
hydrophobicity, with the most superhydrophobic coatings showing an ice growth rate 30% lower
on the hydrophilic silicon or titanium substrate. Active thermal de-icing also showed that all
samples featured the slow melting behavior characteristic of hydrophilic surfaces to remove the
ice. Contrary to the expectation, the nanoscale roughness of the samples, while effective to promote
their superhydrophobicity, was detrimental to their icephobicity under microdroplets icing
conditions. The nanotextured samples favored strong droplet pinning in Wenzel wetting state and
stimulated the growth of a dense ice layer without delay in nucleation.
This thesis focused on a material/surface-oriented approach to investigate ice accretion on surfaces
from supercooled water microdroplets and the role of surface properties, roughness and wettability,
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on the icephobic behavior. This work highlights a gap in our understanding of the role of roughness,
in particular nanoscale roughness, on the impact dynamics as it scales to the level of microdroplets.
We have shown that nanotextured topography can improve or break the icephobicity of a coating
by controlling the repellency or pinning of impinging supercooled microdroplets. However, not all
roughness geometries are equal at the microscale even if they promote superhydrophobicity.
Wettability is not necessarily preserved when droplet size reduces. Elucidating these relationships
is crucial to the development of icephobic surfaces for aeronautic applications. To address that,
future research should focus on systematic studies of microdroplet impact dynamics on surfaces
with diverse topographies at the nanoscale. While several other challenges will have to be
overcome before industrialization, understanding and controlling the roughness parameters that
determine microdroplet repellency is the key to design the next generation of aircraft icephobic
coatings.
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INTRODUCTION

1.1 Context
Ice.
For most people, this word evokes a wide array of images, from the glaciers of the planet’s poles
to the cubes in our drinks, or even the winter storms of North America. Ice is as relevant to basic
science, within which its exotic properties are still in the process of being discovered and debated,
as to engineering fields, as ice affects a myriad of industries [1]–[4]. Some examples of the potential
adverse effects of ice formation are presented on Figure 1. Voltage lines [5], aircraft [6], cryogenic
systems, maritime transport, telecommunications [7], road traffic, energy [8], food industry or even
rockets [9] are all vulnerable to this phenomenon.
In reality, ice formation on various surfaces is mainly a disruptive factor to the performance of
man-made engineering systems. For those old enough to remember the freezing rain storm of the
winter of 1998 in Québec, the nefarious effects of ice accumulation are not difficult to imagine.
But the complexity of ice as a material makes it a challenge to tackle the many manifestations of
this issue. This difficulty arises principally from the multiple pathways through which ice formation
can occur. Whether it is in the form of snow, freezing rain, frost, icicles, or freezing condensation,
ice appears in a wide variety of conditions and environments. This renders the study of ice growth
as a whole difficult, even perhaps impossible. That is why this work focuses on one specific case:
that of aircraft icing, also commonly referred to as atmospheric icing.
Every year, winter storms cause the delay or cancellation of thousands of flights in North America
and around the world. Its importance relating to safety and economic factors is further outlined in
aviation statistics [11–13]. The agency reports that up to 12% of weather-related aircraft accidents
may be attributed to ice each year, and more importantly, among these over 90% occur in flight
and not on the ground. Absolute numbers, however, remain small because of the stringent safety
requirements of the various air safety administrations. Beyond safety concerns, the economic and
environmental costs of ice accretion on aircraft are tremendous: flight cancellations and delays as
well as fuel overconsumption and weight increase due to the necessary protection measures being
major contributors.
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Figure 1. Examples of ice accretions on surfaces: (a) frost on a rocket cryogenic tank, by
SpaceX under CC BY-NC 2.0, (b) freezing rain icing on electric power line by Canada Alive,
(c) snow on a telecommunication tower, by Neil Williamson under CC By-SA 2.0, (d)
Grounded rescue helicopter due to icing, by the BBC, (e) aircraft de-icing, by Derek Gavey
under CC BY 2.0, (f) ice on car frame, by Paul Gorbould under CC BY-NC-ND 2.0.
Aircraft icing follows a very peculiar pathway of ice growth. It forms when micrometric droplets
of pure water suspended in clouds are cooled below the standard freezing point (0 °C), remaining
in a liquid supercooled state. Upon impact with an exposed surface, they quasi-instantaneously
freeze, rapidly covering exposed components all around the plane (see Figure 2), with dramatic
consequences in some cases, as shown in Figure 3. While all exposed parts need protections, the
wings with their huge surface area and the engines with their complexity and severe technical
requirements are the most critical to protect.
The supercooled state of droplets originates in the liquid-solid phase transition of water. In fact,
the homogeneous nucleation temperature of ice (liquid-solid phase transition of pure water without
external factors) is well below the standard freezing point [14], and temperatures as low as -37 °C
have been experimentally reached in a liquid state [15]. Between the homogeneous freezing
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temperature and 0 °C, water is typically crystallized by a process of heterogenous nucleation using
an exterior nucleation site, such as airborne particles which lead to snow fall, or exposed surfaces
which promote icing on aircraft. The supercooled state is highly unstable, and the small size of the
droplets is critical to maintain it. Most supercooled droplets have a diameter ranging from 10 to 50
micrometers, extending above 100 micrometers in some rare cases [16,17].

Figure 2. Critical ice-prone surfaces on aircraft. Original image by Gilbert Hechema.
In the case of aviation, the common atmospheric conditions leading to ice accretion occur between
0 °C and -20 °C and droplet diameters usually remain between 20 and 50 micrometers [16,18].
Unfortunately, even in these more constrained conditions, ice accretion from supercooled water
droplets (SWD) can display variable features, as exemplified in Figure 3. It is not hard to imagine
how ice accretion such as that seen in Figure 3 can impede the functioning of aircraft components
and threatened the safety of the flight: reducing lift while increasing the weight of the wings (Figure
3-a), blocking control surfaces (Figure 3-a), decreasing engine performance (Figure 3-b-c),
disabling sensor operations, etc.
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Figure 3. Examples of icing on aircraft components: (a) wing leading edge, by NASA under
Public Domain (b) engine nose cone from Roll Royce, (c) engine nacelle and compressor
blades, by NASA under Public Domain (d) airframe by NASA under Public Domain.
Current technologies used to mitigate icing rely on active systems designed to prevent the
formation of ice by applying an external factor: heating, chemical de-icing agents, or mechanical
shedding. In addition to being quite inefficient, all these techniques are prone to failure and may
not work in harsh icing conditions, leading to the recurrent backup safety solution of grounding
airplanes and waiting for the weather to improve. Therefore, in a highly connected world, the need
for new protective solutions to reduce the environmental footprint and economic costs of ice on
aviation is significant.
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1.2 The emergence of icephobic surfaces
In the end, ice growth boils down to an interface problem between the ice itself and the surface of
the exposed parts. Therefore, the logical step beyond current active anti-ice systems is to engineer
new surface materials to tackle the different ice accretion drawbacks. This is where so-called
icephobic coatings and surfaces are introduced. These surfaces are designed to fight against ice
through a number of strategies.
Icephobic surfaces can be categorized into two pairs of opposing characteristics: anti-icing versus
de-icing and active versus passive [1,8]. The first pair, anti-icing/de-icing, refers to the property of
the surface of preventing the growth of ice or facilitating its removal from the surface once it is
present. The second pair, active/passive mode of action, corresponds to the need (active) or lack
thereof (passive) for a dedicated energy input to enable the icephobicity of the surface. Some
examples will be discussed next. Work reported by Raji et al. proposes an active de-icing coating
consisting of layered structures of polyurethane and graphene nano-ribbons, which allows heating
of the ice through the graphene structure, enabling efficient de-icing [7]. This type of surface
combines material functionalities, namely graphene resistive-heating and polyurethane
hydrophobicity, to enhance de-icing while also offering other interesting properties such as optical
and RF transparency. To combine passive and de-icing properties, interesting work was performed
at the University of Michigan and Norwegian University of Science and Technology, which
focuses on minimizing ice adhesion by increasing the interfacial cracking of ice [19,20]. These
surfaces could therefore de-ice themselves just by the weight of ice or the force exerted by blowing
wind. They can also be used in active mode, facilitating mechanical shedding of the ice layer. On
the other end of the spectrum, anti-icing surfaces are trickier as they aim to inhibit ice formation
completely. Anti-icing passive surfaces based on water-repellence can prevent ice growth by
preventing droplet freezing, such as demonstrated by Mishchenko et al. [21]. And active anti-icing
coatings based on liquid-impregnated porous layers have shown improved performance against ice
formation compared to basic chemical anti-icing fluids [3].
Most icephobic surfaces are not strictly limited to one category and tend to combine a wide array
of strategies to enhance performance. These include inhibiting or delaying ice nucleation, slowing
ice growth, enhancing de-icing, and reducing ice adhesion strength, among others. The choice of
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strategies should be dictated by the type of ice and relevant environmental conditions as well the
additional engineering requirements for manufacturing and usability.
The emergence in the last two decades of a plethora of new coatings and engineered surfaces has
been enabled by the development of manufacturing methods: laser surface machining, plasma
technologies, self-assembly pathways and modern polymer chemistry [4,22,23]. Among the variety
of solutions that have emerged from these developments, superhydrophobic surfaces (SHS) are
thought as some of the most promising. These surfaces, inspired by natural phenomena such as the
water-repellent lotus leaf, feature high water repellency allowing for minimal surface wettability
and high water mobility [23,24]. These properties emerge from a unique combination of chemical
and physical characteristics. The former is found in low surface-energy materials, i.e. hydrophobic,
such as polytetrafluoroethylene (PTFE), which provide minimal chemical interaction with water.
The latter are associated with high surface roughness which allows air pockets to be trapped in the
structure, reducing effective contact area and therefore interactions between water droplets and the
surface. The marriage of these into a composite air/hydrophobic-material surface as exemplified
by the lotus leaf makes it ideal to enhance the water repellency to extreme levels.
SHS emerged as icephobic surfaces by extension of their interesting water-related properties into
freezing environments. In particular, as their capacity for water repellency can be conserved in cold
environments and can be leveraged for anti-icing purposes. Two strategies have been explored with
superhydrophobic-inspired icephobic surfaces. By taking advantage of their high water repellency,
SHS surfaces have been shown to induce the impinging droplets to bounce off the surface. In subzero conditions, this property allows the surface to shed droplets before they freeze, leaving it clear
of ice [2,4]. Moreover, the low contact area of resting water on superhydrophobic surfaces can also
be harnessed to reduce ice adhesion strength [3,4].

1.3 Current limits of icephobic surfaces in SWD icing conditions
Research on icephobic surfaces has surged in recent years. However their application in real life is
still quite limited, especially in the domain of aerospace. While the complexity and cost of such
technologies play a major role in their limited adoption, icephobic surfaces destined to aircraft also
suffer from more pressing problems related to limited performance and understanding of their
behaviour under atmospheric icing [6].
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One of the main problems of icephobic coatings in the context of aircraft icing is related to the
unconventional conditions of ice formation due to supercooled microdroplets, with considerable
speed in an overall sub-zero environment. First arises the challenge of droplet size. The
overwhelming majority of work published on icephobicity, and similarly superhydrophobicity,
focuses on millimetric droplets. While relevant fundamental and applied knowledge has been
developed, a change of scale from millimetric to micrometric diameters can strongly affect droplet
impact dynamics [25,26], the first step of ice accretion, and therefore the ice growth kinetics and
icephobicity of the surface as a whole. Investigations into the potential icephobicity of surfaces
destined to aircraft therefore need to be performed through microdroplet experiments. Moreover,
performing experiments in supercooled conditions with microdroplets is a challenge, which is
compounded to the need to control the temperature of the rest of the environment (substrate and
surrounding air). In addition, other necessary considerations include the influence of impinging
speed of the droplets and air flow, as well as the collective behaviour of clouds of droplets on ice
growth and icephobic properties.
The most realistic way to characterize the icephobic performance of engineered surfaces under
SWD icing conditions is to use icing wind-tunnel (IWT) facilities. These systems allow the
reproduction of icing environments similar to what is encountered in real life, in terms of overall
temperatures, wind conditions and droplet size distribution. However, IWT experiments are not
without drawbacks, mainly due to the fact that they are generally used for aerodynamics studies,
raising the question of which characterization tools and metrics should be used to evaluate the
icephobic performances of surfaces. While some work has been done on IWT testing of candidate
icephobic materials [27–30], there is currently a lack of research regarding droplet impact dynamics
and ice growth kinetics under SWD ice accretion.
Finally, about the subject of the potential icephobicity of superhydrophobic surfaces for aviation,
while numerous works have been dedicated to the various properties of these surfaces against
different ice types, little work has focused on their behaviour and performance in realistic
atmospheric icing conditions. This is particularly important as multiple factors come into play in
the surface-droplet interaction leading to ice growth under SWD icing.
In summary, current investigations of the icephobic performances of surfaces are not adequate for
aeronautic applications because of the unrealistic icing conditions used in testing. Moreover, while
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superhydrophobic surfaces appear to offer appealing performance, there is still a lack of
understanding on how wettability affects microdroplet impact dynamics and ice growth kinetics
under SWD icing. While these problematics did not appear so evident when work began on this
thesis, they are the core questions that will be addressed, namely 1) How does wettability affect
SWD impact dynamics? 2) How does wettability and impact dynamics affect ice growth kinetics?
3) Can superhydrophobicity enable icephobicity under atmospheric icing and what are its limits?

1.4 Research objectives
In the previous sections, we have described the present state of research on icephobic materials and
highlighted some of the knowledge gaps regarding atmospheric icing in aircraft applications.
Therefore, the main objective of this thesis is to investigate the role of wettability and
superhydrophobicity on the icephobicity of engineered surfaces under supercooled water
microdroplet (SWD) icing conditions as experienced by aircraft.
In order to address the above questions, the thesis focuses on three specific objectives:
•

Investigate the impact dynamics of SWD on surfaces with different wettabilities under icing
conditions.

•

Develop an in situ testing methodology to investigate ice growth kinetics in realistic aircraft
icing conditions and establish metrics to evaluate the icephobic performance of surfaces.

•

Synthesize nano-textured surfaces with a range of wettabilities, from hydrophobic to
superhydrophobic, and evaluate their icephobic properties under SWD icing using the novel
tools developed.

1.5 Thesis outline
Following this introductory chapter, designed to establish the context and the objectives of the
thesis, the rest of the document is organized into six chapters.
In the second chapter, the literature relevant to the subject is presented. Its purpose is to set the
theoretical basis needed to understand the state of the art in the field of icephobic surfaces and the
specific notions related to atmospheric icing. Focus will be placed on superhydrophobic coatings
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and their behavior at sub-zero temperatures, the impact dynamics of droplets on rough surfaces and
previous work regarding ice growth on aircraft. Finally, the basics of vacuum deposition and thin
films synthesis and characterization will be described.
In the third chapter, the methodological approaches used in this work will be detailed. This section
aims to supplement and clarify the techniques used throughout our published research. The
necessary characteristics of plasma-enhanced vacuum deposition techniques will be presented,
followed by the common characterization techniques used for thin films. The specificities
associated with icing wind-tunnels will also be discussed, as well as the details behind our work
regarding ice growth characterization.
Chapters 4 to 6 contain the core results of this thesis that were part published in peer-reviewed
journals. The fourth chapter tackles the subject of droplet impact dynamics under atmospheric
icing. It explores the role of wettability in the case of microdroplets impinging in sub-zero
conditions and some limitations of superhydrophobic surfaces. The following chapter expands on
this study and investigates the role of wettability and impact dynamics on ice growth kinetics. In
order to go beyond previous studies, we have developed an in situ technique to quantify each step
of ice growth and to compare the behaviour of reference water-repellent coatings. Finally, the sixth
chapter builds on the two previous studies to explore the influence of surface nano-structuration on
SWD ice growth. Different samples of nano-etched silicon covered with hydrophobic thin films
featuring a range of surface nanometric roughness were investigated.
The seventh and last chapter summarizes the whole thesis, presents our conclusions, and discusses
the limits of this work and potential avenues to further explore the role of surfaces on aircraft icing.

1.6 Research contributions
To conclude this introductory section, it is worth mentioning that the candidate has already well
contributed original work on the subject of ice accretion on structured surfaces, and he has
participated in numerous collaborative efforts as documented by the publications summarized
below.
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LITERATURE REVIEW
Icephobicity and its related concepts are vast areas of research and the aim of this review is not to
provide an exhaustive view of all the research on icephobicity. Instead it is to offer a short overview
of the fundamentals and focus on the key concepts and published work underlaying ice growth on
aircraft surfaces. It aims at outlining the boundaries, constraints and challenges that have emerged.
We will kickstart the review by discussing the origin and conditions of aircraft icing as well as
some properties of supercooled water. We will follow by introducing water repellency and the
concepts behind superhydrophobicity. After that we will explore the relation between water
repellency and icephobicity with the focus on atmospheric icing associated with aircraft. The two
final sections offer a short overview of diamond-like carbon coatings and plasma etching in the
context of superhydrophobicity.

1.1.

Atmospheric icing and supercooled water

Aircraft icing is a problem since the beginning aviation and the
rise in commercial air travel in the 1930s. Figure 4 shows an
example of a promotional poster for de-icing products at the
beginning of last century. To address the issue, the National
Aeronautic and Space Agency (NASA) and the Federal
Aviation Authority (FAA) have throughout the decades strived
to develop the understanding of ice formation on aircraft and
put in place guidelines and regulations to improve the safety
and efficiency of air travel [10], [11].
Despite a century of research and efforts, ice accretion is still
a recurrent problem for the aviation industry, causing
thousands of flight delays and cancellations during winter
storms [12], [13], affecting rescues operations [14], or
prompting exceptional safety protocols to prevent potential
accidents [15]. As was discussed in Chapter 1, icing on aircraft
is really problematic when in occurs in-flight [6], [16]–[18].
This is due to the fact that on the ground ice is easily detected

Figure 4. Promotional poster
for de-icing service and
products in the 1930s, by
Kilfrost Ltd.
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and appropriate measures, de-icing or flight cancellation, can be implemented to prevent issues.
However in the air, icing is much harder to detect and even when detected its severity can be
difficult to assess [10], [19]. Therefore, the real problem is ice accretion during flight.
It occurs when the aircraft passes through clouds containing micrometric supercooled water
droplets (SWD), that is, droplets still in the liquid phase but with temperatures below the standard
freezing point (0°C). These microdroplets impinge on exposed surfaces at high speed and freeze
almost instantaneously, quickly building layers of ice. In terms of diameter distribution, these
droplets are usually in the range of 15 to 100 micrometers with median around 30 µm to 50 µm
[19], [20], and in the rarer and more extreme case of large SWD diameters can reach above 100
µm [19], [21]. Their supercooling temperature can range from just below 0°C down to -20°C,
below which droplets are too unstable to maintain liquid state. Common icing occurs closer to the
freezing point in most occasions. Finally, the water liquid content, representing the density of
droplets in clouds, usually ranges from 0.2 g/m3 to 1 g/m3 but more severe conditions can occur
with liquid water content up to 5 g/m3. Liquid water content is also an indicator of the rate of ice
accumulation.
As the origin of aircraft icing, supercooled water is a peculiar liquid state. It features some
unexpected properties, as could be expected from water. The complexity of the physics of water
and its supercooled state are outside of the scope of this review; however, two property changes
are particularly important to acknowledge: viscosity and surface tension. Experiments performed
on supercooled water reveal a 4-fold increase in viscosity between +20°C and -20°C [22]. Surface
tension also increases with decreasing temperature but less dramatically, around 10% between
+20°C and -20°C. However, both these properties are critical to the behavior of liquid water flow
and have been shown to affect the droplet impact dynamics [23]. Other thermodynamic effects,
such as heat transfer or crystallization, depend on the supercooling and will influence ice nucleation
and ice properties. For an in-depth look at the physics of water and its weird properties, the online
archive of Martin Chaplin, professor at London South Bank University [24], is recommended.
Ice accretion severity is categorized in four levels from trace to severe and they define the
appropriate response of the pilot. Trace and light categories warrant minimal attention and use of
anti-icing/de-icing equipment. Medium and severe require the immediate use of protection
equipment as well as planning diversion of the flight to reach safe atmospheric conditions.
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The FAA defines two icing envelopes to encompass the most frequent conditions encountered and
to provide system accreditation to fly in icing conditions:
1. Continuous accumulation: liquid water content ranging from 0.2 g/m3 to 0.8 g/m3,
diameters ranging from 15 µm to 50 µm, temperature down to -20°C, exposure time up to
30 min.
2. Intermittent accumulation: liquid water content ranging from 1.1 g/m3 to 2.9 g/m3,
diameters ranging from 15 µm to 50 µm, temperature down to -20°C, exposure time up to
5 min.
Environmental conditions favorable to icing events are summarized on Figure 5, illustrating the
large parameter range under which icing can occur.

Figure 5. Environmental conditions favorable for icing events: (a) icing envelopes defined
by the FAA certification, (b) icing conditions as a function of altitude and latitude.
Reprinted with permission from [19] Copyright Elsevier.
Under these large ranges of conditions, ice accretion can take several forms, often divided in three
categories: glaze, rime and mixed ice. Temperature, droplet sizes and water liquid content are the
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main factors that affect the type of ice that can build up and its severity. These types of ice differ
considerably in properties: growth geometry and shape, porosity, adhesion, visibility, threat, etc.

Figure 6. Examples of icing on aircraft components: (a) mix ice on a wing edge, by NASA
under Public Domain, (b) rime ice on a nose cone of a turbofan engine, from Rolls-Royce, (c)
glaze ice on nacelle and compressor blades of a turbofan engine by NASA under Public
Domain.
Glaze ice forms in moderate icing conditions, when temperatures stay around the freezing point
droplets do not freeze immediately on impact, allowing for a run-off of liquid water on the surface.
This leads to a slower ice growth resulting in a dense and transparent ice layer. This slower freezing
also promotes the growth of protuberances and needle-like structures due to the spread of water
under the airflow. Glaze ice tends to cover larger surface area due to runback water flowing with
the airstream. Examples of this type of ice appearing on a wing edge are shown in Figure 6-a.
Rime ice, on the other end of the spectrum, occurs when temperatures are much colder and
impinging SWD’s freeze completely on impact. The absence of water surface mobility and the
rapid growth led to a white and porous ice layer with weak cohesion. Rime tends to accrete at
stagnation points, quickly blocking the optimal airflow. The engine nose cone displayed in Figure
6-b features an example of rime ice.
Finally, usually when temperatures are in between, mixed ice forms. Shown on Figure 6-c, as its
name suggests, this is a combination of rime and glaze ice. With partial water run-off and faster
freezing than glaze ice, mixed ice results in a semitransparent opaque layer.
It is not difficult to see how despite their differences all these types of ice can be highly detrimental
to the operation and performance of a flying aircraft. To protect surfaces, current technologies rely
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on external, resource-intensive systems. The most preeminent are de-icing fluids (see Figure 7-a)
and they have been used for decades (see Figure 4). Also known as freezing-point depressants,
these fluids are usually wax or sol-gel based on glycol derivatives, which dissolved in water and
prevent freezing in mild icing conditions. The wax nature of the products enables to coat surfaces
and maintain de-icing properties even during flights. However, they suffer from several drawbacks:
confined to wings and other large surfaces to avoid interaction with critical engine inlets and
sensors, depletion of the fluids prevent use in harsh icing conditions, and they are highly toxic and
detrimental for the environmental.

Figure 7. Examples of ice prevention technologies currently in service: (a) de-icing fluid
spraying, by Sgt. Steve Cortez under Public Domain, (b) heater on a propeller, by YSSYguy
under CC-BY-SA-3.0, (c) schematics of deicer boots, by Pearson Scott Foresman under Public
Domain.
Heating systems are also widespread anti-icing systems. Different systems exist to protect different
parts of the airplane, but these systems are costly and therefore only applied to highly critical
components: engines and sensors. Two main strategies are employed: (i) bleed air redirected from
the hot section of the engine or (ii) electrical heaters. Excessively energy-intensive, these systems
also need dedicated infrastructure, adding significant weight and complexity. Example of an
electrically heated propeller is displayed on Figure 7-b. One last technique also frequently used are
mechanical shedding mechanisms such as inflatable boots (on Figure 7-c). They are designed to
remove ice off the surface by cracking ice layers at critical adhesion points, such as wing edges.
Able to shed ice off large surfaces, they are still prone to failure and cannot protect engines and
other smaller parts. Due to that they are mostly used on smaller aircraft and rarely on commercial
long-range airplanes. Other techniques are available, ultrasonic impulse, electro-impulse,
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microwave heating, etc., but are also suffering from significant drawbacks [6]. However, all of
these anti-icing/de-icing technologies are quite restrictive and most aircraft will boost a
combination of them to ensure maximum safety, and still be grounded when icing conditions are
too harsh[6], [25].
While ice accretion may be mostly
associated with northern regions, it
effectively affects large portions of the
Americas, Europe, Central Asia and
East Asia and can even unexpectedly
occur in more equatorial zones when
atmospheric

conditions

permit,

as

presented in Figure 8. It is a global
challenge and will only worsen as air
traffic increases with the expansion of

Figure 8. Probability distribution of SWD cloud

st

commercial aviation in the 21 century
and the extreme weather events brought

occurrence. Reprinted with permission from [26]
Copyright 2010 American Geophysical Union.

by climate change.
In flight aircraft icing is a complex and widespread problem. With the current limits of ice
protection systems, new solutions are needed to protect aircraft. In that regard, surfaces and
coatings designed to prevent ice formation, minimize growth or reduce adhesion have been
explored. If proven effective these so-called icephobic surfaces could enhance or even replace
current protection systems [6]. However, significant work is needed to address the severe
requirements imposed on aerospace materials and the numerous technological challenges.
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1.2.
Superhydrophobicity: promoting extreme wettability
behaviors
The wetting of surfaces by water is an active research topic due to the vast array of industrial
applications. Among them, superhydrophobic surfaces have been under constant spotlight in the
recent decades because of their potential for self-cleaning, antibacterial, anti-ice, anti-corrosion,
etc.
Superhydrophobic surfaces (SHS) feature extreme water-repellent properties, allowing them to
minimize water adhesion and promote droplet mobility. These properties have been used to protect
against icing in several conditions. In the current sub-section, we will formally define
superhydrophobicity. We will start by discussing the hydrophobicity of surfaces and then how
roughness can be used to overcome the chemical limitations. We will also discuss some of the
limits of superhydrophobicity and conclude by discussing some aspects of their fabrication.

1.2.1. Describing wettability and hydrophobicity
Wettability, or the property of a surface to be covered by liquids, can be described in its simplest
form by the Young’s model [27]. Let’s suppose a liquid droplet resting on a flat surface as
illustrated in Figure 9. At equilibrium, the forces applied on the droplet will balance each other at
the intersection of the gas, liquid and solid phases, the contact line. The equilibrium at the contact
line is governed by Young’s equation:
𝛾𝑆𝐺 = 𝛾𝐿𝐺 cos(𝜃𝐶 ) + 𝛾𝑆𝐿

Equation 1

where γSG, γLG and γSL are the surface tensions (or surface energies) associated with the different
interfaces, respectively solid-gas, liquid-gas and solid-liquid. Θc is the Young’s contact angle,
when the drop is at equilibrium.
This model offers an effective way to characterize wettability (or surface energy) of surfaces by
the simple measure of the contact angle of a resting droplet. Two extreme cases can be described.
When the contact angle tends toward zero, the surface is perfectly wetted, indicating that its surface
energy is significantly reduced by creating a new interface with the liquid and eliminating any
contact with the gas. At the opposite, as the contact angle increases toward 180°, the liquid is
perfectly repelled preventing contact with the surface. In between, the contact angle quantifies the
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degree of wetting or non-wetting. As such, the threshold between a surface which “likes” the liquid
(-philic) to a surface which doesn’t “like” the liquid (-phobic) is 90°. Below 90° the liquid-solid
interface is favored (γSL > γSG) whereas it the gas-solid interface is favored above 90° (γSL < γSG).
In the case of water, we characterized the surface as hydrophilic or hydrophobic respectively.

Figure 9. Schematic of the equilibrium state of a droplet resting on a surface and the forces
involved.
Before going further, we should clarify some notions about surface energy. At its most basic level,
surface energy is the energy required to create a new surface, such as when separating two planes
in a crystal. It is therefore related to the energy stored in the bonds broken (and left dangling or
reorganizing) when the surface is created. It incorporates all the types of interactions that can occur
between atoms and molecules: electrostatic forces, van der Waals forces, covalent bonds, hydrogen
bonds, etc. In practice it is not feasible to measure the “true” surface energy of a surface and
therefore the surface energy is often used in relation to a specific property or measurement in
specific conditions. In the case of wettability, contact angle measurements are considered an
adequate representation to the surface energy. High surface energy leading to high wettability and
lower contact angles, while low surface energy leads to low wettability and therefore high contact
angle. Surface energy is a complex concept, but in the context of wettability and water-surface
interactions we can confine our discussion to the notion of water contact angles while keeping in
mind the potential pitfalls of this simplified view.
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Figure 10. Wettability as a function of the surface energy for different materials in bulk
or monolayer forms. Reprinted with permission from [28]. Copyright 1964 American
Chemical Society.
It is now logical to ask what will make a surface hydrophilic and more importantly, hydrophobic.
The origins of water affinity with a surface are complex but among the numerous interactions,
dipole-dipole and hydrogen bonding interactions are usually the principal contributors. When the
surface features a high electron mobility, such as in metal [29], or when surface electrons are easily
accessible to interact with, such as in oxides [30], water molecules can interact efficiently and
arrange themselves to maximize bonding, leading to a hydrophilic surface. In contrast when
electrons are not easily accessible, and the polarizability of the surface is low, the surface is
hydrophobic. This is a highly simplified view as many factors contribute to surface interactions on
the molecular level [31]. Hydrophobic materials offering the best performance are the one featuring
low polarizability materials and saturated surfaces, with either fluorine atoms or methyl-groups
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(CH3) [28]. Monomers such as tetrafluoroethylene (TFE), the basis for Teflon, and
hexamethyldisiloxane (HMDSO) are commonly used to produce low wettability surfaces with high
contact angles.
However, when working with hydrophobic materials, an experimental limit to the contact angle of
smooth surfaces quickly arises, based on surface chemistry alone (i.e. hydrophobic materials with
smooth surfaces), no material reaches above 120° of water contact angle. This was shown by
Shafrin and Zisman, who extensively studied the wettability of surfaces and in particular of the
hydrophobic polymeric materials deposited on flat surfaces [28], as shown on Figure 10.
This experimental limit highlights a major assumption of the Young’s model for wettability. The
model assumes an ideal flat surface. It does not account for any surface heterogeneity. New models
needed to be developed to account for surface heterogeneities, in particular topographical features,
to address experimental observations made on artificial and natural surfaces.
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1.2.2. Toward extreme wetting: superhydrophobicity
Studies of plants and other natural surfaces, as well as various artificial ones, have highlighted the
crucial role of surface roughness in the wetting behavior. In the 1990s, advances in imaging and
surface characterization tools exemplified that by capturing the details of the lotus leaf surface
topography (see Figure 11-a), revealing the intricate multiscale features that provide high water
repellency and self-cleaning abilities [3]. In parallel, progress in surface engineering and
manufacturing allowed the synthesis of artificial super-water-repellent surfaces, which we now call
superhydrophobic, triggered by the first example published by Onda and coworkers [3], [32],
presented in Figure 11-b.

Figure 11. Micrographs of: (a) the lotus leaf multiscale roughness (scale 20 um), Reprinted from
[33] Copyright 1997 Springer-Verlag Berlin Heidelberg, and (b) fractal alkylketene dimer
coating cross-section, Reprinted with permission from [32] Copyright 1996 American Chemical
Society.
To integrate the influence of topographic heterogeneities of rough surfaces on the wetting behavior,
two main models were proposed to expand Young’s work on the contact angle of a resting droplet:
the Wenzel model and the Cassie-Baxter model [27].
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Figure 12. Schematic views of the two wetting models incorporating surface roughness: (a)
Wenzel wetting state and (b) Cassie-Baxter non-wetting state.
These two models describe how the apparent contact angle 𝜃 ∗ , the measured equilibrium contact
angle of a droplet resting on the surface, is related to the roughness as a geometric parameter and
the Young contact angle 𝜃𝐶 , the contact angle of the smooth surface resulting from the chemical
nature of the material.
The Wenzel model approaches the influence of roughness on the contact angle by supposing that
the water will follow perfectly the surface, molding its roughness (see Figure 12-a). It ensues that
the apparent contact angle 𝜃 ∗ is directly proportional to the Young’s contact angle 𝜃𝐶 :
cos(𝜃 ∗ ) = 𝑟𝑤 cos(𝜃𝐶 )

Equation 2

where the 𝑟𝑤 is the Wenzel roughness factor computed from the effective surface area in contact
with the liquid to the projected surface area, as if the surface was flat. For a perfectly flat surface
𝑟𝑤 = 1 and we recover the original Young’s angle (see Equation 1). For all other surfaces, i.e. with
roughness, 𝑟𝑤 > 1 and we can therefore derive two wetting situations depending on the initial
surface chemistry:
•

In the case of a hydrophilic material: 𝜃 ∗ < 𝜃𝐶 < 90°

•

In the case of a hydrophobic material: 𝜃 ∗ > 𝜃𝐶 > 90°
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The Wenzel model effectively shows that roughness enhances the wetting behavior, hydrophobic
or hydrophilic, of the surface. However, the Wenzel model is only valid for reasonable levels of
roughness as it does not prevent unrealistic apparent contact angles for 𝑟𝑤 ≥ 1/ cos(𝜃𝐶 ) [34]. In
addition, with an increase in contact area, the roughness is sure to increase the friction and adhesion
forces even when the apparent contact angle is high.
Taking the opposite approach, the Cassie-Baxter model supposes that the water is not completely
wetting the surface and instead rests on the peak of the roughness creating a composite interface of
water, air and surface as shown on Figure 12-b. In this case, the roughness factor should represent
the effective water/surface contact area, and the surface fraction 𝜑𝑠 is introduced as the fraction of
top surface in contact with the liquid to the total projected area under the drop (0 ≤ 𝜑𝑠 ≤ 1). The
apparent contact angle in the Cassie-Baxter regime is expressed as:
cos(𝜃 ∗ ) = −1 + 𝜑𝑠 (cos(𝜃𝐶 ) + 1)

Equation 3

The apparent contact angle is necessarily superior to the Young’s contact angle of the material.
Indeed, any amount of trapped air at the interface should increase the hydrophobicity of the surface,
in particular with an already hydrophobic chemistry, and consequently reduce adhesion and friction
forces between the water and the surface. Once again, the Cassie-Baxter equation folds on the
Young’s model when the surface is flat (𝜑𝑠 = 1).
These two contact angle equations can be formally derived from the minimization of the energy at
the three-phase contact line. More details can be found in the work of Bico and Quéré [34], [35].
These two models also represent extreme cases, complete wetting and peak-wetting only,
developed for simple roughness. They can be combined in one unified equation incorporating both
trapped air pocket and a partial wetting of the roughness [36]:
cos(𝜃 ∗ ) = −1 + 𝜑𝑠 𝑟𝑤 cos(𝜃𝐶 ) + 𝜑𝑠

Equation 4

This mixed model folds back onto the Wenzel equation when no air is trapped (𝜑𝑠 = 1) or the
Cassie-Baxter equation when the water/solid contacting areas are flat (𝑟𝑤 = 1).
Equipped with these models, it is clear how roughness can enhance the wetting behavior of the
surface. However, there is a profound difference between the two possible states of wettability: the
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wetting Wenzel state and the non-wetting Cassie-Baxter state (also some time referred as the fakir
state). This difference is obviously critical for the adhesion and mobility of water on a rough surface
and to define if a surface is effectively water-repellent.
From a droplet resting on the surface, the apparent contact angle can be measured yet it does not
distinguish between the Wenzel or the Cassie-Baxter wetting state. The fundamental difference
between the two wetting behavior is, however, inscribed in the adhesion of the water droplet,
through the pining of the contact line on the surface. If the resting water droplet is forced in
movement, out of equilibrium, the difference in adhesion and friction between wetted roughness
and non-wetted roughness will appear clearly in the droplet behavior. A new parameter can be
introduced to quantify it: the contact angle hysteresis ∆𝜃:
∆𝜃 = 𝜃𝑎𝑑𝑣 − 𝜃𝑟𝑒𝑐

Equation 5

with 𝜃𝑎𝑑𝑣 is the advancing contact angle and 𝜃𝑟𝑒𝑐 is the receding contact angle.
The advancing contact angle is the maximum
angle before the contact line is unpinned and
move at the front of the droplet displacement
direction. It represents the contact angle of a
droplet moving over a dry surface. In
opposition, the receding contact angle is the
minimum possible contact angle and will be
located at the back of the droplet displacement

Figure 13. Advancing and receding angles used
to compute the contact angle hysteresis.

direction. It is the contact angle of the droplet
as it moves over the wet surface.
These angles are easily visualized in Figure 13 in the context of a droplet moving on the surface of
a tilted sample. These two angles are metastable contact angles originating from the difference in
energy needed to move the contact line against a dry or wet surface, whereas the apparent contact
angle is at the minimum of energy [37]. In addition, the tilt angle at which a droplet resting on a
surface starts moving is defined as the roll-off angle and can also be used to describe the wettability
of a rough surface.
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Based on the contact angle hysteresis, the wetting states can be distinguished [34], [38], [39]. The
Wenzel state features high adhesion because of the large water/surface contact area; therefore it
will promote large hysteresis. The Cassie-Baxter state, however, will feature a low hysteresis, as
water mainly contacts air and adhesion will be low. In practical terms, the water-repellent surfaces
should feature the highest apparent contact angle while maintaining the lowest hysteresis possible.
The commonly accepted definition of a superhydrophobic surface stands as [27], [39]:
•

Apparent contact angle > 150°

•

Contact angle hysteresis < 10°

•

Roll-off angle <10°

and will feature a hydrophobic material with high Young’s contact angle and surface with high
roughness to maintain the composite air-water interface of the Cassie-Baxter state.
We have for now only discussed two idealized situations, the Wenzel state where the water
completely follows the roughness curves and the Cassie-Baxter state where the water rests on the
top of the roughness peaks trapping air pockets.
These two models explain well how roughness enables extreme wettability behaviors, but it will
not be a surprise that most real-world surfaces will exist in between these extremes. Moreover, it
can be easily imagined that the Cassie-Baxter state may be generated in a metastable way
(moderately rough surface, for example) and that external forces could force a transition toward
the Wenzel state. A usually superhydrophobic surface could be completely wetted under strong
external stimuli. Finally, we have only considered roughness as an abstract property of the surface
without regards to effect of scale or the type of geometry.
In the next two subsections, we will first explore how different types of roughness can affect
superhydrophobicity and then what the limits are to superhydrophobicity in relation to the
transition between the Cassie-Baxter and the Wenzel states.
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1.2.3. Practical use of roughness to enhance superhydrophobicity
In the development of the wetting models, roughness has only been used as a simplified, almost
abstract property of the surface. Roughness can span from the Angström to the millimeter
depending on the physics and engineering problem, from atomic scale in nanoelectronics and
optical interfaces to the mesoscopic scale of machining. In the case of wettability, the water/surface
interface incorporates the scales of chemical interactions of molecules, fluid dynamic with
nanometric and micrometric topographic features, and even millimetric effects in some conditions.
The apparent contact angle and hysteresis, used to describe wetting, are intrinsically local quantity
that depends on the state of the contact line at each interface and will therefore be affected by all
the different mechanisms and length scales present in the surface roughness.
Moreover, surface roughness is difficult to characterize mathematically and experimentally at all
the relevant scales. Most common quantities used for roughness include the average roughness arithmetic mean of the deviation around the center plane - and the root-mean-square roughness –
standard deviation around the center plane. In the case of superhydrophobic surfaces, the solid
fraction 𝜑𝑠 and 𝑟𝑤 used in the wetting models are also used. However, these single numbers are
only offering a glimpse of the actual roughness, with little information on the geometry, the
orientation, the closeness, the sharpness, the multiscale features, etc. Quantities like the power
spectral density [40], which represent the distribution of roughness at as a function of different
spatial frequencies (length scales at which the roughness is significant [41]) can be used to try to
better characterize the different scales of roughness. Parameters such as the skewness and the
kurtosis are used to describe the sharpness and the valley-vs-peak nature of the surface. Some
spatial parameters, such as the autocorrelation length, are used to characterize the surface in the
horizontal plane. However, due to their complexity and the difficulty of measurements they are
uncommon in the literature. The link between roughness and wettability is clear, but its exact nature
is still an area of active research. To minimize possible confusion in the discussions, we will keep
the concept of roughness in the abstract form and describe, when necessary, the useful
characteristics of surface roughness that affect wettability behaviors.
Examples from nature offer a starting point to investigate the importance of geometric features on
the wetting behavior. The rose petal and the lotus leaf are two of the most well known because their
behavior is radically opposed [42]. The lotus leaf is the prime example of a superhydrophobic
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surface, high apparent contact angle and low hysteresis, the textbook example of the Cassie-Baxter
state. The rose petal is, however, an example of a Wenzel state, high apparent contact angle and
high hysteresis.
While both of them use a hydrophobic
wax,

the

difference

in

surface

morphology is key. On the microscale,
the two plants feature bumps of the
order of 10 µm, see Figure 11-a and
Figure 14. The spacing, sharpness and
roundness of the microstructures is
different. An interesting parametric
study of the influence of the bump
geometry was published by Tie et al.
demonstrating that sharper slopes and
smaller base size of the structures
enhance the hydrophobicity and lead to
a stable Cassie-Baxter state [44]. In

Figure 14. Micrograph of the rose petal surface.
Reprinted with permission from [43] Copyright 2008
American Chemical Society.

addition, the two surfaces differ at the
nanoscale. While the rose petal only possesses shallow sparse nano-wrinkles at the top of the microbumps, the lotus leaf boasts a dense array of nano-hairs covering the entirety of the surface [42].
The combination of sharp, well distributed and multiscale roughness appears to be the key to the
superhydrophobicity of the lotus.
In the context of artificial surfaces, a broad range of roughness has been investigated to pin-point
the influence of the different geometric characteristics on wettability and the wetting states [36],
[39].
Systematic studies of surfaces covered with micro-sized pillars explored the effect of pillar
diameter and pillar spacing, ranging from a few micrometers to hundredths of micrometers [45],
[46]. They demonstrate the need to optimize pillar diameter and spacing to achieve the highest
hydrophobicity. Smaller diameters reduce hysteresis, but this needs to be compensated by shorter
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inter-pillar distance to prevent the waterfront from reaching the basal surface (bottom of the
pillars). However, closer pillars increase the droplet adhesion as the effective contact area surface
is increased. This balancing act between feature distribution and feature size has also been
demonstrated in the case of nanoscale patterning of pillars and cones [47], [48]. In addition, the
open character of the roughness, e.g. pillars or needles, has usually been shown to enhance the
superhydrophobicity compared to closed geometries, e.g. wells or honeycombs, as the effective
contact area with the liquid will be lower [49], [50]. However, closed features will have enhanced
air retention under more severe environmental conditions [49], [50].
Combination of micro- and nano-roughness, similar to the lotus leaf, has also been demonstrated
to significantly enhance the repellency of the surface on countless occasions. In the simplest way,
work done by Rahmawan and coworkers [46] or Maitra et al. [23] on the addition of nanoscale
features, wrinkles or nano-hairs, respectively, to micro-pillars demonstrate the potential
improvements of multiscale roughness. Another common approach to harness multiscale
roughness relies on the generation of geometric features by more random patterning techniques.
This was the strategy used by Onda et al. to produce the first artificial superhydrophobic surfaces
(see Figure 11-b) [32]. Random and multiscale rough surfaces, also called hierarchical, have been
shown to outperform more carefully patterned structures [51], [52], as long as the randomized
geometry is well optimized to cover several length scales and ensure sharp densely-pack features.
In addition, the geometry of the contact at each three-phase interface is an influential factor in the
wettability. Öner and McCarthy showed that the shape of the pillars - circular, squared, triangular,
cross-shaped - can also be optimized to improve water repellency [45]. This is due to instabilities
generated at the three-phase contact line by irregular pinning contacts [45], [53]. The control of
interface geometry can be taken further in what we call now re-entrant topography [54]. This
concept relies on the inversion of the capillary force by adjusting the angles of the cavity’s walls
trapping air pockets. By steepening the wall angles inward above the Young’s contact angle of the
material, the capillary force will oppose the penetration instead of assisting the propagation of
water into the cavity, as schematized in Figure 15. This method is powerful enough to promote
Cassie-Baxter superhydrophobic states even in materials of hydrophilic chemistry [55], [56] and
has proven extremely valuable to produce omniphobic surfaces [54]. It has recently been shown
that the lotus leaf may use this phenomenon for repellency [55].
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Figure 15. Re-entrant topography and the influence of the wall angle on the force equilibrium.
Reprinted with permission from [55] Copyright 2007 American Chemical Society.
The influence of roughness on wettability is significant. However, the large number of roughness
characteristics renders the optimization so complex that no overarching theory has yet been devised
to design the most superhydrophobic surface. The vast literature on the subject nonetheless
provides some guidelines to assist the trial and error engineering process. The surface should:
•

feature the smallest possible solid fraction 𝜑𝑠

•

maximize multiscale micro/nano-roughness (it will also tend to decrease 𝜑𝑠 )

•

aim for sharp, irregular and complex geometries at the three-phase interfaces.

1.2.4. Limits of superhydrophobicity
The advances in surface engineering technologies and the understanding of the wetting states
leading to superhydrophobicity have promised numerous benefits. However, these may only be
exploited if the Cassie-Baxter state is maintained during the life cycle of the surface.
The superhydrophobic properties rest on the presence of air pockets trapped at the interface. From
a simple view, if the air were to be removed the Cassie-Baxter state (composite water/air/solid
interface) would collapse into a Wenzel state (wetted surface) and completely negate the benefits
of surface roughness. The Cassie-Baxter state is therefore inherently unstable, sufficient external
forces could enable the so-called Cassie to Wenzel transition. Based on the idealized relations
described in subsection 1.2.2, each wetting behavior can be computed and visualized on a graph of
the evolution of the apparent contact angle as a function of the Young’s contact angle of the
materials as displayed in Figure 16.
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Figure 16. Wetting states region of stability and zones of transitions. Reprinted with permission
from [55] Copyright 2007 American Chemical Society.
The intersection of the linear relationships marks the threshold between the regions where each
state is energetically favored and occurs at a critical Young’s contact angle:
𝜃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 =

𝜑𝑠 − 1
𝑟𝑤 − 𝜑𝑠

Equation 6

with 𝜑𝑠 , the solid fraction and 𝑟𝑤 the Wenzel roughness factor, in the wetting models. This
highlights the presence of a metastable region of the Cassie-Baxter state below the critical angle,
which can be extended even further with re-entrant topography, as proposed by Cao et al. [55].
In this region, the Cassie to Wenzel transition could occur with little perturbations from the
environment such as pressure [38], [57], [58], temperature [59] or humidity [38], [55]. Moreover,
the water interactions with the surface – condensation [60], evaporation [61], [62], or droplet
impact [63]– will also significantly affect the stability. Under severe external forces, the CassieWenzel transition could be induced even in the stable Cassie-Baxter region above the critical angle.
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As it may be expected, surface roughness can be tailored to enhance the stability of the CassieBaxter state under desirable application conditions. However, the most carefully designed
superhydrophobic surface is bound to fail if the durability is not addressed. Textured surfaces are
particularly prone to failure under mechanical damages, such as erosion or abrasion, which will
tear through the delicate geometric structures [64], [65]. Damage to the chemical composition of
the material is also a concern in severe environments. UV exposition, corrosive atmosphere, high
temperatures and numerous other factors can annihilate the hydrophobicity of the surface [6], [64].
Superhydrophobic surfaces are promising but nonetheless subject to serious challenges of stability
and durability.

1.2.5. Fabrication and manufacturing of superhydrophobic surfaces
To conclude this section on superhydrophobicity, an overview of the fabrication techniques is
necessary. Superhydrophobic surfaces stem from the combination of a chemical part, hydrophobic
materials, and a physical part, high roughness. Two strategies are therefore possible for
manufacture:
•

starting with a hydrophobic material and subsequently patterning its surface to increase
roughness

•

starting with a rough surface and subsequently covering it with a hydrophobic material.

Obviously, these strategies can be combined endlessly to obtain different levels of roughness at
different scales with the most appropriate hydrophobic materials. The toolbox of the surface
engineer is filled with numerous opportunities.
For the choice of hydrophobic materials, commonly used polymers such as PTFE and PDMS have
been complemented by a wide range of other compounds to fit the different applications and
engineering requirements. Still, as mentioned in section 1.2.1, the best hydrophobic chemicals are
based on fluorine and methyl-group terminations.
In the case of techniques that can provide the desired high roughness surfaces, the choice is also
vast. Patterning techniques can be organized in three different categories: masking, direct writing
and self-assembly, that can also be combined for even more liberty and optimization.
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Masking techniques rely on a minimum of two steps, often more, where an initial pattern is
sketched on the surface, followed by a deposition or etching process that will imprint the pattern
on the surface. Photolithography in conjunction with microfabrication tools is probably the most
used techniques to manufactures intricate superhydrophobic surfaces, examples in Figure 17-a.
However, it is a complex multi-step process limited to wafer-type substrates and difficult to apply
for nanoscale features.
Direct writing techniques use a point by point approach to texture the surface, in the same fashion
as a brush painting on a canvas. These techniques can be additive, such as 3D printing (Figure 17b-d), or subtractive, such as laser ablation (Figure 17-f-g). They offer great versatility in the type
of motif and the type of material that can be patterned but they are usually slow, especially when
the pattern resolution is high.
Self-assembly is the most exotic and loosely defined category. It regroups all the methods that
harness self-organizing physical phenomena to imprint a pattern on the surface. Examples include:
self-assembly of nanoparticles (Figure 17-c), wrinkles (Figure 17-d), anisotropic surface growth
or etching (Figure 17-e-h). The working principles of each method are usually complex and may
be restrictive in terms of materials and process conditions, but self-assembly offer some of the most
elaborate and unique patterns.
Options are not lacking to design and manufacture superhydrophobic surfaces, and the choice is
dictated by the engineering requirements for a specific scientific or industrial context. For further
reading on the surface patterning, the reviews by Roach et al. on superhydrophobic surfaces [36],
Ahmmed et al. on laser micromachining [66], and Sun and Bhushan on biomimetic surfaces [67]
provide more details and examples.
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Figure 17. Surfaces patterned by a variety of techniques: (a) Photolithography, Reprinted with
permission from [45] Copyright 2000 American Chemical Society, (b) Additive
manufacturing, Reprinted with permission from [68] Copyright 2016 Company of Biologist
Ltd., Reprinted with permission from [69] Copyright 2019 American Chemical Society, (c)
Nanosphere assembly, Reprinted with permission from [70] Copyright 2013 Elsevier Inc., (d)
stress wrinkles, Reprinted with permission from [46] Copyright 2010 American Chemical
Society, (e) plasma etching, Reprinted with permission from [71] Copyright 2011 WILEY‐
VCH Verlag GmbH & Co. KGaA, Weinheim, (f-g) laser ablation Reprinted with permission
from [72] Copyright 2013 Elsevier B.V., and by K.M.T. Ahmmed from [66] under CC BY 4.0,
(h) self-assembled nanosheets by Hao Zhuang from [73] under CC-BY-NC-SA.
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1.3.

Icephobicity, superhydrophobicity and aircraft icing

1.3.1. Icephobicity: context and strategies
The icephobicity of a surface is a challenging property to assess because of the multiple pathways
to form ice and the many ways to look and solve the problem. In the last decade, a series of literature
reviews has been published exploring the different aspects of icephobicity: bio-inspired strategies
[1], [4], [74], icing and wettability [4], [75], fundamental concepts and design principles [2], [76],
focus on new surfaces [3] or even focused on the specific challenges associated with aerospace [6].
Before jumping into icephobic surfaces for aircraft protection we will summarize general icephobic
strategies, the use of superhydrophobic coatings and the key parameters of aircraft icing.
Ice forms along three pathways: liquid to solid (or water freezing), vapor to solid (frost) and vapor
to liquid to solid (freezing condensation). However even among these, ice formation is highly
sensitive to the environmental conditions. For example, an impinging droplet on a cold surface is
different than a supercooled droplet on a cold surface, or a water film resting on a surface in a
freezing environment. Some illustrative examples are displayed in Figure 18.

Figure 18. Different types of ice formed under different icing conditions: (a) feather ice by
Craig Thom under CC BY-SA 3.0, (b) freezing rain ice by Takkk under CC BY-SA 3.0, (c)
rime ice on wing edge by Shawn under CC BY-SA 2.0.
Strategies to combat ice need to be adapted to the specific icing conditions because the different
ice pathways target different scales and mechanisms of growth. While some strategies have
advantages in several conditions, for now, most icephobic surfaces are usually ice-repellent in
specific conditions with little possibilities to know if they can be transposed in other icing
environments. Overall, icephobic strategies can be categorized along two axes: anti-icing/de-icing
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and active/passive. They are characterized by the way how the surface either prevents ice
formation, anti-icing, or enhances ice removal, de-icing. Moreover, if the surface needs an external
input of energy it is considered active while it is passive if it can perform without any support.
There is a broad range of strategies as most developed surfaces will combine different properties
to enhance the icephobicity.
Ice growth from SWD can be understood as a spray coating [77], [78]. In this way, the growth can
be divided in two stages of accretion, and an additional step for the removal when considering deicing:
•

Ice nucleation

•

Film formation and growth

•

Removal of the ice

The nucleation stage is dictated by the impact, pinning and solidification of the supercooled
droplets on the surface. Understanding the complex processes involved in the droplet impact
dynamics and the liquid-solid phase transition of ice on surfaces will enable to control the
nucleation stage. With that control, surface can be designed to repel droplets before freezing or
allow them to roll off the surface. Droplet impact dynamics and how surfaces influence it will be
discussed in the next subsection (1.3.2).
In the second stage, the pinning of SWD will start to form a film of ice and cover the surface after
which subsequent droplets will impinge on the ice film and feed its growth. This stage is initially
dependent on the surface-droplet impact dynamics. During this accretion stage, the nucleation and
the mode of growth will define the speed at which the surface is covered by ice and the
microstructural properties of the ice as well as the growth rate of the ice film. Icephobic surfaces
could influence the growth mechanisms and therefore control the rate of growth as well as
minimize coverage and delay the ice formation.
Finally, while not a step of ice accretion, removal of the ice is critical to consider. The de-icing
process is dependent on the method used, heating, mechanical force or chemical fluids, but also on
the form and microstructure of the ice. Mechanical de-icing will be greatly facilitated by reducing
the adhesion of the ice layer. Thermal de-icing will be more efficient if the melting water can shed
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easily from the surface. An icephobic surface may be designed to target specific growth
mechanisms and ice microstructures to enhance de-icing technologies.
Among the icephobic surfaces proposed in the literature, superhydrophobic coatings have been one
of the most studied because of their excellent water-repellent properties, as discussed in the
previous section. Their icephobic properties have been explored, with some good performances, to
reduce ice adhesion, delay ice nucleation, repel droplets under freezing temperatures or enhance
de-icing under heating. However, any meaningful applications of superhydrophobic surfaces for
aircraft icing protection will require that their water-repellent and icephobic properties are
maintained under realistic SWD conditions.
In the following sections, we will review the influence of superhydrophobic surfaces on the
accretion of ice and steadily narrow the discussions toward the specific challenges associated with
aircraft icing. We will start by the nucleation phase and the droplet impact dynamics. We will
continue with a discussion of ice growth in realistic icing conditions obtained using icing windtunnel facilities. Finally, we will discuss aspects of de-icing through adhesion and thermal
protection systems.

1.3.2. Droplet impact dynamics
Droplets impingement on the surface is the first step in ice accretion. As such, successful icephobic
surfaces should be able to control the impact dynamics to maximize repellency and reduce the risks
of droplet sticking and freezing. To do that, superhydrophobic surfaces must be designed to address
two objectives:
•

Minimize the droplet contact time to prevent the water from freezing before leaving the
surface

•

Prevent droplet impalement that would lead to sticking of the droplet and subsequent
freezing as well as destroying the nonwetting properties of the surface.

38

Figure 19. Visually mesmerizing examples of droplet impacts on surfaces and the possible
outcomes: (a) droplet deposition on the surface, (b) prompt splashing at impact, (c) corona
splashing during spreading, (d) receding breakup, (e) partial rebound with droplet residue
and (f) complete rebound. Reprinted with permission from [79] Copyright 2011 Elsevier
Ltd.
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Droplet impact dynamics is divided in two phases: spreading and receding phases. During the
spreading phase, the droplet contacts the surface and expands over it dissipating its kinetic energy
into surface energy (potential energy stored in the distorted drop) and viscous component (friction
losses). Then in the receding phase the droplet contracts from its maximum spreading, reconverting
surface energy into kinetic energy and losing more to viscous dissipations. Instabilities due to
hydrodynamic forces during each phase can lead to splashing and ejection of secondary droplets.
Outcomes from the impact fall along five main behaviors: deposition (Figure 19-a), splashing
(Figure 19-b-c), receding breakup (Figure 19-d), partial rebound (Figure 19-e) and complete
rebound (Figure 19-f).
The impact dynamics is driven by the interplay between inertia, viscous dissipation and capillary
forces. All of those depend on the properties of the droplet-surface-gas system:
•

Droplet properties: viscosity and surface tension, impact speed, droplet size, temperature,
etc.

•

Surface properties: wettability, roughness, temperature, etc.

•

Surrounding environment: pressure, humidity, airflow, temperature, etc.

In the context of supercooled droplet impinging on superhydrophobic surfaces, it is crucial to
establish the conditions leading to fast and complete rebound to prevent freezing. Droplet bouncing
is hampered on a superhydrophobic surface when the droplet penetrates in the texture, wetting the
surface completely. This is a Cassie to Wenzel wetting transition, called in the case of an impact
event the impalement threshold. The impalement threshold depends on the stability of the CassieBaxter state and it is characterized by the balance between the different pressures during impact.
Two pressures act to wet the topography. The water hammer pressure (𝑃𝑤ℎ ) is created by the
shockwave compression in the liquid, generated at the initial point of impact (illustration in Figure
20-a). The dynamic pressure (𝑃𝑑 ) is generated by the kinetic energy of the droplet. It is usually
expected that 𝑃𝑤ℎ exceeds 𝑃𝑑 . Opposing those two parameters is the capillary pressure (𝑃𝑐 ) which
is the difference in pressure at each side of the curved air/water interface in the cavities of the
roughness leading to a Laplace pressure pushing against water [2], [80], [81]. The pressures are
described by the following relations:
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1
𝑃𝑑 = 𝜌𝑣 2
2

Equation 7

𝑃𝑤ℎ = 𝑘𝜌𝐶𝑣

Equation 8

𝑃𝑐 ∝ 𝛾𝑙𝑔

1
𝑅

Equation 9

where 𝜌 is the liquid density, 𝑣 is the impact speed, 𝐶 is the speed of sound in the liquid. The
coefficient 𝑘 is a factor of the impact speed and geometry and is confined between 0 (no
shockwave) and 1 (total transfer of the shockwave energy) [82]. 𝛾𝑙𝑔 is again the surface tension of
the liquid and R is the curvature radius of the air/water interface. The exact form of 𝑃𝑐 can be
derived from the geometry of the cavity (roughness).

Figure 20. Schematic view of the impalement regimes: (a) contact and water hammer pressure,
(b) no impalement, (c) complete impalement, (d) partial impalement. Adapted from [80].
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Three regimes separate the different states of balance between the pressures. If the capillary
pressure dominates (𝑃𝑐 > 𝑃𝑤ℎ , > 𝑃𝑑 ) no impalement occurs (Figure 20-b). On the contrary, if both
wetting pressures overcome the capillary pressure (𝑃𝑤ℎ > 𝑃𝑑 > 𝑃𝑐 ) the Cassie-Baxter state
collapses in a Wenzel state and the surface is completely wetted (Figure 20-c). In between these
extremes, if 𝑃𝑤ℎ > 𝑃𝑐 > 𝑃𝑑 the texture is only partially wetted, leading to a partially wetted state
(Figure 20-d).
The texture impalement can occur due to two mechanisms [63], [81]. If the texture is shallow, the
impact pressure can bend the air/water interface enough to reach the basal plane of the roughness
and collapse the trapped air pockets - this is the Sag mechanism (Figure 21-a). During this process,
the capillary pressure increases constantly as the curvature increases but cannot counteract the
collapse. In the second case (Figure 21-b), the de-pinning mechanism, the impact pressure exceeds
the maximum capillary pressure, but the basal plane has not been reached. The waterfront will
therefore slide along the walls, progressively wetting the surface. While impalement does not
necessarily inhibit bouncing, the increased liquid/solid contact area reinforces viscous dissipation
and impedes retraction of the liquid out of the texture.

Figure 21. Mechanisms of impalement: (a) Sag mechanism, (b) De-pinning mechanism. From
Reprinted with permission from [81], Copyright AIP Publishing.
As wetting pressures scale with the impact velocity, the impalement transition of superhydrophobic
surfaces is commonly investigated by varying the droplet speed to try to extract the relevant
roughness parameters needed to increase the threshold as much as possible. Impact speed is also a
critical parameter to map the different impact behaviors: deposition, bouncing, fragmentation, and
impalement as a function of surface characteristics (roughness). Alternatively, the Weber (𝑊𝑒)
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number, ratio of inertial forces to liquid surface tension, is often used to quantify the regime
transition:

𝑊𝑒 =

𝜌𝐷𝑣 2
𝛾𝑙𝑔

Equation 10

with 𝜌 is the liquid density, 𝑣 is the impact speed, D is the initial droplet diameter and 𝛾𝑙𝑔 is the
surface tension.

Figure 22. Schematic map of the impact dynamics outcomes. Reprinted with permission from
[83] Copyright 2008 American Chemical Society.
The outcomes of a droplet impact can be separated in sticking and non-sticking events. On the one
hand, non-wetting impacts include droplet deposition in the Cassie-Baxter state, low impact speed
without impalement, droplet rebound, and droplet fragmentation and rebound. On the other hand,
if impalement occurs, wetting of the surface leads to complete sticking of the droplet (Wenzel
state), and if the incident speed is high enough partial pinning occurs as the bouncing droplet leaves
residual water on the surface.
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Rioboo and coworkers extensively studied impact dynamics behaviors on hierarchical porous
polymers and suggested a schematic map of outcomes based on 𝑊𝑒 (and linked to the incident
velocity) and the Wenzel roughness of the coatings. Similar observations have been made on
various superhydrophobic surfaces: micropillar textures, nanotextured coatings, hierarchical
roughness, etc. [59], [63], [80], [84].
Systematic studies of impalement thresholds on microtextured surfaces with simple pillar features
helped to devise predictive models based on the different impalement regimes showing critical
impact speed around a few meters per second [63], [84]. In the case of nanometric textures and
more complex hierarchical geometries, impact outcomes and thresholds are mostly obtained from
experiments, restricted to a narrow parameter space. As a general observation, hydrophobic
materials patterned with dense and deep textures offering minimal solid fraction, and an emphasis
on nanometric and hierarchical dimensions appear to offer the best repellency performances with
a high impalement threshold [23], [79], [80], [83].

Figure 23. Exotic bouncing behaviors: (a) macrostructure breakup, Reprinted with permission
from [85] Copyright 2013, Springer Nature, (b) annular bouncing on convex surface feature,
Reprinted with permission from [86] Copyright 2017 AIP Publishing, (c) pancake bouncing on
SHS, Reprinted with permission from [87] Copyright 2014, Springer Nature.

44

When temperatures decrease and reach sub-zero conditions, new challenges emerge to prevent the
impinging droplets from freezing on the surface. The contact time of the droplet before bouncing
off the surface becomes crucial, as nucleation of ice on the surface will impede bouncing and could
leave ice on the surface. In this role, carefully designed superhydrophobic surfaces can significantly
reduce contact time during impact [88]–[90], minimizing heat transfer because of the composite
air/solid surface and repelling the droplet before nucleation starts. Mishchenko et al. demonstrated
this behavior with impinging supercooled droplets on micropatterned superhydrophobic coatings,
maintaining droplet repellency down to -25 °C [50]. However, as Li and coworkers showed for
spray coatings SHS that the surfaces with minimal contact time are paramount as repellency will
be inhibited if ice nucleation occurs [91]. Moreover, contact time on conventional SHS quickly
reaches an asymptotic threshold due to hydrodynamic limitations. In a bid to shorten contact time,
researchers have turned to new strategies.
To go beyond conventional hydrodynamics of an impinging droplet on a SHS, i.e. axis-symmetric
spreading with minimal surface interactions, some researchers have demonstrated the potential of
larger surface features, so-called macrostructures, to promote unusual droplet behaviors. By
breaking up the droplet and forcing fragmentation at impact (Figure 23-a), superhydrophobic
coatings with sub-millimetric ridges can reduce contact time by almost 50% compared to the
surface lacking macrostructures [85], [92]. In a similar manner, millimetric domes promote unusual
annular spreading and retraction (Figure 23-b), inducing a 30% reduction in contact time [86].
Figure 23-c displays another unusual bouncing mechanism, the pancake bouncing. It occurs when
the droplet partially impales on the roughness, but as the water retracts the capillary energy is
released lifting the droplet off the surface before the retraction stage. This mechanism takes
advantage of impalement to inhibit the retraction while significantly reducing the contact time.
Optimal design of the topography could promote this phenomenon for a wide array of impact
speeds.
Minimizing contact time by carefully designing complex textured surfaces is essential to prevent
freezing of impinging droplets. However, an additional issue arises when water is supercooled, its
viscosity and its surface tension increase [23]. As we discussed previously, the impalement
transition and the impact outcomes are intrinsically dependent on these two properties. Higher
liquid surface tension increases the wetting of the surface, as describe by the Young’s equation and
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confirmed by the characterization of contact angles as a function of temperature. In turn, it
destabilizes the Cassie-Baxter state on superhydrophobic surfaces [93]. In addition, under
supercooled conditions, water viscosity increases significantly enhancing the viscous dissipation
[23], [59], [94]. Higher viscous losses slow down the impact dynamics resulting in longer contact
times. The effect of higher surface tension and higher viscosity add up as higher surface tension
increases the contact surface area which amplifies friction losses already boosted by a higher
viscosity. This reinforcing cycle in sub-zero temperatures alters the impact dynamics outcomes,
lowering impalement threshold, enhancing pinning and ultimately increasing the risk of droplet
freezing. Superhydrophobic surfaces in room temperature environment will not necessarily
maintain repellency in cold environments [23], [95]. Once again, optimal roughness design to
minimize impalement and reduce contact is critical to prevent droplet sticking and freezing on
superhydrophobic surfaces. Hierarchical topographies with dense nanotexture seem to offer the
best repellency in sub-zero temperatures, even allowing pancake bouncing in some cases [96].
We have yet to address the crucial role of droplet size in the impact dynamics. Supercooled droplets
at the origin of aircraft icing usually feature diameters below 100 µm. The overwhelming majority
of the research performed on the impact dynamics of droplets focuses on larger millimetric
diameter droplets. Part of the reason comes from the experimental difficulties of working with
microdroplets. While methods for the generation of microdroplets are now more readily available
(inkjet dispenser [81], [97], water spray and nozzle technology [98] or laser-jetting [99]),
challenges arise to control (micro-positioning, fast evaporation) and to record (smaller timescale
and size) the impact dynamics, without yet trying to reach sub-zero temperatures. However, droplet
size has a strong influence on the impact dynamics and freezing.
Richard and Quéré studied the contact time of bouncing droplets on a superhydrophobic surface
with varying droplet diameter and velocity. They inferred an elastic Hertzian model based on the
balance of inertia and capillarity to compute the contact time:

𝜏 ≈ 2.6 ∗ (

𝜌(𝐷/2)3 1/2
)
𝛾

Equation 11

with 𝜌 and 𝛾 the density and surface tension of water, 𝐷 the radius of the drop. The 2.6 pre-factor
emerges from the experimental fit and it is linked to the large deformation of the drop.
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The authors observe and theorize that the contact time should strictly reduce with size and is
independent of velocity. Unfortunately, they didn’t push their experiments below 200 µm diameter
where their assumptions appear to break. As an example, extrapolating their computations to a 45
µm diameter droplet would lead to a contact time of approximately 33 µs, but experiments
performed by Kwon et al. showed that a 45.9 µm droplet bounced in around 56±4 µs on a micropillared superhydrophobic surface.
As

a

matter

of

fact,

bouncing

off

superhydrophobic surfaces in millimetric cases do
not necessarily translate to bouncing with smaller
droplets. That was shown by Callies et al. using a
simple test: droplets of various sizes were sprayed
on the superhydrophobic surface; upon tilting
smaller droplets adhere, while larger shed off (see
Figure 24) [100]. The authors propose to use this
Figure 24. Smaller droplets stick on a

test as an alternative method to characterize water

superhydrophobic surface upon tilting.

repellency beyond contact angles.

Reprinted with permission from [100]

Kwon and coworkers investigated impalement of

Copyright 2005 The Royal Society of

micrometric droplets produced with an inkjet

Chemistry.

printing head (around 45 µm diameter) on waterrepellent surfaces made of circular micropillars

[81]. Their experiments demonstrated the importance of the geometry of the roughness in the
impalement transition through the modification of the capillary pressure. The relative importance
of the different impact pressures (water hammer pressure and dynamic pressure) to the capillary
pressure, as describe previously, was shown to be applicable to determine if and how impalement
will occur. They report a transition around 𝑊𝑒~3. This quite low transition stands in contrast to
other reports for larger droplets. In particular, Rioboo et al. in their study of impalement transition
on porous superhydrophobic polymers showed the increase in the transition threshold (up to
𝑊𝑒~60) as droplet diameter diminishes but did not perform experiments below diameters of 100
µm [83].
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Experimental works on the impact dynamics of microdroplets in sub-zero environment are rare in
the literature because of the challenge to generate supercooled droplets with micrometric diameters.
However, pioneering modelling work was performed by Attarzadeh and Dolatabadi on the
impingement of 20 µm droplets on cold micro-patterned surfaces [101]. The simulations
considered fluid and air flows, heat transfer, ice nucleation, and all the intricacies of multiphase
interfaces. Their work highlights the importance of pattern density in the outcome of the impact as
well as the role of the surface heat conductivity. Lower conductivity of the substrate material
(titanium dioxide in place of aluminum) limits ice nucleation and minimize the risk of adhesion.
Remarkably, splashing seems to be inhibited when the droplet size reduces too much. Visser and
coworkers performed high-speed impact experiments on hydrophilic glass (up to 100 m/s) with
droplets in the 50-micron range and did not observe any sign of fragmentation at any stage of the
impact. While these observations did not include water-repellent surfaces, the high speeds attained
suggest that surface tension is largely dominating at this scale. It may be possible that fragmentation
will no occur in the subsonic regime for such small droplets. Strategies for icephobicity based on
reduced contact through splashing would therefore not be viable against aircraft icing.
One last parameter is also often left aside in impact dynamics and ice nucleation studies: the wind
flow. In fact, in the case of SWD impact dynamics and freezing on aerodynamic components,
airflow could play an important role. This was demonstrated at a larger scale in a systematic study
by Mohammadi et al. [102]. The authors investigated the impact of millimetric droplets under subzero temperatures and varied the air flow velocity surrounding the droplet. While pinning and
freezing was always seen on hydrophilic and hydrophobic surfaces, in the case of their
superhydrophobic coating repellency was enhanced with increased airflow speed. In some cases,
contact time reduction up to 30% was observed and it was explained by the reduction in viscous
dissipation at the contact line induced by the air pressure. Similarly, Xiao and Chaudhuri exploited
a multiscale modelling approach to examine the interplay between surface topography and shear
airflow on the lift off micrometric SWD from superhydrophobic surfaces, showing a faster
shedding of water with denser micrometric pillars [103]. Airflow has the potential to improve
repellency during impact dynamics, but in contrast it may also promote ice nucleation. Humidity
saturation and gas shear flow were demonstrated to affect nucleation mechanisms of resting
supercooled millimetric droplets, increasing evaporation cooling at the air/liquid interface and
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promoting ice formation [104]. In the case of SWD, their small size may confine the impact to the
aerodynamic boundary layer and subject the dynamics to the whims of turbulent air, complicating
even more the study of impact dynamics in realistic aircraft icing conditions.
Droplet impact dynamics is a very complex process; adding to the challenges associated with
superhydrophobic surfaces and the peculiar conditions of SWD icing makes it even more difficult.
The progress made in the last decades on the understanding and control of impact dynamics clearly
outlined the potential of superhydrophobic surfaces to prevent or reduce ice accretion by repelling
droplets. Despite that, determining the repellency of surfaces is still mostly an experimental
endeavor and the emergent behaviors associated with micrometric droplets, sub-zero temperatures
and airflow under atmospheric icing have to be taken in consideration to develop any icephobic
coatings suitable for aircraft.

1.3.3. Delaying and reducing ice accretion
Impact dynamics is only the first step in ice accretion. While progress to prevent droplet freezing
has been made, the complete ice growth kinetics requires attention to develop successful icephobic
surfaces for aircraft. However, the experimental conditions needed to produce realistic atmospheric
icing necessitate the use of dedicated icing wind-tunnel (IWT) facilities [6], [105]. This is crucial
as the interplay of sub-zero temperatures, supercooling, micrometric droplet size, high speed, and
air flow will influence how ice grows and therefore how surfaces should be designed to minimize
its detrimental effects on aircraft operation. In addition to the environmental parameters, IWT
generate clouds of droplets allowing one to account for the potential collective behavior of the
droplet cloud during ice growth. In studies on the potential of superhydrophobic surfaces to protect
against aircraft icing, three main strategies have been explored: minimize ice accretion, reduce ice
adhesion and enhance anti-icing/de-icing.
Reducing ice accumulation can lower the added weight as well as the perturbations to the
aerodynamics of the aircraft, substantially improving fuel efficiency and safety during icing events.
Wind tunnel testing of water-repellent surfaces, on flat coupons [106], [107] or on airfoils [108]–
[111], have demonstrated effective reduction of ice accretion compared to hydrophilic materials,
such as aluminum alloys. Accretion is most often assessed by visual observations of the surface
during icing without quantifying it. Some authors have also measured the accreted ice mass [109]
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or the ice-covered area by image analysis [107] after the test. While the hydrophobicity of the
coatings is crucial to minimize ice coverage, as several studies have shown, no clear correlation
has yet been demonstrated. An example of ice accretion on flat coupons coated with different
water-repellent coatings is displayed in Figure 25. It is shown that the ice-covered area is affected
by the change in roughness and the corresponding reduction in contact angle hysteresis. Low
wettability (low hysteresis) of the coating, derived in particular from dense multiscale topography,
appears to be the decisive factor in the performance of these superhydrophobic coatings against ice
growth.

Figure 25. Ice accretion on different SHS under SWD icing: (a) SEM micrographs, (b) visual
observation of the ice, (c) Binarized visual images, (d) schematic models of the ice growth
kinetics. From left to right, hysteresis of the coatings decreases. On top, Δθ is the contact angle
hysteresis. Reprinted with permission from [107] Copyright 2018 American Chemical Society.
Delaying or inhibiting ice nucleation plays a fundamental role in reducing ice accretion. The
droplet repellency of SHS can be harnessed to shed impinging water off and prevent the formation
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of ice nuclei on the surface. Sarshar et al. demonstrated that in a study where they compared ice
growth on different superhydrophobic surfaces, and aluminum substrate, in an IWT [106]. As
shown in Figure 26-a, ice is almost absent on the superhydrophobic coating while the hydrophilic
substrate is completely covered. Nonetheless, superhydrophobicity in its common sense does not
always lead to icephobicity as is exemplified in Figure 26-b where another superhydrophobic
coating (high WCA and low hysteresis) is covered by ice in the same conditions as previously.
While roughness often appears to be a deciding factor to distinguish between an effective icephobic
SHS and a non-icephobic SHS, it is not clear which topographical features should be optimized
[112].

Figure 26. Ice accretion on two different nano-rough SHS: (top) SEM micrographs
of the surface, (bottom) ice coverage after 90 s IWT testing. Adapted with
permission from [106] Copyright 2012 Springer-Verlag.
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Superhydrophobic coatings have also demonstrated interesting ability to reduce runback icing, a
serious problem under glaze ice conditions [109], [110]. In these conditions, runback water caused
by the slower solidification of droplets tends to form streams of ice along the curvature of
aerodynamic components, called rivulets (see Figure 27-a). Some SHS have been demonstrated to
significantly reduce rivulets formation (example on Figure 27-b).

Figure 27. Rivulet on a hydrophilic aluminum surface (a) and inhibition of rivulets on a SHScoated airfoil (b). Reprinted from [110] Copyright 2018 by Liqun Ma, Zichen Zhang, Linyue
Gao, Yang Liu and Hui Hu.

1.3.4. Reducing ice adhesion
In most cases, as could be expected, ice usually
ends up growing on the exposed surfaces. At
that stage, removal through mechanical (or
thermal) methods will prevent critical failure
of aircraft components. Significant work has
been devoted to the studies of the adhesion of
ice to water-repellent surfaces [3], and ice from
SWD is not an exception [6]. These studies are
motivated by the fact that reducing the strength

Figure 28. Ice adhesion strength as a function

of the ice/coating interface could promote

hysteresis. Reprinted with permission from

shedding by the ice layer’s own weight, by

[113] Copyright 2009 American Chemical

vibration, wind forces or other external

Society.

mechanical forces.
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The reduction in ice adhesion on SHS is understood to come, first from the ice/solid bonding:
hydrogen bonding and electrostatic interactions [29], [114], [115]. By using materials with a low
degree of hydrogen bonding and low electron mobility, i.e. hydrophobic (low surface energy)
materials, ice/solid interactions at the molecular level can be minimized and adhesion will be
reduced. Secondly, the topography of the superhydrophobic surface, which traps air pockets below
the water, hinders adhesion by reducing the effective contact area of the ice/solid interface. Surface
patterning also affects the interface strength by boosting fracture through stress concentration at
each air/water/solid contact line, especially in shear [116], [117].
Under SWD icing, SHS also demonstrated the ability to reduce adhesion under ex situ testing.
While a variety of SHS have been investigated, most studies report a correlation between the ice
adhesion strength and wettability [98], [108], [113], similar to the work performed on macroscopic
ice formations (e.g. frozen millimetric droplets). Lower hysteresis is again correlated to lower ice
adhesion, as shown, for example, in Figure 28 by Kulinich and Farzaneh. They measured the
adhesion of glaze ice grown in an icing wind-tunnel on several nano-textured composites of
fluorocarbon mixed with ZrO2 nanoparticles. Low wettability is often correlated to high roughness;
but the optimal topographical features have yet to be determined, and they may depend on the type
of ice (glaze, rime, mixed) [112], [118], [119]. The best performing SHS reported appears to feature
a dense nano-texture to promote minimal ice adhesion under SWD icing conditions [98], [120].
Most work on the adhesion of atmospheric ice is performed ex situ by centrifuge testing, peel-test
or other conventional methods [121] revealing a lack of knowledge of the dynamic behavior under
icing. An interesting exception is the work by Tarquini and colleagues [122]; they designed an
icing experiment to test superhydrophobic coatings for helicopter blades and adapted the traditional
rotor apparatus to be able to record ice shedding and measure ice adhesion strength in realistic,
dynamic SWD icing conditions.
Despite demonstrating a significant reduction in ice adhesion, durability of SHS under repeated
cycles of icing is a concern [6]. In fact, the textured topography critical to their performance is also
a weak point as it is fragile and can be damaged during operation and de-icing [64], [119], [123].
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1.3.5. Thermal de-icing and anti-icing
In a similar fashion as weakening adhesion is sought after to develop icephobic coatings, significant
research has been done to improve current de-icing and anti-icing technologies using surface
engineering. Among them, the heat-assisted techniques are a prime target due to their widespread
use and their significant energy consumption. Several concepts have been used to enhance the
efficiency of thermal de-icing. Specifically, in the case of aircraft icing two thermal methods to
prevent ice accumulation are commonly investigated: de-icing and anti-icing, while
superhydrophobic coatings have been shown to offer improvements in both.
Thermal de-icing consists of removing ice by heating once ice has formed on the surface.
Efficiency is usually quantified by the time needed to completely remove ice from the surface at a
given power (heat) input. In this context, SHS have demonstrated improved de-icing time
compared to reference substrates [79], [118], [124], [125], by up to 75% in some cases [109]. The
high mobility water on water-repellent coatings allows one to quickly remove melting water while
also more efficiently shedding ice sheets which can slide on the water interface created by the
heating.

Figure 29. Anti-icing experiments showing the power input needed to maintain an SHS coated
airfoil ice-free under continuous SWD icing: (a) aluminum surface, (b) SHS-coated airfoil. Q is
the power input per surface area and TLE is the temperature at the leading edge. Adapted from
[109] Copyright 2016 D. De Pauw and A. Dolatabadi.
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Thermal anti-icing takes the approach of heating the surface to maintain the surface ice-free. The
power (or temperature) required to maintain an ice-free surface is an indication of the efficiency of
the system. This anti-icing approach is commonly used in engines and other critical components
when risks of icing are detected on the flight path. Superhydrophobic coatings have demonstrated
excellent performance in thermal anti-icing, even in harsh SWD icing conditions [109], [124],
[126], [127]. An example of the performance of SHS to improve this method is shown in Figure
29, at a power input of 1.22 W/cm2, the coated airfoil is ice free whereas the aluminum substrate
is still covered by ice at the exception of the leading edge where the heater is located.
In the case of airfoils and other aerodynamic surfaces, superhydrophobic coatings benefits may be
compounded by the suppression of runback icing allowing to reduce the area in need of de-icing,
reducing costs and weight of the heating system.
In this context, new coating strategies are investigated to maximize the heat transfer to the
ice/surface interface and push even more the efficiency [7], [124], such as integrating heaters in
the coating architecture in combination with superhydrophobic coatings.

1.3.6. Ice growth kinetics and characterization tools
Most studies on the behavior of coatings under atmospheric icing focus on icephobic metrics, such
as delay in ice nucleation, ice area coverage or efficiency of de-icing. The study of the ice growth
kinetics and the effect of coatings are much less understood. However, wettability has a large
influence on the growth of ice and can significantly alter ice structure, growth rate and roughness.
Figure 30 shows an example of the change in ice morphology during growth on surfaces with
different wettability. The hydrophilic surface is covered by a continuous layer of ice while the three
hydrophobic surfaces display a rough ice layer. In the case of the two most hydrophobic coatings,
the ice layer is not even continuous.
The influence of surface energy and roughness on the structure and morphology of ice has
consequences on the performance of icephobic coatings to prevent and mitigate accretion. Sarshar
and colleagues related the growth mode to the change in wettability (see Figure 25) [107]. A change
in the growth mode from a continuous film to island nucleation affects the accumulation and
coverage of the surface. It will also affect the melting and shedding of the ice as well as its adhesion,
and therefore impact the performance of anti-icing and de-icing strategies.
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Figure 30. Visual observation of the ice surface during growth under SWD icing on coatings of
different wettabilities. Samples are: S0 = substrate, S1 to S3 coatings with sequentially reduced
wettability (hysteresis). Red circles indicate ice-free zones. Reprinted from [128] under CC
BY-4.0.
Mangini and coworkers illustrated the influence of growth mode on the thermal anti-icing behavior
of airfoils coated with a superhydrophobic film [127]. Ice growth on the heated airfoil changed
from large streams on the aluminum surface to small islands on the SHS. This affected the
efficiency of the anti-icing heater (Figure 31-a-b) and promoted the shedding of ice islands under
the airflow (Figure 31-c-d). The difference is straightforward between a hydrophilic surface and a
superhydrophobic coating, but different water-repellent coatings may promote different ice growth
modes and anti-icing behaviors which could have dramatic consequences for the performance of
icephobic coatings and aircraft protection systems.
It is imperative to study more thoroughly the influence of coating properties on the ice growth
kinetics to design the next generation of icephobic surfaces. New tools need to be developed in
order to complement visual observations and to provide reliable quantitative data.
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Figure 31. Infrared imaging of ice growth on heated airfoils: (a) bare aluminum airfoil with
runback ice streams, (b) SHS-coated airfoil with ice-island growth, (c) ice-island detachment
from the SHS-coated airfoil. Reprinted with permission from [127] Copyright 2014 Elsevier
B.V.
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1.4.

Superhydrophobic amorphous carbon coatings

1.4.1. Synthesis of amorphous carbon thin films
Among the numerous materials available for coatings, carbon-based thin films are widely used in
research and industry. Carbon-based coatings encompass a large range of possible forms: from its
common crystalline allotropes graphite and diamond to polymeric films such as Teflon, and
amorphous coatings such as hard tetrahedral carbon (ta-C) and silicon oxide carbon composites (aC:H:Si:O). These various forms have led to widespread usage thanks to the large range of
properties and tailoring possibilities they offer. They are known for functional capabilities such as
low friction (hydrogenated amorphous carbon or fluorine doped carbon), high hardness and wear
resistance (tetrahedral carbon and diamond films), antibacterial activity and biocompatibility
(metal-doped

carbon

coatings),

hydrophobicity (fluorine or methyl-group
incorporated films and polymers), etc. In
addition, carbon-based coatings can be
synthesized with most plasma deposition
techniques,

while

plasma-enhanced

chemical vapor deposition (PECVD) is for
now the most common. This versatility
makes them a unique class of thin films and
they have found large acceptance in

Figure 32. Ternary phase diagram of amorphous

industry. The following reference articles

carbon coating forms. Reprinted with permission

are recommended [129]–[131] for more

from [129] Copyright 2002 Elsevier Science

detailed information.

B.V.

The family of amorphous hydrogenated
carbon (a-C:H) films obtained by PECVD, often referred to as diamond-like carbon (DLC), have
attracted a lot of interest because of the ease of deposition, their usually high hardness, chemical
inertness, and low friction coefficient as well as the possibility to impart new properties thanks to
the incorporation of other elements. The tailoring of their properties is made through the control of
the level of sp2/sp3 hybridization, hydrogen content and elements incorporation.
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In pure a-C and a-C:H DLC coatings, the relative concentrations between the sp2 hybridization the π bonding of graphite -, sp3 hybridization - σ bonding of diamond - and hydrogen bonding also a σ bonding - is the primary factor affecting the properties of the films. The forms emerging
from the differences in the ratio between these three types of bonds can be presented in a ternary
phase diagram as shown in Figure 32. While DLCs are rooted in “graphitic” and “diamond”
chemical bonds and share some of their properties with both allotropes, these films are nonetheless
amorphous featuring an isotropic disordered microstructure.
From a thermodynamic point of view, DLCs are a metastable form of carbon as the sp3 coordination
is unstable in standard conditions. As such the synthesis of DLC coatings requires energetic
processes to promote sp3 bonding and ion bombardment is the most convenient way to achieve the
conditions needed. Energetic ion bombardment allows the implantation of carbon ions in the
subsurface of the growing film and delivering of energy to the growing material. This enables one
to achieve conditions required to promote the formation of sp3 bonding at the expense of sp2 sites.
This growth process is called subplantation [129]. Atomic hydrogen and hydrogen ions from the
plasma also tend to favor sp3 bonds by etching sp2 graphitic sites up to a certain extent
counterbalanced by hydrogen incorporation. While energetic bombardment enables the growth of
sp3 rich coatings, leading to harder and stiffer materials it also induces significant compressive
stresses which can lead to failure of the film. Balance between sp2, sp3 and H contents to optimize
performance and durability is critical for amorphous hydrogenated carbon coatings.
In practice, DLC films produced by PECVD are based on hydrogenated carbon precursors,
commonly methane CH4 and acetylene C2H2 accompanied by a carrier gas to provide plasma
stability and additional bombardment, usually argon, and in some cases addition of hydrogen gas.
The most common PECVD processes for DLC use radiofrequency, pulsed direct current or
microwave discharges.
Pure a-C:H coatings offer interesting properties; however, more complex multifunctional carbon
coatings require incorporation of other elements to foster new properties. That is the case of
hydrophobicity which can be reached by the incorporation of fluorine [130], [132].
Fluorine incorporation in DLC coatings promotes hydrophobicity in a similar manner as in
polytetrafluorethylene (PTFE also known as Teflon), by reducing the polar and dispersive
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components of the surface energy. These a-C:H:F films are rich in CFx groups responsible for
hydrophobicity [130]. While not as hydrophobic as optimized fluorinated polymers, which can
reach Young’s contact angles of almost 120°, a-C:H:F coatings have demonstrated contact angles
above 110° for high fluorine concentrations [28], [133], [134].
Significant amount of fluorine needs to be incorporated in the coating to obtain a hydrophobic
material, most work reports concentration above at.40% of fluorine [135]–[137], even if some
reports of around at.20% have been published [134], [138]. Such large amounts of fluorine have
important effects on the properties of the films. In particular, mechanical properties, hardness and
elastic modulus deteriorate, affecting the durability, scratch resistance and wear resistance of the
coatings [132], [138]. The compressive stress usually observed in DLC films is, however, reduced.
Other properties such as friction, refractive index or infrared transparency are also affected by
fluorine. These changes of properties are linked to changes in the network structure of the carbon
matrix such as the sp2/sp3 ratio and the density, and the usually more polymeric nature of the
coating [129], [130], [133], [136].
Adequate control of the deposition process and careful optimization is needed to balance the
properties in order to obtain multifunctional hydrophobic a-C:H:F coatings.

1.4.2. Reactive ion etching for surface patterning
As was presented in subsection 1.2.5, multiple options are available for the fabrication of the
surface texture needed to achieve superhydrophobicity. Reactive ion etching (RIE) is a commonly
used one. Widely used in the semiconductor industry, RIE a key process that enables to easily
pattern silicon surfaces. A lot of studies on roughness and superhydrophobicity used a combination
of RIE and photolithography to create silicon microstructures. RIE offers a great versatility to
produce a wide array of micrometric and nanometric structures to achieve the desired roughness
geometry as exemplified on Figure 33.
Detailed reviews of plasma etching can be found in references [139]–[141] and on the topic of
surface texturing in [142].
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Figure 33. Examples of structures obtained by plasma etching: (a) micrometric structures in
silicon, Reprinted with permission from [45] Copyright 2000 American Chemical Society, (b)
black silicon etching, Reprinted with permission from [71] Copyright 2011 WILEY‐VCH
Verlag GmbH & Co. KGaA, Weinheim, (c) dual micro- and nano-roughness on silicon,
Reprinted with permission from [143] Copyright 2010 American Chemical Society.
RIE is mostly performed with halogen chemistry. In particular, fluorine from SF6 or from
fluorocarbon precursors, is most commonly used to etch silicon and its dielectric compounds Si3N4
and SiO2. Alloys and other metal-based compounds are etched with fluorine or chlorine depending
on the specific metal elements. Alternatively, with the emergence of polymers and carbon-based
materials, oxygen has also been used. Etching reactions are usually exothermic and most RIE
systems employ cooling systems to manage heating damage and control the volatility of the
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reaction products. With optimal choice of etchant mixtures and control of the plasma, etching of
almost all materials can be achieved by RIE [140].
Regarding surface patterning, plasma etching is interesting thanks to its versatility and precise
control over the isotropy/anisotropy of the process. Anisotropy is characterized by the difference
in etching efficiency along different directions and locations. In RIE, anisotropy can be controlled
by the process parameters (pressure, ion energy), the etching reaction through the choice of etchant
and the conditions, and by the use of masks.
Masking is the main way used to control spatial anisotropy and alter the topography of the surface,
such as creating pillars in the material. Masks come in a variety of forms, but the most common
are based on photolithography and are usually used to produce structures with micrometric sizes
(examples in Figure 33-a). However, in order to obtain smaller patterns in the range of tens to
hundreds of nanometers, masks based on self-assembled processes are more widely used.
Nanosphere lithography [144] and metal self-assembled nano-islands are commonly employed
[145]. These methods require the preparation of the mask before the etching.
In practice, RIE is a versatile technique and, as a vacuum-based plasma process, it can be easily
combined with deposition of hydrophobic materials such as the a-C:H:F coatings discussed in the
previous section. This makes it an attractive technique for the texturing of superhydrophobic
coatings for industrial applications.

62

EXPERIMENTAL METHODOLOGY

3.1 Icephobicity testing
3.1.1 Icing wind-tunnel
Icing wind-tunnels (IWT) are the only systems capable of producing realistic atmospheric icing
conditions. Our experiments were carried in a small-scale closed-loop icing wind-tunnel, presented
in Figure 34. This wind-tunnel is located at the Multiphase Flow Laboratory (Concordia University,
Montréal, Québec, Canada). Details of the wind-tunnel design and specifications can be found in
references [109], [146]

Figure 34. 3D schematic of the icing wind tunnel.
The wind is generated by a fan, powered by a variable electric motor with adjustable rotation speed.
The temperature of the air flow is regulated through an external compressor-based refrigeration
unit and a heat exchanger located in the loop opposite to the test section. An air atomizing nozzle
generates a cloud of droplets upstream of the test section. The nozzle is fed by pressurized air and
deionized water flow which can be controlled to ensure steady droplet delivery during testing. The
cloud is funnelled toward the test section where the sample and the characterization equipment are
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located. Droplets are supercooled during transport by the cold airflow. The wind-tunnel is designed
to provide, in the test section, icing conditions similar to the FAA certification envelopes (see
Chapter 2). Wind velocity was calibrated using a Pitot tube and droplet distribution was measured
by laser diffraction.
This facility is able to generate conditions for glaze, rime and mixed ice. The system produces
wind-speed up to 45 m/s. Temperature can be regulated down to a minimum of -20°C at mid-range
wind speed. Liquid water content can be produced at stable rates ranging from 0.5 to 5 g/m 3. The
nozzle delivers a droplet distribution with a median volume diameter of 28 µm, spanning from 10
to 100 µm. However, experiments carried out in this work were confined to rime ice conditions.
These were selected because of the increased stability of the wind-tunnel and experimental
constraints of the characterization tools. The common operating parameters are compiled in Table
I.
Table I. Icing conditions used during experiments.
Air flow velocity

10±2 m/s

Test section temperature

-17±1 °C

Liquid water content

0.5–0.7 g/m3

Droplet diameter range

10 – 100 µm

Droplet median volume
diameter

28 µm

3.1.2 Test section
A new the test section for the IWT was tailor-made for the purpose of this thesis. It consists of
three parts: the test section frame, the sample stage and several characterization tools.
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The frame is built out of aluminum. The outer surfaces are padded with isolation foam to prevent
condensation from accumulating during testing. The mid-section is available for the removable
sample stage - in front of it, four glass windows are placed on each side providing a clear view of
the sample. The windows are protected with an external stream of air to prevent condensation and
maintain the glass clear for imaging. In addition, the top window is fixed on a hinge allowing one
to access the interior. Type-K thermocouples measure the laboratory temperature and the IWT
temperature. The thermocouple inside the test section is placed behind the sample stage to avoid
perturbing the airflow in front of the sample and minimize ice accumulation. A 3D model is
displayed in Figure 35-a.
The sample stage is placed in the middle of the test section. It is a standalone module that can be
removed to install the test sample. The stage consists of a thermoelectric Peltier device integrated
between a copper sample holder and a larger aluminum heat sink; the ensemble is fixed to an
armature to hold all components together. The Peltier device is powered by a 150 W DC powersupply and a PID feedback controller. It allows one to control the temperature and heat transfer,
heating or cooling, to the sample via a thermistor installed inside the copper stage. Complementary
thermocouples record the temperature of the heat sink and the backside of the sample (in the copper
piece). The front part of the copper piece is placed facing the droplet nozzle with a flat panel of 25
mm x 50 mm where the tested sample can be installed with conductive thermal paste (McMasterCarr). The armature also features a rotating shutter designed to shield the sample from impinging
wind and droplets. The thermocouples are monitored by a computer which also records the position
of the shutter (open/close). A 3D schematic is shown in Figure 35-b.
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Figure 35. 3D schematics of: (a) IWT test section and (b) sample stage.
The attack angle of the sample is fixed at 90°. While this may appear counterintuitive for
aerodynamics purposes, it was chosen for practical reasons. At the small scale of the IWT and the
sample size used for testing, normal incidence of the flow is more realistic considering actual
aircraft components such as wings. Moreover, the test section was designed for material studies;
as such it is more practical from the deposition point of view since we use flat coupon substrates
instead of samples formed by coating on aerodynamic shapes such as airfoils. Adding to that the
complexity of air flow dynamics in icing environment it was deemed more appropriate to fix the
attack angle to 90° and focus on material characterization.

3.1.3 Impact dynamics imaging
To investigate the impact dynamics of supercooled microdroplets in realistic conditions, the windtunnel was fitted with a high-speed imaging setup. Several difficulties appear immediately: how to
image droplets tens of micrometers in size, flying at several meters per seconds and at freezing
cold temperatures. The small size of the particles to image requires a high magnification lens and
a powerful illumination source. The high particle velocity was addressed with advanced high frame
rate cameras and high-power light source. Finally, the freezing environment means the light source
cannot generate much heat or risk affecting the test. In our case we worked with a black and white
camera running at 54 000 frames per second equipped with a telescopic lens (3.3 µm/pixel at the
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highest magnification) and using a high-power white LED producing an equivalent to a 250 W
halogen lamp. The camera was synced to the protective shield of the sample stage and the lamp
was only powered during the recording.
The light source and the camera were placed horizontally on each side of the test section directly
in front of each other. This configuration is called a shadowgraphy setup as the objects of interest
will pass in between the light and the sensor will record its shadow. However, in the case of
transparent water the spherical shape of the droplet produces a lensing effect which will make the
center of the droplet appear bright spot while the edges will be dark.
The high-speed footage was processed using the Fiji software suite [147], and single-particle
tracking was performed with the Trackmate plugin [148]. The processing pipeline is carried out as
follows:
1. Sequence extraction (Figure 36-a). From the complete footage, impact sequences of
individual droplets are extracted. A simple brightness/contrast adjustment is performed at
this step to facilitate the extraction. These steps yield multiple single-impact video
sequences.
2. Thresholding of the impact sequences (Figure 36-b). Background subtraction of the first
frame in each single-droplet sequence is performed. Additionally, Trackmate provides a
particle size filter to eliminate objects as a function of their total pixel area allowing to
remove noise in the frame.
3. Droplet tracking in impact sequences (Figure 36-c). Once the thresholding is completed,
for each sequence the droplet (last object left in the frame) is tracked to detect the path of
the droplet during the whole sequence. Droplet contact time, initial speed and bouncing
speed can be measured from the droplet tracking data.
This high-speed imaging experiment in an IWT is particularly challenging. The icing experimental
parameters were selected to compromise between the limitations of the imaging setup and the
generation of realistic icing conditions. However, the limitations of the equipment and setup did
not allow to characterize the full extent of the impact events, spreading and retraction, with enough
temporal and spatial resolution. Therefore , it was not possible to perform the detailed analysis
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often reported in impact studies of low speed millimetric droplets. Nonetheless, the droplet
behavior and contact time could be extracted with careful image processing.

Figure 36. Image data processing steps to track a droplet impact event: (a) initial frame with
contrast adjusted, (b) thresholding, (c) tracking with the initial path in red and the bouncing
path in green. Droplet is indicated by the red arrow.
For repeatability, imaging experiments were reproduced two to three times with pristine samples.
Each test producing around 600 milliseconds of high-speed footage (≈ 30 000 frames) containing
thousands of impinging droplet video sequences. For each set of experimental conditions, 15 to 25
single-droplet impact sequences were analyzed to extract the contact time and tracking data. It
should be kept in mind that while thousands of impacts are recorded a lot of them are not usable
for analysis because of frame quality or incomplete impact sequences.
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3.1.4 Ice growth kinetics characterization
To investigate the ice growth kinetics in the
IWT and the role of surface wettability we
developed a new experimental setup and
methodology to characterize the ice during
wind-tunnel testing. This in situ module is
detailed in Chapter 5. A summary is presented
here.
The working principle is shown in Figure 37.
A laser line shines on the surface of the
sample at a shallow angle; as the ice grows,
the reflected laser line will move. From simple
geometry the laser displacement allows one to
compute the thickness of the ice. The

Figure 37. Geometry and working principle of

experimental setup consists of a red laser

the in situ system: (a) no ice layer, (b) ice

diode located on one side of the test section

growth. h is the ice thickness, θ the

and aimed at the surface. A digital camera on

laser/surface angle and Δx the laser beam

the opposite side of the test section records the

displacement.

motion of the reflected laser line.
The raw laser displacement images captured by the camera are processed to remove perspective
and optical distortions before analysis:
1. Perspective correction. Ideally, the camera would be facing the surface at normal incidence
but the IWT does not allow that configuration. The inclined view of the camera creates
distortions in the effective pixel size. To remove the pixel warping induced by the viewing
angle, a four-point homography transformation algorithm is applied by using a reference
object of known dimensions and aspect ratio [149]. The copper sample holder provides an
appropriate reference object for un-warping and pixel size calibration.
2. Scaling coefficient. The homography transformation does not conserve out of plane angles
such as the laser angle used to compute ice thickness from laser displacement. Therefore, a
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calibration coefficient must be introduced to scale the computed thickness to the real ice
thickness. This coefficient is easily obtained by taking laser displacement images with
plates of known thickness and computing the slope between real thicknesses and measured
values.
3. Laser averaging. Each corrected image is averaged horizontally (along the laser line) over
the pixel intensity to remove the laser speckle effect and reduce noise. The obtained
intensity profile can be fitted with a Gaussian curve to extract the peak position and the full
width as half maximum (FWHM) as shown in Figure 38.

Figure 38. Example of a processed laser frame: (a) frame after correction, (b) Averaged
laser profile and fitting over the green region of interest in (a).
The thickness evolution is directly obtained from the fitted peak position. In addition, the FWHM
is correlated with the roughness of the ice. Demonstrations of the use of light (laser) scattering to
measure the roughness of a surface have been done at the micrometer scale [150]–[152].
Unfortunately, the ice roughness is too large to be quantified meaningfully using scattering theory
and internal scattering will affect the results. However, the laser spreading is still a clear indication
of the roughness and comparison of the growth between samples can be characterized. After this
processing, time-encoded data of the ice thickness and roughness (laser FWHM) are available.
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Further fitting and analysis can be performed to extract interesting information of the ice growth
kinetics, such as, for example, the growth rate.
The processing pipeline was coded in Python 3 using open-source libraries for: data management
(Pandas), mathematical operations (Scipy, Numpy), machine vision algorithms (OpenCV) and
graphical user interface (Tkinter).

3.1.5 Active thermal de-icing and anti-icing
The sample stage is equipped with a thermoelectric Peltier module to allow the investigation of the
influence of coatings on active thermal ice protection. Two methodologies are possible: de-icing
and anti-icing.
De-icing relies on the removal of ice once it has taken hold on the surface. In this configuration,
ice is grown during a conventional ice accretion test. Once accretion is finished, the sample is
heated, and the time needed to remove completely the ice is recorded. The heating output is kept
constant at 50% of the power supply and the shutter protects the sample to reduce wind pressure.
A digital camera can film the test to capture the behavior of the melting ice. De-icing efficiency is
assessed by the time needed to clear all ice.
Anti-icing characterizes the ability of the surface to prevent ice accretion under heating. In this
configuration, the surface is heated by the thermoelectric stage before exposition to the cloud of
SWD. The temperature is slowly decreased until ice starts to form on the sample. This temperature
is called the critical anti-icing temperature and characterize the performance of the surface to resist
ice accretion under minimal heating. In our anti-icing tests, the surface is heated to 20°C before
exposition to the water spray. The temperature is decreased at a rate of 3 °C/min to 5 °C/min. Once
again, the surface is monitored with a camera.
De-icing and anti-icing are simple tests and their quantified results are dependent on the
experimental setup. However, the melting behavior of the ice and the ice growth under heating
gives insight on the wettability of the surfaces under SWD impacts.
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3.2 Sample fabrication used for icephobicity testing
3.2.1 Fluorinated amorphous carbon coating synthesis
Amorphous carbon films were deposited by plasma enhanced chemical vapor deposition (PECVD)
in a custom-made reactor. A schematic of the system is presented in Figure 39.

Figure 39. Schematic of the RF-PECVD reactor.
The stainless-steel cylindrical chamber is pumped to high vacuum by a turbomolecular pump
backed by a conventional rotary mechanical pump. Two pressure gauges are used: an ion gauge
and an MKS Baratron gauge. The ion gauge monitors the pressure from around 10 kPa (≈100 Torr)
down to 10-7 Pa (≈10-9 Torr). However, it is sensitive to the gas composition. During processing,
the pressure is monitored by the Baratron gauge (capacitance manometer) which is independent of
gas composition but with a limited range (1 Torr to 0.1 milliTorr). This gauge is synchronized with
a throttle valve on the turbopump intake line to enable pressure control during operation.
The system generates a capacitively coupled plasma with a radio-frequency power supply (13.56
MHz) and a matching network. The generator is connected to the main electrode where the samples
are installed, electrically insulated from the rest of the chamber. The walls of the reactor are
grounded and act as a counter-electrode. The main electrode is 15 cm in diameter designed to hold
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several samples of 2.5x2.5 cm2 or a whole wafer. The plasma is regulated by measuring the DC
self-bias on the electrode and adjusting the power input.
The precursor delivery to the chamber is controlled separately by mass flow controllers for most
of the gases. Argon was used as a dilution gas for plasma stability and additional ion bombardment.
Carbon was obtained from the acetylene precursor (C2H2) while fluorine was incorporated from
octafluorocyclobutane (C4F8). C4F8 is liquid in ambient conditions, therefore, to ensure a proper
gas control and delivery it circulated through heated lines (≈50° C) and the flow was regulated with
a micrometric valve instead of a mass flowmeter. This gas mixture allows one to synthesize
fluorinated and hydrogenated amorphous carbon coatings (a-C:H:F). As the fluoropolymer is not
controlled by a mass flowmeter, the ratio of gas in the mixture was adjusted by measuring the
equivalent partial pressure of each precursor at the set flow (or valve opening) when the pumping
system is at full speed (throttle valve fully opened).

3.2.2 Nanopatterning of silicon for water-repellent surfaces
The patterning of silicon surfaces at the nanoscale was performed through a combination of selfassembled metal-mask and reactive ion etching.
The patterning process consisted of three steps as described in Figure 40. First a mask of gold was
deposited on the native oxide of a silicon substrate. Afterward, the sample was etched by reactive
ion etching (RIE) with a high selectivity process of silicon versus gold; this created a nanoscale
roughness on the silicon surface. Finally, a top coating was deposited to impart water repellency.
The gold mask was generated by the Volmer-Weber growth mode (3D island growth) typical for
metals on dielectrics. Due to the nature of the growth, the mask was formed by nanometer size
islands, as displayed in Figure 41. This self-assembling mask can thus be controlled by maintaining
the film below the percolation threshold, when separated islands coalesce into an continuous layer.
The size and distance of the Au clusters were controlled by the process time and the adatom energy
(from the plasma or by heating).
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Figure 40. Patterning process using etching of nano-islands: (a) gold mask deposition, (b)
plasma etching, (c) hydrophobic coating deposition.
The thin gold layers were deposited by sputtering in
a custom-made vacuum deposition system equipped
with

three

2-inch

radio-frequency

powered

magnetrons and a down-facing rotating substrate
holder. In order to obtain a discontinuous film, low
power deposition was favored to limit the surface
mobility of the sputtered atoms. The gold target was
sputtered in an inert Argon atmosphere. Control of the
RF-power, working pressure, process duration and
substrate temperature allows one to control the
distribution of size and spacing of the islands.

Figure 41. Transmission electron

Once deposited, the gold-covered samples were

microscopy of a typical gold nano-

transferred to the RIE reactor. The reactor was the

island layer deposited by magnetron

same used for coating deposition described in

sputtering. Courtesy of Antonin Riera.

subsection 3.2.1. The etching was done with a
fluorine chemistry provided by a pure atmosphere of sulfur hexafluoride (SF6). The electrode was
not cooled during processing. The duration of the process was adjusted from 1 to 15 minutes to
control the etching and the resulting roughness of the silicon surfaces. It should be noted that the
gold-mask samples are immediately transferred to the RIE reactor to avoid moisture adsorption. It
was observed that prolonged exposition to humid ambient air degraded the gold layers negating
the masking effect.
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Finally, the etched surfaces were covered by a thin hydrophobic layer of a-C:H:F coating to enable
water repellency. The coating process was performed in the same reactor as described in the
previous subsection 3.2.1.

3.2.3 Reference materials
Several materials were used as reference surfaces for the purpose of comparison in ice accretion
testing.
Ti-6Al-4V aerospace alloy was used as a substrate and a hydrophilic surface. All Ti-6Al-4V
samples were coupons of 1.8 mm thickness and 25x50 mm2 dimensions, provided by our
industrial partner Pratt & Whitney Canada. The coupons were mirror polished following the
procedure in Table II on a rotating polishing machine. After polishing all the coupons were
cleaned under flowing water and degreasing agent followed by two successive ultrasonic baths of
acetone and isopropyl alcohol for 5 min and by drying under nitrogen flow.
Table II. Ti-6Al-4V polishing procedure.
Step
Abrasive and
grit

Grinding

SiC #320

SiC #800

Polishing

SiC #2000

SiC #4000

Silica 50 nm

5:4:1 dilution of
Lubricant
solution

Water

Water

alkaline OPS/water/Hydrogen
peroxide

Force
Duration

2 N/cm2

2 N/cm2

3 N/cm2

Until plane

Until uniform

Until mirror

Water-repellent coatings used as references were fabricated using commercially available products.
Both a hydrophobic and a superhydrophobic coatings were prepared using commercially available
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compressed gas bottle sprays, Tana® and Rustoleum NeverWet®, respectively. These coatings are
alkane-based water-repellent proprietary formulations with silica nanoparticles incorporated in the
former case. Spray coatings were applied under a fume hood to ensure reproducibility. Spraying
was performed at a working distance of 30-40 cm, and at normal incidence to the substrate. Two
passes were performed to ensure thick and homogenous coatings. Finally, the sprayed samples
were left to dry for 12 hours.

3.3 Surface characterization techniques
3.3.1 Wettability characterization: contact angles and hysteresis testing
methodology
The wettability of the surfaces was assessed by the sessile drop method to measure contact angles
on a Attension Theta (Biolin Scientific). The apparent contact angle was determined using a contact
angle goniometer with 3 µL deionized water. A camera records the resting droplet on the surface.
The contact angle was obtained by fitting the outline of the drop with the Young-Laplace method.
Each droplet contact angle was automatically recorded by the camera at 15 fps and averaged over
a 5-second period to ensure the stability of the contact angle and the absence of surface degradation
during testing. Measurements for each sample are averaged over 3 to 5 droplets.
Hysteresis was calculated from advancing and receding contact angles obtained by inflating and
deflating a sessile droplet at a rate of 1 µL/s while recording the three-phase contact line
displacement. This method for hysteresis measurement is schematically illustrated Figure 42.
Analysis of the recorded frames allows one to extract the advancing and receding angles as a
function of the baseline of the droplet, i.e. the part of the droplet in contact with the surface. In a
typical test, the graph features two horizontal regions, the maximum will be the advancing angle
while the minimum will be the receding one. An example of such a representation is shown in
Figure 42.
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Figure 42. Methodology for the measurement of advancing (ACA) and receding (RCA)
contact angles. Reproduced from [153]. The values of the advancing and receding contact
angles are averaged over the stable horizontal regions, indicated by the red ellipses in the
graph.

3.3.2 Surface topography
Surface topography was characterized with three different techniques: coherent scanning
interferometry (CSI) microscopy, atomic force microscopy (AFM) and scanning electron
microscopy (SEM).
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CSI is a non-contact topography measurement technique – it relies on the scanning and
interpretation of an interference pattern along the vertical direction (Z-axis, normal to the surface
plane) to reconstruct a 3D model of the surface. In the configuration of a white light interferometry
(WLI) microscope, it uses a broadband source of illumination, dedicated interferometric objectives
(Mirau or Michelson types) and a high-resolution camera to image the surface over the complete
lateral window of the microscope contrary to profilometer type equipment which scans the surface
line by line. Such WLI microscopes are suited to characterize large areas while maintaining high
vertical resolution. The lateral resolution is limited by the optical magnification and, at the
maximum, by the diffraction limit. The vertical resolution (depth) is only limited by the
experimental setup; most modern equipment can reach a resolution below 1 nm under optimal
conditions. WLI is suitable to image the micrometric topography of high roughness surfaces such
as superhydrophobic coatings. In this work, the analyzed samples were tested at three different
positions with a scan area of 1.0x1.0 mm2 at 0.495 µm lateral sampling (pixel size). Detailed
explanations and operation procedures of CSI microscopy can be found in the National Physical
Laboratory good practice guides [154], [155].
Disadvantage of the WLI microscopy is that it is not able to resolve the fine nanometric features
often present in water-repellent coatings. In order to quantify the small-scale topography, AFM is
more adequate. This contact profilometry measurement technique has been used here to
characterize the roughness by scanning a sharp tip over the desired surface. The tip, usually silicon
sharpened to a curvature radius of the order of nanometers, is held on a cantilever. Two common
modes of operation can be used: contact mode and tapping mode. In the contact mode, the
cantilever is pressed at constant load and is scanned directly on the surface, and the movement of
the cantilever is recorded as it moves up and down following the topography. In the tapping mode,
the cantilever is vibrated and passed over the surface, the system maintains the vibration frequency
by moving up and down the cantilever during lateral scanning. In both cases the 3D topography is
reconstructed line by line from the vertical displacement of the cantilever. AFM can achieve a
vertical resolution of a fraction of nanometer and a lateral resolution in the range of nanometers.
However, the field of view is usually limited to tens of micrometers at maximum. AFM is well
suited to quantify the nanoscale topography of surfaces such as the nanometric features of
superhydrophobic coatings. For in-depth understanding of AFM and its numerous possibilities, the
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reader can refer to the numerous books and reviews on this subject such as the recent publication
by Bert Voigtländer [156].
Topographical raw datasets, from WLI or AFM measurements need to be processed before
extracting roughness parameters. The most common operations consist of removing surface tilt by
using a mean plane subtraction operation and remove long-range curvature by subtraction of a 2nd
or 3rd order polynomial. These operations are carried out with processing software such as the opensource Gwyddion [157] for WLI or the commercial Nanoscope for AFM. At this point a distinction
should be made between area measurement (as with WLI) and line by line measurement (with
AFM). The 1D roughness parameters obtained in AFM are computed for each line and averaged
over the number of lines scanned - these will be referred to by a capital R. In contrast, for WLI
measurements the roughness parameters are computed over the whole surface area in one step and
are called areal parameters, referred to by a capital S. The mathematical definition used for line by
line data has been expanded to area data in the ISO standard ISO 25178. Among the 1D roughness
parameters, the average roughness (Ra or Sa) and the root-mean-square roughness (Rq and Sq) are
the most commonly used ones. For brevity, only the areal equations are presented:
1
∬ |𝑧(𝑥, 𝑦)| 𝑑𝑥 𝑑𝑦
𝐴 𝐴

Equation 12

1
𝑆𝑞 = √ ∬ 𝑧(𝑥, 𝑦)2 𝑑𝑥 𝑑𝑦
𝐴 𝐴

Equation 13

𝑆𝑎 =

AFM and WLI allow one to quantify roughness at different length scales. However, the actual
geometry of the surface may be difficult to assess through these techniques. In order to get a sense
of the geometry, scanning electron microscopy (SEM) was also used to image the surfaces.
SEM is a high-resolution microscopy technique which uses an electron beam at high energy to
raster scan the surface. Re-emitted (backscattered or secondary) electrons from the surface are
collected to form the image. Topographical information is encoded in the secondary electron signal.
Fine-tuning of the operating parameters allows to image conductive and nonconductive samples
and observed the fine details of the topography. In addition, cross-section of the material can be
performed via cutting (or cleavage on silicon substrates) or via more advanced techniques such as
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focused ion beam milling (FIB). A more complete discussion of electron microscopy and its
advantages can be read in reference manuals, such as [158]. In this work, AFM was carried out on
a Bruker MultiMode HR8. Scans were done on 5x5 µm2 and 10x10 µm2 areas and a standard
silicon tip was used. WLI microscopy was performed on a Bruker ContourGT-K. Three different
positions were analyzed on each surface with a scan area of 1.0 mm x 1.0 mm at 0.495 µm lateral
sampling. Scanning electron microscopy was performed on a JEOL, JSM7600F. When needed to
enhance surface conductivity, samples were first coated with a 5 nm gold layer. The combination
of AFM, WLI and SEM is crucial to properly assess the topography and quantify the roughness of
complex surfaces such as superhydrophobic coatings.

3.3.3 Chemical composition
X-ray photoelectron spectroscopy (XPS) is a powerful surface-sensitive technique used to quantify
the chemical composition of materials. It can characterize the elemental composition as well as the
bonding configuration of the elements present in the material. The technique functions by
irradiating the sample with a beam of monochromatic X-ray and sampling the energy spectrum of
the emitted photoelectrons from the surface. Each element has a unique binding energy signature
which will be slightly affected by the other elements with which it is bonded, creating a spectral
fingerprint of the different chemical groups present in the material. Most experiments are carried
in two steps, first a broad energy survey scan is performed to identify all elements present at the
surface, and second, high-resolution scans on selected spectral signatures are made to quantify each
element and their characteristic bonding configurations. In the high-resolution spectra, after
background subtraction each peak will be fitted, the relative atomic and chemical group
concentrations can be computed from the area under the curves and the appropriate sensitivity
factor. XPS is particularly interesting for hydrophobic materials as the low penetration depth allows
to analyze the composition of the top surface with accuracy and to identify the chemical groups
responsible for their low surface energy (wettability). In this work, XPS measurements were
conducted with a VG ESCALAB 3 MKII and a Mg Kα X-ray source to assess the fluorine bonding
and concentration of the a-C:H:F coatings. The equipment uses. Samples were analyzed over an
area of 2x3 mm2 and a maximum depth of 10 nm. The detection limit is around 0.1 at.%.
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Abstract
Understanding the impact dynamics of micrometric supercooled water droplets (SWD) on surfaces
during ice accretion is essential to the development of new icephobic coatings. In this work, we
explore the impact dynamics of SWD on four distinct surfaces with wettabilities ranging from near
superhydrophilic to superhydrophobic in an icing wind-tunnel, generating clouds of microdroplets
(tens of micrometers in size) with 10 m/s airspeed and subzero temperatures down to -18°C. Both
hydrophilic and hydrophobic surfaces showed strong pinning of droplets and rapid ice growth,
while the superhydrophobic coating demonstrated excellent droplet repellency even at -18°C. In
the latter case, neither the contact time nor the restitution coefficient showed any correlation with
temperature. This suggests that, for micron-size SWD, surface tension effectively dominates the
impact dynamics, contrary to what can be observed in the case of millimetric droplets. The dense
nano-texture of the superhydrophobic surface was critical for the repellency. Nonetheless, ice
growth was able to spread by the pinning of microdroplets on micro-size defects present in the
coating. Interestingly, droplet fragmentation was not observed in the experiments. This study
highlights the challenges of ice growth from SWD, while particularly demonstrating the icephobic
potential of superhydrophobic coatings for aerospace applications.
Keywords: superhydrophobic, impact dynamics, supercooled water microdroplets, icing, dropletsurface interaction time, icephobic
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4.1 Introduction
Ice accretion on aircraft occurs when micrometric Supercooled (liquid) Water Droplets (SWD)
impact on exposed surfaces at high speed and freeze[2], [19]. These frozen droplets function as
nucleation sites for further growth, accelerating the formation of a continuous ice layer. Therefore,
understanding the impact dynamics of SWD on surfaces is essential to the development of socalled icephobic surfaces and coatings. In recent decades, advances in surface engineering
techniques led to the development of superhydrophobic surfaces (SHS), which combine low
surface energy materials and high, often multiscale, roughness to achieve extreme water repellency.
These SHS are one of the most promising solutions to the issue of aircraft icing, preventing ice
formation by repelling impinging droplets, reducing ice adhesion, and/or improving de-icing
efficiency[1], [2].
Droplet impact dynamics on surfaces can be characterized by three non-exclusive behaviors:
sticking, bouncing, and splashing/fragmentation[159]. In the case of SHS coatings, the complexity
increases dramatically, with the outcome of droplet impact being greatly affected by roughnessrelated transitions between the non-wetting Cassie-Baxter state – where the water rests on the top
of the topography trapping air pockets - and the wetting Wenzel state – where the water wetted the
whole topography [2]. While droplet sticking allows for the formation of ice, droplet repellency
and/or splashing with short contact times between the droplet and the surface would prevent
freezing. Therefore, investigations into this contact time are critical for the development of
icephobic coatings. Several authors have shown how SHS reduce contact time as long as the
impalement transition — penetration of the liquid inside the texture — is not reached [59], [81],
[84], [89], [160]. Careful engineering of the surface can shape the impact dynamics of millimetric
droplets allowing a reduction in contact time by exploiting hierarchical roughness[23], [83], [161],
[162], leading to a splashing of the droplet[85], [92], [160], [163], [164], or even more exotic
behaviors such as the pancake effect[87].
Temperature has an important influence on impact dynamics as well. While experimental evidence
clearly shows that SHS coatings can maintain water repellency in subzero conditions[23], [50],
[94], some limits have been demonstrated[23], [95]. Maitra et al. [59] have shown that, under
supercooled water impact, droplet repulsion can be inhibited by the increase in water viscosity at
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low temperature and therefore careful choice of texture is necessary for icephobic applications.
Droplet size also has a strong effect during impact dynamics and freezing [81], [165]. Kwon et al
showed that microdroplet bouncing on hydrophobic silicon micropillars surfaces can be inhibited
by increasing the pitch of the structure [81]. Several other parameters including impact
velocity[83], [99], surrounding air flow[102], [166], and surface patterning[23], [81], [167] also
participate in the impact dynamic outcomes.
When moving from millimeter-scale room-temperature experiments to the more complex and reallife case of SWD impingement, realistic icing conditions must be considered. However,
investigations of impact dynamics on water-repellent surfaces in SWD icing conditions, which
combine effects of sub-zero temperatures, micrometric sizes, and high velocity, are still lacking.
In this work, we explore the impact dynamics of supercooled microdroplets on surfaces of different
wettability in an icing wind tunnel system. We show that contact time is temperature-independent
of the SHS, and propose that surface tension is the dominant factor in SWD impacts. This is
corroborated by the fact that no droplet fragmentation is seen, despite Weber numbers (ratio of
inertia to surface tension) above the usual splashing thresholds seen for millimetric droplets [83].
We demonstrate that SHS can maintain repellency at temperatures as low as -18°C due to the dense
nano-texture studied here, forcing ice to grow from micro-sized features and defects on the surface.

4.2 Methodology
4.2.1 Sample fabrication
In our experiments, we used four distinct surfaces with wettabilities ranging from near
superhydrophilic to superhydrophobic. All samples were prepared on 25x25 mm2 Ti-6Al-4V
aerospace alloy coupons, mirror polished and ultrasonically cleaned for 10 minutes in acetone and
isopropyl alcohol baths prior to treatment. The near superhydrophilic samples were prepared by
immersing polished coupons in mild citric acid (2% solution prepared from Cole Palmers
MicroA07®), while hydrophilic samples by immersion in hot water (50°C) for 30 min to remove
organic residues and passivate the surface. Finally, water-repellent coatings, both hydrophobic and
SHS, were fabricated using compressed gas bottle commercial spray products Tana® and
Rustoleum NeverWet®, respectively. Water repellent coatings were prepared under a fume hood.
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Spraying was performed at a 30-40 cm working distance, at normal incidence to the substrate. Two
passes were performed to ensure thick and homogenous coatings. Sprayed samples were left to dry
for 12h.

4.2.2 Surface characterization
After preparation, the sample surfaces were characterized under ambient conditions. Roughness
was measured by white light interferometry (Bruker ContourGT-K). Three different 1 mm2 areas
were analyzed at a spatial sampling of 0.495 µm/pixel. 1D roughness statistics were computed after
a mean plane subtraction operation with the open source software Gwyddion. Surface topography
was also imaged by scanning electron microscopy (JEOL JSM7600F).
Wettability was characterized by the sessile drop method on a contact angle goniometer (Biolin
Scientific, Attension Theta). Contact angle θc was measured with 3 µl droplets. Contact angle
hysteresis Δθ was measured by inflating and deflating 3 µl initial drops at a rate of 1 µl/s. Contact
angles were averaged over 3 to 5 measurements.
It should be noted that roughness and contact angle measurements are standard characterizations
and may not be fully representative of the surface properties at the scale of the microdroplets, but
they are included to allow for easier comparison between these samples and the literature.

4.2.3 Icing wind tunnel
To produce realistic SWD icing conditions, impact dynamics experiments were performed in a
small-scale icing wind-tunnel capable of generating clouds of microdroplets with a median volume
diameter of 28 µm (ranging from 7 to 100 µm) and supercooling down to -18±1°C. The icing wind
tunnel system is schematically shown in Figure 43. Temperature is monitored by two
thermocouples placed below the sample to monitor the sample temperature and in the back end of
the test section to regulate the temperature of the wind-tunnel. Droplet distribution was assessed
by laser diffraction (Spraytec, Malvern Panalytical Ltd). Air speed was calibrated before each
experiment using a Pitot tube (Dwyer Instruments, Inc.).
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Figure 43. Schematic of the close-loop icing wind tunnel with the different subsystems.
For this work, airspeed was fixed at 10±2 m/s and liquid water content at 0.7±0.2 g/m 3, i.e.,
conditions aligned with Federal Aviation Agency icing envelopes[20]. For more details on the
wind-tunnel consult De Pauw et al. [109]. The test section was equipped with a sample holder,
oriented perpendicularly to the airflow, and protected with a rotating shield synchronized to the
high-speed camera (Photron SA1.1). Images were taken at 54 000 frames per second and shutter
set at 19 µs with a telescopic lens yielding an image resolution of 3.3 µm/pixel. A high-power LED
source (SCHOTT KL2500) placed opposite to the camera was used for illumination. Experiments
were carried out from 20° C down to -18° C to investigate the influence of temperature. The
experimental parameters were selected to accommodate the limitations of the imaging setup and
the wind-tunnel, while producing near-realistic icing conditions as detailed by the Federal Aviation
Administration certification [168].

4.2.4 Image analysis
High speed images were analyzed with the Fiji software suite[147], and single-particle tracking
was performed with the Trackmate plugin[148]. The three-step processing pipeline is detailed in
Figure 63. This begins with the identification of impact-containing frame sequences, as a typical
video consists of tens of thousands of frames, only hundreds of which contain measurable droplet
impacts (Figure 44-a). Identified sequences are extracted and processed to remove the background
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and clean the images (Figure 44-b). Finally, the impinging droplet sequences are analyzed to
capture the impact speed, the contact time and the bouncing speed (Figure 44-c).
Imaging of high-speed microdroplets is particularly challenging in the case of icing wind tunnel
experiments. The obtainable temporal and spatial resolutions are limited by the acquisition speed,
magnification optics, and illumination available; this meant that the in-depth analysis of spreading
and retraction phases often shown for low-speed millimetric droplet experiments could not be
reproduced in our case. These limitations were especially apparent on the SHS where high
roughness and low reflectivity drastically reduced illumination. Nevertheless, impact behaviors
and contact times could be clearly observed by repeating the experiments and carefully processing
the video sequences with background subtraction and thresholding.

Figure 44. Example of the analysis procedure on a frame: a) Identification of impact event
(frames with a moving droplet). b) Background removal. c) Frame after processing through the
Trackmate plugin: incident path of the droplet - red line, bouncing path - green line, tracked
droplet – purple circle.
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Each experimental condition was repeated two to three times with pristine samples to ensure
reproducibility. Each experiment provided around 600 milliseconds of usable footage which
contained more than 30000 frames featuring thousands of impacting droplet sequences. From each
footage, between 15 to 25 impact sequences of adequate quality, for contact time measurements
and single particle tracking analysis, were extracted and analyzed. Recorded footage contained
many more impact sequences, but due to the challenge of high-speed imaging in a wind-tunnel
system, the quality of the sequences did not always allow for a proper analysis.

4.3 Results
4.3.1 Surface characterization
Contact angles and roughness measurements are summarized in Table III, while SEM micrographs
of the sample surfaces can be seen in Figure 45. Both high-wettability surfaces maintained the
original low roughness of the polished metal coupons (Sq approximately 50 nm). The hydrophobic
samples showed a small increase in roughness (Sq = 0.34±0.04 µm) while the SHS samples
displayed a large roughness (Rrms = 12±2 µm) with a strongly hierarchical topography with microsized features covered by nanoscale hairs (Figure 45-c-d).
Table III. Wettability and roughness of the studied samples.
Sq

θc

Δθ

49±7 nm

15°±4

NA

Hydrophilic

51±4 nm

74°±1

NA

Hydrophobic

0.34±0.04 µm

Sample
Nearsuperhydrophilic

Superhydrophobic

12±2 µm

107°±1 26°±5
173°±3

8°±3
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Figure 45. SEM micrographs of typical sample topographies and pictures of corresponding
contact angles (inserts): superhydrophilic(a-1)/hydrophilic surfaces(a-2), hydrophobic coating
(b), superhydrophobic hierarchical coating (c), and magnified view of the nanoscale
roughness(d).

4.3.2 Impact dynamic behavior
Typical impact sequences observed in our experiments are presented in Figure 46. Sequences were
selected to illustrate the impact behaviors observed. The impact behavior of both highly-wettable
surfaces followed expectations: droplets adhered to the surface in all cases, independent of the
temperature. On the near superhydrophilic surface (Figure 46-a), droplets were pinned at the
maximum expanded diameter, whereas partial retraction was observed on the hydrophilic sample
(Figure 46-b).
On both water-repellent coatings (Figure 46-c-d) droplet repellency was observed at room
temperature (20°C). On the hydrophobic coating, however, bouncing was only seen for droplets
with a diameter greater than approximately 60 µm (Figure 46-c). Below this threshold all droplets
stuck to the surface. Moreover, when temperatures dropped below the freezing point none of the
droplets, regardless of size, were repelled rendering the hydrophobic coating ineffective against ice
accretion.
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On the contrary, repellency on the SHS (Figure 46-d) was observed in all conditions and did not
appear to display a dependence on droplet size in the tested range. Neither was it dependent on the
temperature, keeping a strong repellency even in supercooled conditions. Droplet impact velocities,
calculated from the video sequences, ranged from 2 to 11 m/s and no velocity-dependence was
observed in the bouncing behavior on the SHS. As the surface maintained repellency at low
temperature, ice growth was effectively delayed.

Figure 46. Typical impact sequences of microdroplets at 20°C with a time step of 19 µs,
corrected for background subtraction and contrast. The near superhydrophilic sample (a), and
similarly, the hydrophilic sample (b), showed droplets sticking quickly after impact. The
hydrophobic coating (c) displayed repellency of larger droplets. The SHS coating (d) showed
bouncing droplets of all sizes and in all conditions. Scalebar is 100 µm.
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Finally, droplet splashing was not observed in any of the tested conditions, regardless of the type
of surface, impact speed, or droplet size. The Weber number (We) - the ratio of inertia and surface
tension - ranged from 0.5 to 150 in our experiments, while the Reynolds number (Re) -the ratio of
inertia and viscous forces[159] - ranged from 20 to 1000. For millimetric droplets, We splashing
thresholds as low as We≈60 have been reported[83]. In contrast, 50 µm droplets with impacting
speeds up to 100 m/s on hydrophilic glass were shown by Visser et al. to produce no splashing
despite their high Weber numbers (We≈3000) [99]. The occurrence of splashing is linked to the
balance between surface tension, kinetic energy and viscous dissipation. Clanet and co-authors
proposed the impact number, P=We/Re4/5, to define a transition between inviscid (surface tension
dominated) P<1 and viscous P>1 regimes[169]. In our conditions, P reaches a maximum value of
0.5, implying that surface tension should dominate the impact dynamics. While complete
understanding of splashing thresholds is still lacking[159], it is clear that droplet size and therefore
surface tension inhibit droplet fragmentation at the microscale.
The absence of splashing in the case of microdroplet impact is significant. Indeed, several authors
have recently demonstrated a reduced contact time on superhydrophobic surfaces by enhancing
droplet splashing through optimized surface patterning[85], [92], [95]. However, in the case of
SWD, the inhibition of droplet splashing renders such a strategy ineffective.

4.3.3 Impact dynamics analysis
The contact time of the droplet on the surface during impact is the most relevant parameter
regarding the possible icephobicity of coatings. With a shorter contact time, impinging droplets are
less likely to freeze on the surface, effectively inhibiting or delaying ice nucleation and the
formation of a continuous ice layer. Contact times for all tested conditions are summarized in
Figure 47. Each data point was averaged over 15 to 25 bouncing impact events for the SHS while
only four rare bouncing events of large droplets were captured in the case of the hydrophobic
sample. As mentioned previously, droplets always adhered on the superhydrophilic and the
hydrophilic surfaces. At room temperature, when the hydrophobic coating displays a partial
repellency behavior, the average contact time of bouncing droplets (185±41 µs) was more than two
times longer than those observed on the SHS coating. On the latter surface, contact time did not
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appear to be dependent on temperature and the average was 84±14 µs over all experiments. The
SHS maintained an efficient repellency even in supercooled conditions.

Figure 47. Contact time and sticking behavior as a function of temperature for the four
different surfaces.
The constant contact time and the absence of fragmentation strongly suggest that surface tension
is dominating the impact dynamics on our SHS sample. However, several authors have shown that
the influence of viscosity cannot be easily ruled out and can greatly affect the impact dynamics on
SHS[59], [162]. Specifically, when a change in wetting behavior of the droplet occurs, from pure
non-wetting Cassie-Baxter to a partial wetting of the texture, the viscosity enhances the energy
dissipation, reducing the recoil efficiency[162] or even prolonging the contact time[59].
We computed the restitution coefficient (ratio of bouncing speed over impact speed) to investigate
the influence of viscosity. Figure 48 presents the results of restitution coefficient as a function of
temperature and impact speed for 46 individual droplets where impact and bouncing were well
tracked. It showed a wide variation from as low as 0.002 up to 0.35, without any clear correlation
to impact speed or temperature: neither a decrease with higher velocity which would indicate partial
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penetration of the liquid in the texture nor with lower temperature which would indicate more
viscous dissipation.

Figure 48. Restitution coefficients as a function of temperature (x-axis) and impact speed
(color-coded) for impact events on the SHS.
This, coupled with the absence of fragmentation and the constant contact time, seems to favor
surface tension over viscous forces driving the impact dynamics. One aspect, not investigated in
this work, is the influence of the air flow on the bouncing behavior. Indeed, it was shown by
Mohammadi et al. that airflow could affect the bouncing behavior[102]. While this effect certainly
influenced the restitution efficiency, it is difficult to assess its relative importance due to the size
of the droplet and the uncontrolled flow characteristics around the surface in the wind tunnel.

4.4 Discussion
The transition from a non-wetting to a partially wetting state is reached when the impact velocity
is large enough to breach the capillary pressure of the surface[23], [81] and could lead to the
pinning of the droplets. This threshold for partial penetration can be raised by an increase in texture
density[23]. In our case, the SHS coating, featuring a dense surface nano-structure (see Figure 45-
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d), favors a non-wetting state which would promote the repulsion of the impinging micrometric
diameter droplets at high impact speeds. However, despite their excellent repellency in supercooled
conditions, the SHS samples eventually ended up covered by ice like all other surfaces. This
unfortunate limitation to the icephobicity of the SHS coating is related to the relative size of the
impinging microdroplets and the larger topographical features of its surface such as cracks,
protuberances or holes in the coating, as shown on Figure 45-c. At these defects, the surface may
not be able to maintain a non-wetting Cassie-Baxter regime. This defect-driven pinning of droplets
creates anchoring sites for subsequent droplets, from which ice can propagate on the surface and
grow into a continuous layer.

Figure 49. Transition map of the impact dynamics of SWD on surfaces.
The impact behavior is critical for icephobicity. The transition map schematically shown in Figure
49 summarizes the bouncing and pinning behavior of the considered surfaces under supercooled
water droplet impacts. The impalement transition is regulated by the complex interplay between
droplet properties – size, speed and temperature – and surface properties – temperature, chemistry
and texture, as well as external forces such as the airflow. We have shown that hydrophilic surfaces
and simple hydrophobic coatings do not repel microdroplets in most conditions, while nanotextured SHS performed well at temperatures down to -18° C.
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Indeed, more work, theoretical and experimental, is still needed to quantitively describe this map
and provide accurate design principles for the engineering of icephobic surfaces and coatings in
SWD icing conditions.

4.5 Conclusion
In summary, we explored the impact dynamics of micrometric supercooled water droplets on
surfaces with wettabilities varying from near superhydrophilic to superhydrophobic. Splashing was
not observed in any impact of microdroplets, even at fairly large impact velocities and on highly
textured surfaces. We demonstrated that superhydrophobic coatings displayed excellent repellency
even at sub-zero temperatures, while droplet contact times remained constant independently of
supercooling, confirming surface tension as the dominant force in such conditions. While the dense
nano-texture of the superhydrophobic coating was essential to its effectiveness, the presence of
micron-scale features was its downfall. The main barrier to long-term icephobicity was the pinning
of microdroplets on surface defects, with these pinned droplets acting as nucleation points for the
growth of a continuous ice layer. Despite this, superhydrophobic coatings showed promise as
icephobic surfaces against ice accretion from SWD. Future work will focus on how this ice
nucleation mode influences the growth of ice on superhydrophobic coatings in SWD icing
conditions.
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5.1 Abstract
Superhydrophobic surfaces represent a promising avenue to mitigate icing on aircraft from
micrometric Supercooled Water Droplets (SWD). In the present work, we developed a novel laserbased in situ ice growth monitoring system to investigate, under realistic icing conditions, the role
of wettability on the ice growth kinetics and the icephobic performance of water-repellent coatings
during SWD ice accretion. This approach records the laser beam displacement and spreading,
allowing one to measure ice thickness and roughness in real time during the testing cycle. Three
surfaces were studied: hydrophilic Ti-6Al-4V alloy, hydrophobic spray coating, and
superhydrophobic spray coating. The ice grows instantaneously on the hydrophilic and
hydrophobic surfaces as pinned droplets freeze and ice quickly covers the surface with a continuous
layer. On the superhydrophobic sample, droplets bounce before freezing delaying ice nucleation
by 26±5 s. In this case, the island-mode growth is driven by hydrophilic droplet-pinning defects in
the coating. When ice has formed a continuous layer the growth rate is linear and it increases with
increasing hydrophobicity, 28% faster on the superhydrophobic surface compared to the
hydrophilic substrate. This new approach highlights the role of wettability during ice accretion and
will guide the development of new icephobic surfaces for aeronautics.
Keywords: icephobic, superhydrophobic, ice formation, ice growth, supercooled water
microdroplets
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5.2 Introduction
Ice accretion on surfaces is a common occurrence leading to serious environmental and economic
losses. It affects a myriad of industrial sectors: energy harvesting and distribution,
telecommunications, naval transport, aircraft operation, cooling systems, etc. [2]–[4]. Current
countermeasures rely on resource-intensive and environmentally damaging techniques, such as
heating systems, mechanical de-icing and chemical de-icing agents [6], [8]. Due to the diversity of
ice formation pathways (e.g. frost, freezing rain and snow) and the wide range of environmental
conditions in which it can occur, icing is difficult to prevent.
One of the most challenging cases is atmospheric icing on aircraft. It occurs when micrometric
supercooled water droplets (SWD) suspended in clouds impinge on exposed aircraft components
[6], [19]. These liquid microdroplets have diameters in the range of 10 to 50 micrometers, at
temperatures down to -20oC and impact speeds of tens of meters per seconds [19], [168]. When
impinging on exposed surfaces, the droplets freeze and can hinder the operation of aerodynamic
components such as engine compressor blades and wing leading edges, disable critical sensors, or
reduce visibility of windshields. Ice accretion can be so severe that icing counter-measures are
ineffective, and airplanes must be grounded to prevent accidents. Thus, the need for new, more
efficient solutions is vital.
In the last decades, advances in surface engineering have led the focus of researchers towards the
development of so-called icephobic coatings, tailored to minimize the negative impacts of ice
accretion. These coatings aim to inhibit ice nucleation, delay growth or enhance de-icing efficiency.
Among these, superhydrophobic surfaces (SHS) have gathered a lot of attention [4], [6].
Superhydrophobic coatings function by combining low surface energy (i.e. hydrophobic) materials
and high, usually multiscale, roughness to create a composite surface consisting of solid material
and trapped air pockets producing extreme water repellency [34], [36]. Droplets sitting atop this
composite surface are said to be in a Cassie-Baxter non-wetting state, defined by water contact
angles above 150° and hysteresis/sliding angles below 10° [34]. Regarding icephobicity, SHS have
been shown to offer enhanced performance in several relevant tests [4], [6].
Ice adhesion has been shown to be greatly reduced on SHS, in certain cases by an order of
magnitude compared to common engineering substrates [3]. This improvement is attributed to
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lower contact area when ice forms on surfaces maintaining a Cassie-Baxter state, in addition to the
low friction already provided by the hydrophobic chemistry. Moreover, the extreme mobility of
water on these surfaces means that impinging water droplets can be effectively repelled. By taking
advantage of this feature it is possible to reduce the contact time of impacting droplets and shed
water off before it freezes, effectively inhibiting ice formation even under supercooled water
conditions [50], [170], [171]. Additionally, active thermal de-icing (removing ice through heating)
and anti-icing (maintaining ice-free surfaces) can also be improved by careful choice of coatings
[124], [172].
While most studies focus on macro-scale icing (millimeter-size droplets and bulk ice) some authors
have shown promising performance of SHS against atmospheric icing using icing wind-tunnel
(IWT) facilities. These tests have confirmed that SHS exhibit a reduced ice adhesion even after
moving to smaller micrometric droplets [98], [113], [122]. More interestingly, Yin et al. and Sahar
et al. showed that ice growth under SWD icing can be inhibited for a limited amount of time on
certain SHS [106], [173]. Improvements of the active thermal de-icing and anti-icing efficiency
have also been demonstrated in IWT experiments [109], [126].
Despite the advances in icephobicity testing methodology, most of the presented measurements
rely on visual observations [107], [128], complex optical systems [174] or ex-situ measurements
of mass or adhesion [113], [120], [122], and do not delve into the specifics of ice growth and the
influence of wettability on the growth kinetics. In a previous work we showed, using high-speed
imaging, that SHS can prevent the initial ice nucleation by repelling impinging SWD at subzero
temperature [175]. However, ice is eventually able to grow due to defects on the surface. In the
present paper we aim to understand the ice growth kinetics (nucleation and growth) and investigate
the influence of surface wettability. To achieve this, we developed a novel in situ measurement
technique, tailored for IWT experiments, to measure ice thickness and roughness during testing
and establish growth models. We also explored the repercussions of ice growth kinetics on the
active thermal de-icing and anti-icing behaviors.
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5.3 Methodology
5.3.1 Sample preparation
Three types of samples were prepared to provide surfaces of different wettability: hydrophilic,
hydrophobic and superhydrophobic. Samples were fabricated on coupons of Ti-6Al-4V aerospace
alloy (25x50 mm in size, 2 mm thick), polished to a mirror finish and cleaned in successive 10-min
ultrasonic baths of acetone and isopropyl alcohol. Polished Ti-6Al-4V coupons were immersed in
hot water (50°C) for 30 min to remove all traces of organic residues and restore the hydrophilic
surface. The water-repellent samples were made using commercial spray coating products Tana®
and Rustoleum NeverWet®, to obtain reference hydrophobic and superhydrophobic surfaces,
respectively.

5.3.2 Initial surface characterization
Static contact angles and contact angle hysteresis of the surfaces were measured by the sessile drop
method to characterize the wettability. Measurements were performed using a contact angle
goniometer (Biolin Scientific, Attention Theta) with 3 µL deionized water. Advancing and
receding contact angles used to assess the hysteresis were measured by inflating and deflating a
sessile drop at a rate of 1 µL/s while recording the movement of the three-phase contact line.
Measurements were averaged over 3 to 5 locations. Surface topography was analyzed by white
light interferometry (Bruker, ContourGT-K). Three different positions were analyzed on each
surface with a scan area of 1.0 mm x 1.0 mm at 0.495 µm lateral sampling. Datasets were corrected
by mean plane subtraction using the open-source software Gwyddion [157] before computing the
roughness parameters. Scanning electron microscopy (SEM) (JEOL, JSM7600F) was also used to
examine the surface morphology, with samples first being coated with a 5 nm gold conductive
layer.

5.3.3 Icing wind-tunnel
Ice accretion experiments were performed in a small-scale closed-loop IWT, as shown in Figure
50. The temperature is regulated by a heat exchanger and a refrigeration unit. Airflow is driven by
a fan with a variable electric motor to control the airspeed. Droplets are generated by an air
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atomizing spray nozzle, and liquid water content can be adjusted by controlling the air and water
feed pressures. The system is designed to produce, in the test section, clouds of supercooled
microdroplets with characteristics similar to the atmospheric icing conditions observed in flight as
described by the Federal Aviation Administration certification documentation [168]. A more
detailed description of the system can be found in De Pauw et al [109].

Figure 50. Detailed 3D view of: (a) the icing wind tunnel and (b) the test section area.
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Experimental conditions set during experiments are compiled in Table IV and were kept constant
throughout testing. These conditions, high supercooling and no runback-water, consistently
produced rime ice accretion, which is characterized by a milky-white opaque ice appearance [18].
Airflow speed was calibrated using a Pitot tube (Dwyer Instruments, Inc.) and droplet distribution
was measured by laser diffraction (Spraytec, Malvern Panalytical Ltd).
Table IV. Icing wind-tunnel experimental conditions.
Air flow velocity

10±2 m/s

Test section temperature

-17±1 °C

Liquid water content

0.5–0.7 g/m3

Droplet diameter range

10 – 100 µm

Droplet median volume
diameter

28 µm

Incidence angle of the
flow on the substrate

90°±2°

5.3.3.1 Test section
The test section was designed specifically for our experiments. It consists of three parts: the test
section frame, the sample stage and the ice growth characterization module.
The test section frame is shown in Figure 51-a; made from aluminum with isolating foam padding
on the outside, it features a mid-section opening for the removable sample stage. Glass windows
placed on each side allow for a clear view of the sample. In order to minimize condensation on the
window exterior, they are exposed to a continuous stream of pressurized air. The top window is
fixed on a hinge to facilitate access to the test section interior. In addition, thermocouples record
both the ambient laboratory temperature and the temperature inside the test section (behind the
sample stage).

100

The sample stage (Figure 51-b) was designed to be slid in and out of the test section. To regulate
the sample temperature a Peltier thermoelectric stage is incorporated between the copper sample
holder and the aluminum heat sink. The sample is fixed on the copper plate using conductive
thermal paste, and a shutter allows the sample to be exposed to or protected from the airflow and
droplet cloud. The thermoelectric stage is powered by a 150 W power supply and controlled by a
PID feedback controller. A thermistor placed inside the copper stage controls the heat input from
the Peltier device. An additional thermocouple monitors the temperature of the back face of the
sample.

Figure 51. 3D view of the test section showing: (a) the removable sample stage and (b)
detailed view of the sample stage subcomponents.
A computer records the temperature of three thermocouples (ambient temperature, test section
temperature and sample temperature) and the position of the shutter (open/close). The sample
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surface is monitored from two perspectives. On the left side of the test section, a digital camera
(Nikon D900) provides a visual observation of the ice. On the top side and bottom side, a customdesigned ice growth characterization module allows for in situ measurement of the ice thickness
and topography during testing. This module is detailed in the next section.
5.3.3.2 Ice growth characterization module
To investigate the ice growth kinetics in situ, we developed a novel method to measure the
thickness and roughness of the ice layer. This technique allows us to probe transient phenomena
and characterize the ice during all the stages of its growth. It was also designed to be easily
implemented in other wind-tunnels.
The functioning principle is simple: a laser illuminates the surface at an angle, and as the ice grows,
the laser beam will be displaced. This growth-promoted displacement is schematized in Figure 52.
By recording the displacement of the laser beam, the ice thickness can be computed using the
following equation:
ℎ = 𝛥𝑥 cos (𝜃)

Equation 14

where h is the ice thickness, Δx is the laser displacement and θ is the angle between the laser beam
and the surface. The growth kinetics can therefore be quantified during testing.
Our experimental setup (see Figure 50) consists of a laser diode (650 nm, 5 mW, Adafruit
Industries) generating a red line in the middle of the sample. The laser is fixed on a pivoting mount,
positioned on the top of the test section and pointed at the sample surface. On the opposite side a
DSLR camera (Nikon D5000) equipped with an 85 mm lens is installed, aiming at the sample to
record the displacement of the laser line. The laser and camera angle to the sample surface were
set to accommodate the test section fixtures and window viewing angles. In order to optimize the
optical setup, the laser angle should be small enough to provide a clear view of the displacement
during ice growth while the camera angle should be close to 90° to minimize perspective
distortions.
While the displacement of the laser line is proportional to the thickness, its spreading is related to
the roughness of the ice. The scattering of a laser beam from a surface has been shown to be
correlated to the roughness, and this method has been used to quantify micrometer-scale roughness
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with good accuracy [150]–[152]. In our case, the ice roughness is in the range of hundreds of
micrometers; too large to be quantified meaningfully. However, by measuring the laser spreading
(full width at half maximum -FWHM) of the line it is possible to compare the roughness between
the different samples and characterize its evolution.

Figure 52. Ice thickness measurements principle showing the displacement of the laser as the
ice layer grows: (a) initial position without ice and (b) displacement after ice growth.
While efficient and convenient, this characterization method does have its limitations. The
temporal resolution is limited by the camera frame rate. This restriction can be easily mitigated by
performing the experiment at low liquid water content to maintain a low growth rate or by choosing
a high frame rate camera. The spatial resolution and thickness resolution are limited by the
magnification power of the lens and the geometry of the setup; in our conditions we were able to
achieve resolution in the range of 10 µm. Careful optimization of the geometry and the camera
optics could improve the resolution, in theory up to the Rayleigh light scattering limit. Finally, the
optical properties of the ice are also limiting. If the ice layer is transparent, as is the case with glaze
ice, multiple reflections at the interfaces will affect the measurement of the displacement and width
of the laser. These may be considered during data analysis but would be difficult to implement. For
the purpose of this work, we maintained rime ice conditions during our experiments to ensure an
opaque ice layer and facilitate the analysis.
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5.3.3.3 Ice growth data processing and analysis
While the principle and setup are straightforward, processing of the raw data from the camera into
usable ice growth kinetic data requires significant processing and analysis. The processing pipeline
consists of three steps: image correction, data extraction, and data fitting for analysis as
schematized in Figure 53. These were coded in Python 3 using open-source libraries for: data
management (Pandas), mathematical operations (Scipy, Numpy), machine vision algorithms
(OpenCV), graphical user interface (Tkinter) and parallel data analysis (Glue-viz).
After acquisition, all images need to be processed to correct lens and perspective distortions. Lens
distortion creates circular aberrations on the images. This effect can be calibrated using
photographs of a rectangular checkerboard pattern and the correction can be applied to undistort
the images [176]. This step is optional when using high performance lenses as they usually have
minimal distortions. Perspective correction is critical however, it allows for the removal of warping
effects induced by the camera not being positioned perpendicular to the surface. This is done by
recording a calibration picture of an object of known dimensions (the sample in our case) and
computing the homography transformation matrix [149]. This transformation matrix can
subsequently be applied to all images to remove perspective warping. Finally, the pixel size can be
calibrated using the known size of the sample to scale the frames and multiply by a scale
coefficient. This scale coefficient is necessary because the homography transformation used to
unwarp perspective does not conserve angles out of the plane of correction. It is easily calibrated
by measuring the laser displacements induced by a series of plates of known thickness and
computing the slope. The second step starts with the corrected images and computes the thickness
of the ice and the full width at half maximum (FWHM) of the laser line. On each frame, the
intensity of the red channel of the image is averaged horizontally over the width of a selected region
of interest. The latter one is selected in the center of the picture on the sample, to avoid parasitic
reflections on the windows and the copper holder. This averaging step is critical to remove the
speckle effect of the laser. The average data represents the average intensity of the laser line on the
surface and can therefore be fitted by a Gaussian curve to obtain the position of the maximum and
the FWHM. After conversion to millimeters and taking as reference the first frame without ice
growth, the position of the maximum on each frame allows for the computation of the ice thickness
(from equation 1) while the FWHM is an indication of the ice roughness.
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Figure 53. Processing pipeline for the in situ image analysis: image corrections (1), laser
profile fitting, and data extraction (2) and data analysis (3).
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Finally, the evolution of the ice thickness and roughness can be plotted, and the curves can be
analyzed to quantify the ice growth kinetics. As will be shown in the results section, the curves are
fitted using linear regression to extract information of interest on the icing kinetics including the
growth rate, as well as the incubation and coalescence periods. The fitting is automated by a
segmented linear regression algorithm.

5.3.4 Icephobicity testing
5.3.4.1 Ice growth tests
Ice growth tests were performed on the three different surfaces, one at a time, and under the same
icing conditions (described in Table IV). Each sample was placed on the copper plate and
maintained in position and good thermal contact by applying a thin layer of conductive thermal
paste at the back. The sample was then cooled down to the wind-tunnel temperature with the shutter
open. Just before starting the water spray to enable icing, the shutter was closed to prevent icing.
The water spray was started, and stability of the air pressure and water pressure was assessed before
opening the shutter to start the test. The test is ended after the desired icing time by closing the
shutter before stopping the water spray. Subsequently the thermoelectric heater is powered to
remove the ice and measure the de-icing time, as detailed in section 5.3.4.3. Samples were exposed
to between 4 to 6 ice growth tests for durations varying from 1 to 5 min to ensure reproducibility
and assess the influence of ice thickness on the behavior.
A full icing test cycle therefore consists of an ice growth test where sample exposure to SWD
allows the ice to grow and a de-icing test to remove the ice. Samples were replaced every 3 to 5
icing cycles to ensure that they maintained their initial pristine wettability condition.
5.3.4.2 Ice cross-sections
The microstructure of the ice was investigated for the different samples. To do so, ice layers were
grown for 2 min. The whole sample stage was then placed inside a freezer to prevent melting.
Cross-sections were cut through the ice using a surgical knife kept at -20°C and were imaged using
an USB microscope (Aven, Mighty Scope) and Open Imaging µManager software.
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5.3.4.3 Active thermal testing: de-icing and anti-icing
In addition to evaluate ice growth kinetics under SWD icing, characterization of the icephobicity
of the samples under active heating was performed using a thermoelectric stage integrated into the
sample stage (see Figure 51-b). Two heating methods were investigated: thermal de-icing and antiicing.
The de-icing method investigates the time needed to remove ice already formed on the surface. In
the de-icing experiments, after the growth of the ice layer, the sample is heated until the ice is
removed. The thermoelectric stage was supplied with constant power (50% of the maximum
output) and the shutter placed in front of the surface to minimize the wind pressure on the ice layer.
The de-icing time is recorded as the time from the start of heating to the complete removal of the
ice from the surface.
Anti-icing is characterized in the opposite way: the sample is heated before starting the SWD icing
in the IWT. The sample temperature is then slowly decreased until ice grows on the surface, and
this temperature represents the critical anti-icing temperature. During anti-icing experiments, the
sample is initially heated to 20°C before starting the water droplet flow. The temperature is
subsequently decreased at a rate of approximately 3 to 5 °C/min and ice growth is monitored by
the side camera. Anti-icing performance is determined by the minimum temperature needed for ice
to grow on the surface.

5.4 Results and discussion
We begin the presentation of our results by describing the properties of the coatings, followed by
the analysis of ice growth kinetics and icephobic performance of the samples in terms of nucleation
delay. We will also discuss the effect of surface wettability on ice growth and microstructure.
Finally, an investigation of the active de-icing and anti-icing performance of the three sample types
will be presented.

5.4.1 Surface wettability and topography
The contact angle θc and contact angle hysteresis Δθ measurements are summarized in Table V.
The Ti-6Al-4V substrate, with a contact angle of 74° and high droplet adhesion, displayed a
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nominal hydrophilic behavior. The two spray coatings presented contact angles above 90° and low
hysteresis, demonstrating their hydrophobicity, and our SHS easily satisfied the requirements of
having a contact angle above 150° and a hysteresis below 10°. The root mean square roughness Sq
is also included in Table V, while SEM imaging of the samples can be seen in Figure 54.
Table V. Wettability and roughness of the studied samples.
Sample
Ti-6Al-4V
(Hydrophilic)
Hydrophobic
Superhydrophobic

Sq

θc

Δθ

51±4 nm

74°±1

NA

0.34±0.04 µm
12±2 µm

107°±1 26°±5
173°±3

8°±3

Figure 54. SEM micrographs of sample surface morphology and corresponding contact angles
(inserts): (a) hydrophilic Ti-6Al-4V, (b) hydrophobic coating, (c) superhydrophobic coating
and (d) magnified view of its nanoscale roughness.
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The SHS displayed the highest roughness and the SEM images showed a multiscale topography:
microscale features covered by a dense layer of nanometric hair-like structures. Both the
hydrophobic coating and the uncoated substrate showed low roughness, with the pristine Ti-6Al4V showing a smooth surface due to the mirror polish. While these characterizations are standard
procedures for wettability and roughness, they are not necessarily representative of the surfaces’
repellency of micrometric droplets. We present them here for easy comparison with the literature.

5.4.2 Ice growth kinetics on surfaces of different wettability
Wettability is a critical parameter influencing water-surface interactions. As we showed in a
previous work [175], SWD impact dynamics is highly dependent on the surface hydrophobicity
and affects the ice growth kinetics. Figure 55 presents visual observations of the ice evolution at
different timesteps of the growth on the three different samples. As can be seen, the change in
surface wettability induced striking differences in ice growth kinetics.

Figure 55. Visual observations during ice accretion on the different samples: hydrophilic Ti6Al-4V (a), hydrophobic surface (b) and superhydrophobic surface (c).
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On the hydrophilic Ti-6Al-4V sample, the impinging droplets covered the surface immediately and
soon after (in average 4 seconds later) the ice is coalescing in a white diffusive layer typical of
rime-type ice. The ice layer then grows continuously with a rather smooth texture. The hydrophobic
coating underwent a similar behavior but with a noticeable delay in the coalescence, requiring an
average of 12 seconds of exposition for full surface coverage (Figure 55 – 10 sec image). The
roughness of the ice layer was also slightly higher than that seen for the hydrophilic sample.
Compared to other samples, the superhydrophobic coating displayed distinctive growth kinetics.
At the beginning of the test, the SWD do not stick to the surface, leaving it free of ice apart from
scarce islands. This continues for tens of seconds. The initial growth of ice is delayed significantly,
but as the test progresses, more and more islands nucleate, seemingly from defects in the coating
(Figure 55 - 10 sec image). These islands start to expand, and the ice coalesces into a continuous
layer (Figure 55 – 30 sec image). Finally, the ice fully envelopes the coating and reaches a steady
growth regime. In this last stage, the ice texture is visibly rougher than that seen on the other two
samples.
Based on the visual observations of ice growth from SWD, the growth kinetics can be described in
three successive stages. First is the nucleation stage: SWD stick to the surface and freeze to form
islands, during which little to no ice takes hold on the surface. This stage is almost non-existent on
the hydrophilic and hydrophobic samples as droplets froze instantaneously upon their impact on
the surface, but it is clearly observed for the SHS that ice island nucleation is delayed. Following
initial nucleation, the growth of the islands takes place as subsequent droplets feed the expansion
of the initial islands, until they start coalescing. The time threshold marking the transition between
nucleation and island growth stages is the incubation period. As all the islands coalesce, the ice
reaches the percolation threshold after which the ice grows as a continuous layer. This stage is
observed on all the samples and marks the transition to the continuous growth regime. In this last
stage, the surface is completely covered by ice and the growth has reached a steady state.
Before presenting the in situ measurements, two limiting effects should be mentioned. First, some
edge effects of the growth of ice on the samples can be noticed during growth due to the formation
of air stagnation points at the sample edges. While they are minimal when testing with short
exposition time the edge effects can ultimately introduce measurement distortions. They can be
avoided by maintaining short testing times and ensuring that the laser line is aimed at the center of
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the sample. Second, with the optically diffusive rime-type ice produced in this work, it can be
assumed that the laser line is only reflected at the ice/air interface. However, in the case of more
transparent ice, multiple reflections at the substrate/ice and ice/air interfaces will affect the measure
of the displacement of the laser as well as its broadening. This effect can be taken into account
during image processing to avoid introducing experimental errors, but it is not the case in this study
and has therefore been excluded.
The visual observations from Figure 55 are further supported by the measurements obtained from
the in situ characterization module allowing one to quantify the ice growth kinetics stages. Figure
55 presents the evolution of the ice growth, thickness and laser spreading (i.e. roughness), over 1min testing periods. This data displays interesting features and highlights the different stages
observed visually.

Figure 56. In situ measurements: (a) laser spreading and (b) ice thickness, evolution on
hydrophilic Ti-6Al-4V (black triangles), hydrophobic coating (purple diamonds), and
superhydrophobic coating (green circles). Experimental data (markers) was averaged over 4 to
6 tests and fitted (lines).

111

Based on the ice growth kinetics stages, three parameters are particularly interesting to measure:
•

the incubation period, which marks the time delay for the nucleation of islands,

•

the percolation threshold, which refers to the transition from coalescence to continuous
growth,

•

the growth rate in the continuous stage.

All of these parameters can be identified from the in situ measurements. Their summary is
presented in Figure 57 for the incubation and percolation stages, and in Figure 58 for the growth
rates. The following sections will detail the specific results for each type of sample.
The hydrophilic substrate and the hydrophobic coating were shown to display similar ice growth
behaviors. This is also reflected in the in situ ice growth data. First, by looking at the roughness
curve (laser spreading), we observe an increase at the beginning of the test before reaching an
inflexion point. The particularly sharp rise in laser spreading for the hydrophilic Ti-6Al-4V
indicates a rapid change in the surface roughness as the mirror-polished surface is covered by water
droplets and ice. While less dramatic, this increase is also noticeable for the hydrophobic coating.
Examining the corresponding visual observations, this increase in roughness seems to be associated
with the freezing of droplets on the surface and the first inflexion point marks the percolation
threshold. However, during this period, no increase in ice thickness is noticeable. This is due to the
specific sensitivity of each data output. The laser spreading is sensitive to light scattering at the
surface: as initial ice islands form and grow, the light scattering increases sharply, but when the
coalescence occurs, and the layer grows continuously, the diffusion stabilizes. This is not translated
in the thickness data because the measure of the thickness is dependent on the displacement of the
laser line; therefore, at the start of the growth when the ice is still thin, semi-transparent, and/or not
continuous, the line will not move enough to be detected and the thickness will not increase. In our
current configuration, the detection limit is estimated around 100 micrometers before which ice
thickness is not reliably detected. However, this does not affect the measurement of the growth rate
or the different time thresholds.
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Figure 57. Distributions of incubation periods (red square) and percolation thresholds (purple
circle) for the different samples with their corresponding median value (orange line) and
arithmetic mean (square and circle).

Figure 58. Distributions of growth rates for the different samples with their corresponding
median value (orange line) and arithmetic mean (red square).
By combining the visual observations and the in situ data we can conclude that the nucleation phase
is instantaneous on both the hydrophilic and hydrophobic surfaces; i.e. there is no incubation
period. The island growth stage corresponds to the initial increase in roughness and the first
inflexion point marks the percolation threshold. A segmented linear regression was performed to
pinpoint the threshold (see the solid lines in Figure 56) and was validated on the corresponding
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video sequences. Finally, when the ice layer formation reaches the continuous regime, the slope of
the linear evolution is the growth rate.
In summary, the hydrophilic substrate and the hydrophobic coating present instantaneous
nucleation; while the former one displays a quick percolation while the latter one delayed the
transition from initial ice nucleation to continuous layer growth by more than two times. The
average growth rate of ice (see Figure 58) is higher on the hydrophobic coating (1.03±0.02
mm/min) compared to the hydrophilic substrate (0.91±0.04 mm/min).
It can be observed that ice also forms on the SHS sample during testing (Figure 55), however, the
in situ data reveals some striking differences compared to the other two samples. Visually, the SHS
exhibits a clear incubation period, marked by an absence of ice nucleation on the surface. In the
laser FWHM and ice thickness data, this manifests itself as a lack of change in either measurement,
which is contrary to the other samples where ice roughness increased immediately due to the
immediate nucleation of ice from the SWD. When a significant number of islands have nucleated
on the coating, the ice roughness starts to increase, marking the transition from incubation to island
growth stage. Following the expansion of the islands, the percolation threshold is marked by the
increase in the thickness and the transition to a linear continuous growth. The in situ measurements
on the SHS confirmed the visual observations of the three distinct growth stages.
Quantitatively, the average incubation period for the SHS is 26±5 seconds, while percolation was
observed on average after 30±4 seconds. The average ice growth rate (1.16±0.06 mm/min is much
higher than on either the hydrophobic coating (13% higher) or hydrophilic substrate (28% higher).
The higher growth rates observed on the water-repellent coatings is indicative of a more porous ice
microstructure. We confirmed this through ice cross-sections (Figure 59). The ice features a
preeminent columnar growth on the SHS showing a porous microstructure compared to the dense
ice growing on the hydrophilic Ti-6Al-4V. The ice microstructure on the SHS is similar to what is
observed in the case of porous suspension plasma spray coatings [177]. While ice adhesion was
not measured in this work, the columnar porous microstructure of the ice has the potential to reduce
the ice/coating interfacial strength. It has been reported on multiple occasions that SHS with low
hysteresis displayed much lower adhesion due to trapped air at the interface, resulting in lower
effective contact area and enhanced crack concentration [3], [113], [116].
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The ice growth on SHS is mediated by the nucleation of droplets on surface defects in the coating,
leading to the porous growth but also to the large scattering in the measurements. This defectdriven nucleation is critical to the behavior observed on the SHS and controls the ice growth
kinetics.
While the graphs presented in Figure 56 show only the data for 1 minute of icing, the behavior is
similar for all tests even with icing up to 5 minutes, the maximum tested in this study. The testing
time does not appear to affect the growth once the continuous stage is reached.

Figure 59. Optical micrographs of ice cross-section after growth on the different samples: (a)
hydrophilic substrate, (b) hydrophobic coating, (c) superhydrophobic coating and (d) magnified
view of the central ice column.
These results demonstrate how the wettability of the surface affects the ice growth kinetics and,
due to the nature of SWD icing, show the dominant role played by impact dynamics in the
nucleation and subsequent growth stages. We have shown in a previous work that microdroplets
bounce off of superhydrophobic surfaces even at subzero temperatures, whereas they adhere
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efficiently on hydrophilic and hydrophobic surfaces [175]. This phenomenon controls the
nucleation of islands and therefore the ice growth. On a hydrophilic surface, the first volley of
droplets will stick to the surface and freeze creating an island nucleus. Subsequent droplets will
either impact at non-iced locations on the surface, creating new island nucleation points, or impact
on the existing islands, precipitating their growth. The surface will be quickly covered by a
continuous layer of ice after short incubation and coalescence periods. This model is schematized
in Figure 60-a.

Figure 60. Schematic models of ice growth on a: (a) hydrophilic surface and (b)
superhydrophobic surface.
On a SHS, however, impinging droplets will not stick and freeze unless they encounter a defect
where they can nucleate and form ice islands, leaving the surface mostly free of ice at the beginning.
Subsequent droplets will also bounce off the pristine coating and will tend to congregate at nearby
nucleated islands as they scatter off the surface. The ice will slowly grow from these nucleation
points until it covers the whole surface. This mechanism is illustrated in Figure 60-b.
In this model, a defect is any feature of the surface which can pin a droplet instead of repelling it.
The exact nature of these defects is dependent on the type of surface and its roughness, but also on
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the size of the droplets. In the case of the present SHS, defects in the coating may be cracks,
scratches and delaminations, but they may also be micrometric features such as swellings, particles
and/or holes that, under the impingement of the micrometric SWD, cannot maintain water
repellency.
Such defect-driven growth leads to long incubation and island growth stages. However, as the ice
layer growth is limited to few nucleation points, the aggregation of droplets creates a porous
microstructure and rough texture as shown in the cross-sections (Figure 59).
The hydrophobic coating behavior falls in between these two extremes and it displays a reduced
performance of both. Droplets sticking immediately on the surface nullify any possible incubation
period but reduced spreading of the droplets will tend to increase porosity and growth rate. While
not coalescing as fast as on the hydrophilic substrate, absence of incubation and faster growth rate
make it even less icephobic than the non-coated Ti-6Al-4V substrate.
These investigations of the ice growth kinetics highlight the influence of wettability and impact
dynamics. We showed that on surfaces with higher wettability (either hydrophilic or hydrophobic
surfaces), droplets are immediately pinned and form ice islands that quickly coalesce into a
complete layer. On the superhydrophobic coating, droplets mostly bounce off the surface and can
only be pinned on defects. The ice nucleation is therefore delayed significantly, and the island
growth is slowed before the complete formation of the ice layer. However, the ice growth rate
increased with increasing hydrophobicity as the ice microstructure becomes more porous due to
the pronounced island-type growth mechanism. This demonstrates the potential advantages of SHS
to delay and reduce ice formation in SWD icing conditions.
In the following sections we will investigate how the difference in growth affects the active thermal
de-icing and anti-icing performance of the surfaces.

5.4.3 De-icing testing
As detailed in the methodology section, the de-icing performance of the samples was evaluated by
heating the surface after ice accretion. Typical de-icing behaviors of the three surfaces are
presented in still images, shown in Figure 61. A distinct behaviour was observed for each of the
three samples. On the hydrophilic substrate the ice layer melted almost completely and dripped off
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of the surface, however, residual droplets remained even after ice removal. In opposition, on the
SHS the ice shed off the sample without apparent melting, leaving the surface free of residual
water. The hydrophobic coating, once again, behaves in between these two extremes; partial
melting of the ice is followed by shedding of loosely adherent ice chunks, leaving the surface
almost residue-free.
Also observed was the dependence of de-icing results on the thickness of the ice layer. At longer
ice accretion times, i.e. thicker ice layer, the hydrophilic and hydrophobic surfaces both displayed
complete shedding of the ice in a similar way to the superhydrophobic behavior. This may be due
to the increased weight of the ice, generating enough shear to shed the layer before complete
melting. The SHS de-icing performance did not appear to be affected by the ice thickness.

Figure 61. Ice removal mechanisms observed during thermal de-icing of the samples: (a)
melting on hydrophilic Ti-6Al-4V, (b) partial melting and shedding on the hydrophobic
coating, (c) complete shedding of the ice layer on the superhydrophobic coating.
The comparative de-icing performance is summarized in
Table VI. The results are averaged for icing tests lasting only 1 and 2 minutes in order to clearly
separate the behaviors. The de-icing performance can be evaluated by looking at the first signs of
melting (the melting onset time) as well as the time to remove all ice from the surface. Moreover,
the de-icing behavior and the presence of residual water are also reported.
From the results we can gather that the onset of melting, or the shedding in the case of the SHS,
occurs at the same time. This indicates that the beginning of de-icing is driven by the heat diffusion
through the bulk of the substrate to melt the interfacial ice. When the interfacial ice is melted, the
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entire ice layer is removed in the case of the SHS, whereas the other two samples require that at
least some of the bulk ice is also melted before complete removal occurs.
Table VI. De-icing performance for each surface (averages for tests of 1 and 2 min icing).

Sample

Melting
onset
time

Complete
removal Behavior Residual
water
time

Ti64 hydrophilic

45±5 s

57±8 s

Hydrophobic

45±5 s

63.7±0.6 s

Superhydrophobic

-

46±5 s

Melting
Partial
shedding
Shedding

Yes

Yes

No

These behaviors are explained by the difference in ice growth. On the SHS, the ice/solid interface
as the ice layer is only in contact with the surface at the bottom edges of its columnar structure. As
the edges heat and melt, the whole ice layer glides on the water film maintained in a non-wetting
Cassie-Baxter state by the SHS [124], [178]. However, on the hydrophilic and hydrophobic
samples, the ice/surface contact area is much larger leading to longer de-icing time, as the melting
water and remaining ice will wet and adhere to the surface more strongly.

5.4.4 Anti-icing testing
Anti-icing testing was performed in order to measure how much heating is needed to maintain the
surface free of ice. In this manner, the icephobicity performance is determined by identifying the
critical temperature below which ice starts forming. As detailed in section 2.3.4, the surface is
slowly cooled while being exposed to supercooled water droplets. The temperature at which ice
forms and covers the surface is recorded as the critical anti-icing temperature. Figure 62 presents
side-view images of the three surfaces at the critical anti-icing temperature.
The titanium substrate was entirely covered by ice as soon as the temperature dropped to 0°C. As
the Ti-6Al-4V surface is completely wetted, the ice formed a continuous and complete
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semitransparent layer (Figure 62-a), reminiscent of glaze ice forming from slowly cooling water
[179]. The hydrophobic coating also started freezing at 0°C and was quickly covered by ice as the
temperature dropped below zero (Figure 62-b). This slightly lower critical anti-icing temperature
for complete coverage of the hydrophobic surface is a consequence of the lower wettability of the
coating, as droplets coalesce on the cold surface, they form bigger drops which can slide off the
surface before actually freezing when the temperature is at 0°C.

Figure 62. Images of the surface of each sample at their critical anti-icing temperatures: (a)
hydrophilic Ti-6Al-4V at 0°C, (b) hydrophobic coating at 0°C, (c) superhydrophobic coating at
+3°C (c) and (d) at -2°C.
The SHS displayed a more interesting behavior: the first sparse ice nodules were formed between
+5 to +3°C, but droplets and ice nodules were seen sliding off the surface (Figure 62-c). This
sample was not entirely covered by ice until the temperature dropped below -2 or -3 °C (Figure 62d), at which point ice islands have grown enough to form a continuous layer and cover the entire
surface. Ice starts to appear on the SHS above the freezing point because the droplets stick onto
surface defects but have very little contact area and therefore minimal heat transfer from the heated
surface to the frozen droplets. The cold air flow forces the droplet phase transition despite the
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surface heating. However, most of the surface maintains a high repellency of SWD and inhibits ice
nucleation by shedding droplets off the surface. As the temperature drops, islands can grow over
the surface and cover the sample. Once again, the performance of the superhydrophobic coating is
impeded by surface defects.

5.5 Conclusion
Atmospheric icing on aircraft is a preeminent problem for industry and numerous technical and
technological applications. In this work, the challenges of characterizing ice growth kinetics from
supercooled water droplets were vigorously addressed and the influence of surface wettability was
investigated. We developed a novel approach to measure ice roughness and thickness in situ and
investigated the icephobic performance of water-repellent coatings using an icing wind-tunnel. Our
methodology allows for visual observations to be combined with quantitative data on thickness and
roughness of the ice in order to assess the ice growth kinetic stages: nucleation, island growth and
continuous regime. In the tested conditions, the superhydrophobic coating delayed ice nucleation
significantly, while both the hydrophilic Ti-6Al-4V substrate and the hydrophobic coating
displayed instantaneous ice growth. However, the ice growth rate in the continuous regime was
always higher on the water-repellent coatings.
We presented a model for the ice growth from SWD depending on the surface wettability and
established that the ice growth is defect-driven on superhydrophobic coatings leading to a porous
ice microstructure. The water repellency of the superhydrophobic coating was also shown to be
beneficial in both active thermal de-icing and anti-icing tests. This work showed the advantages of
our in situ methodology for the characterization of ice growth mechanisms and the assessment of
a surface icephobic performance. We showed that superhydrophobic surfaces could offer strong
icephobic performance by delaying ice growth and enhancing de-icing and anti-icing under heating
in the case of aircraft icing. However, appropriate control of pinning surface defects is needed to
improve the performance of SHS against icing in atmospheric conditions. This novel methodology
and the investigation of the role of wettability on ice growth kinetics will help to guide the
development of new icephobic coatings tailored toward aeronautic applications.
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ICE GROWTH ON NANO-TEXTURED FLUORINATED
AMORPHOUS CARBON SUPERHYDROPHOBIC COATINGS

6.1 Context
In the previous two chapters, we used an icing wind-tunnel (IWT) to investigate the ice accretion
under realistic atmospheric conditions on reference surfaces with different wettability.
In a first study (see Chapter 4), we characterized droplet impact dynamics on aerospace alloy and
commercially available coatings with wettabilities ranging from near-superhydrophilic to
superhydrophobic. We demonstrated the potential of a sprayed hierarchical superhydrophobic
surface as an icephobic coating thanks to its repellency of impinging supercooled water droplets
(SWD). We showed that its water repellency was maintained down to -18°C. However, ice still
ended up forming on the superhydrophobic surface (SHS).
The logical next step was to investigate how ice grows and what may govern its behavior. To
achieve that we developed a novel laser-based in situ technique optimized to characterize the ice
growth kinetics under icing conditions (see Chapter 5). This technique allows one to measure the
ice thickness and characterize its roughness during IWT testing. Equipped with this new
perspective, we investigated the ice growth kinetics on three surfaces of the previous study: a
hydrophilic Ti-6Al-4V aerospace alloy, a hydrophobic commercial spray coating and a commercial
superhydrophobic coating. We combined our new technique with visual observations to investigate
in detail the growth behavior of the ice and the influence of the surfaces. We observed that the ice
growth was strongly affected by the surface wettability. On the hydrophilic and hydrophobic
surface, the ice formed instantaneously as no droplets were repelled, leading to a rapid coverage of
the samples with a complete layer of ice. However, on the SHS, droplets were repelled on most of
the surface delaying ice formation. Nonetheless, hydrophilic defects in the coating offered sticking
zones for impinging droplets leading to the formation of ice islands that subsequently expanded as
more droplets fed their growth. This defect-driven growth provided to the ice a foothold to
completely cover the superhydrophobic coating. In addition, ice roughness and growth rate were
significantly higher on the water-repellent surfaces than on the hydrophilic substrate. Wettability
seems to have two opposing effects: it may allow to significantly delayed ice nucleation, but it also
appears to increase growth rate when ice takes hold.
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Based on these results, SHS are promising candidates if the repellency can be maintained and if
the surface roughness and associated defects can be controlled to ensure the maximum ice
nucleation delay. The literature on the impact dynamics of SWD and the resulting ice growth
kinetics is quite sparse, see Chapter 2 for details. However, studies looking at ice accretion using
IWT have shown that roughness is critical to obtain enhanced icephobic performance. While no
study could point to the optimal roughness parameters to target, most of them seem to point in the
direction of a dense sharp nanostructured surface. Millimetric droplet impact have demonstrated
an enhanced resilience and impalement resistance when the surface features nanometric features,
while in our case micrometric geometry maybe detrimental faced with small diameter droplets.
Therefore, the investigation of nanostructured SHS seems to be a promising avenue to improve
icephobicity by delaying ice growth. To explore that we fabricated water-repellent coatings using
a combination of hydrophobic fluorinated amorphous carbon thin films (a-C:H:F) and plasma
etched nanometric pillars in silicon, and tested their performance under icing using our in situ
methodology.

6.2 Experimental methodology
The experimental approach has been described in detail in Chapter 3 and Chapter 5. We present
here a short summary of the key processes and methods.

6.2.1 Nano-textured coatings
The aim was to fabricate hydrophobic surfaces with controlled roughness and wettability. The
water-repellent coatings were synthesized following this process:
1. Gold mask deposition. A magnetron sputtered thin non-percolated gold layer is deposited
on clean silicon substrate to produce a mask of nanometric islands.
2. Nanostructure etching. Reactive ion etching (RIE) is performed on the gold-covered
substrate. The nano-islands enable anisotropic etching of the silicon underneath creating a
nanoscale roughness.
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3. Hydrophobic a-C:H:F coating. The nanotextured surfaces are coated with a hydrophobic
layer of fluorinated amorphous carbon by plasma enhanced chemical vacuum deposition
(PECVD).
The surface topography is modified during the etching step via the etching time. While the control
of the gold island mask (distribution in size, inter-distance and shape) is possible, control of the
etching time produces more uniform coatings.
Gold sputtering was performed in a custom-made RF magnetron sputtering system with a 12-cm
unbiased electrode. The process conditions are listed in Table VII.
Table VII. Magnetron sputtering conditions used for gold mask deposition.
Gases and

Process

Target

flow rate

pressure

self-bias

Ar, 35 sccm

0.65 Pa
(5 mTorr)

-104 V

RF power

Duration

40 W

2 min

The etching and subsequent a-C:H:F deposition were performed in the same custom-made system.
Before deposition, the chamber was evacuated to a base pressure of approximately 10-4 Pa (10-6
Torr). The etching parameters are summarized in Table VIII.
Table VIII. Plasma etching conditions.
Gases and

Process

flow rate

pressure

SF6, 24 sccm

1.3 Pa
(10 mTorr)

Self-bias

RF power

Etching time

Variable
-500 V

≈300 W

(0, 1, 5, 10 and
15 minutes)

The a-C:H:F coating process was previously optimized to obtain a hydrophobic material. The
conditions used for deposition are summarized in Table IX. Deposition rate was measured at
around 40 nm/min and samples were coated to obtain film thickness of around 100 nm.
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Table IX. Deposition conditions of the a-C:H:F coatings.

Gases and partial pressure

Process
pressure

Self-bias

RF power

-250 V

≈15 W

Deposition
time

Ar, 1.8 Pa (13.4 mTorr)
C2H2, 0.15 Pa (1.1 mTorr)

6.6 Pa
(50 mTorr)

2.5 min

C4F8, 0.7 Pa (5.5 mTorr)

6.2.2 Coating surface characterization
Before testing their icephobic performance, the nanostructured samples were characterized for their
microstructure and composition.
XPS was used to probe the chemical composition and chemical structure after deposition of the
hydrophobic coatings. This allows one to elucidate the basis for their hydrophobicity as well as
ensures that the deposited coatings are comparable.
Surface topography was analyzed with different techniques. SEM analysis was done to image of
the roughness. Cross-sections of some of the coatings were performed either by cleavage of the
silicon substrate or by focused ion beam (FIB) to investigate the microstructure and coating
coverage of the etched surfaces. Quantitative analysis of the roughness parameters was performed
by AFM to be able to resolve the thin nanoscale features.
Finally, wettability was characterized using the traditional sessile drop method. Young’s contact
angle was measured with resting droplets while the advancing and receding contact angles used to
compute hysteresis were measured by the inflation/deflation technique.

6.2.3 Ice accretion testing
Ice accretion testing was performed on a small-scale IWT able to produce near-realistic SWD
conditions. The testing conditions presented in Table I were kept constant for all experiments.
These parameters produce typical rime ice in the test section.
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The test section is equipped with a removable sample holder with integrated thermoelectric device
for heating. The sample is fixed on a copper stage by conductive thermal paste and faces the
incoming wind flow and droplet cloud at a 90° attack angle (normal incidence). A rotating
protective shutter was placed in front of the sample before exposure to icing to ensure a stable
water spray and wind flow before testing. During the testing operation, each sample was tested
under ice accretion at least five times for a duration of 1 min under icing.
Table X. Icing conditions used during experiments.
Air flow velocity

10±2 m/s

Test section temperature

-17±1 °C

Liquid water content

0.5–0.7 g/m3

Droplet diameter range

10 – 100 µm

Droplet median volume
diameter

28 µm

Testing duration

1 min

Attack angle

90° (normal)

Characterization of the ice growth is carried out with our specially designed in situ module. This
system captures the temporal evolution of the ice thickness and roughness by tracking the
displacement and width of a laser beam. It is described in detail in Chapter 5. In addition, an optical
camera located on the side of the test section records visual observations of the surface and ice
growth during testing. Several thermocouples monitor the ambient temperature of the laboratory,
the air temperature in the test section, and the back side of the sample.
Each ice growth experiment is completed by a de-icing test. De-icing is performed by heating the
sample after ice accretion to characterize the ease of removing ice from the surface. The sample is
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heated at a constant power by the thermoelectric module and the time needed to remove the ice
completely is recorded.

6.2.4 Reference surfaces for ice accretion testing
Three reference surfaces were used for comparison with the nanotextured samples during ice
accretion testing. Pristine Silicon substrates were tested during the same testing operation.
Experimental results from the previous studies are also used: Ti-6Al-4V aerospace alloy polished
to a mirror finish and superhydrophobic spray coating Neverwet™.

6.3 Results and discussion
6.3.1 Coating properties
SEM images illustrating the patterning process and the resulting surface topography are presented
in Figure 63. The etching step creates sharp randomly distributed features with a size in the range
of hundreds of nanometers (Figure 63-a). The hydrophobic coating covers almost completely these
sharp features transforming the surface in an array of spherical structures with diameters in the
range of a one/two hundred nanometers. Cross-sections of the surface shows that the carbon coating
is well deposited along the height of the nanometric silicon features but with higher thickness at
the top of the pillars. The final surface consists of thin mushroom-like structures with spherical
caps.
The change in etching time affects the packing density and the roughness. Samples without etching
step or with 1-min etching are only featureless and smooth. This is expected as a low etching time
combined with the self-smoothening properties of amorphous carbon coatings would not lead to
significant surface topography [180]. However, with longer etching time, the coatings display
mushroom-like roughness (see Figure 64). Change in etching duration appears to slightly affect the
size and density of the spherical caps.
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Figure 63. SEM micrographs of a 15 min etched samples: (a) etching only, (b) top view of the
surface with coating, (c) focused ion beam cross-section and (d) tilted view at a cleaved section.

Figure 64. SEM micrographs of the three most etched samples: (a) 5 min etching, (b) 10 min
etching, and (c), 15 min etching.
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An example of XPS spectra is presented in Figure 65. The analysis reveals that all the coatings
have a similar chemical structure and composition, typical of highly fluorinated a-C:H:F coatings.
The coatings are rich in fluorine with large proportions of CFx groups. The average fluorine/carbon
ratio is 0.74 ± 0.01 for all samples. It can be concluded that the etching step does not influence the
chemical structure of the top coating resulting in water-repellent surfaces for all the samples. A
small concentration of oxygen contamination was also detected.

Figure 65. XPS spectra of the a-C:H:F: (a) survey scan, (b) detailed scan around the carbon
signal (grey area in (a)).
The topography of the different samples was analyzed by AFM to extract the root-mean-square
roughness (Rq). Height maps are displayed in Figure 66 and Rq values are compiled in Table XI.
As reported, the sample without etching and with 1 min etching are almost featureless with a
roughness around 1 nm. On the three subsequent samples, with longer etching times, the roughness
at the nanoscale level increases significantly up to 71 nm for 15 min etching.
The change in roughness due to RIE is reflected by significant changes in wettability of the
different surfaces. Wetting characterizations, contact angles and hysteresis, are listed in Table XI.
As expected, due to their similar topography no difference can be seen for the non-etched and 1
min etched samples. The 5 min etched surface displays an increase in contact angle but with an
associated increase in hysteresis. This suggests a Wenzel wetting state. On the contrary, the 10 min
and 15 min samples show significant increases in contact angles, with hysteresis below 10°. These
two samples can be considered superhydrophobic, at least in reference to millimetric droplets.
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Figure 66. AFM topographical images of the samples for different etching times: (a) 0 min, (b)
1 min, (c) 5 min, (d) 10 min and (e) 15 min.
Z-scale: (a, b) -10 nm to +10 nm; (c, d, e) -260 nm to +260 nm. Field of view: 5x5 µm2.
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Table XI. Roughness and wettability of the nanostructured a-C:H:F coatings.
Etching time

Pristine Si

0 min

1 min

5 min

10 min

15 min

Roughness (Rq)

<1 nm

0.63 nm

1.5 nm

31 nm

54 nm

71 nm

Contact angle (θc)

60°±1

104°±4

103°±2

138°±1

146°±5

166°±1

NA

48°±1

48°±1

80°±5

6°±1

4°±1

Hysteresis (Δθ)

The plasma processes enable one to fabricate samples with different wettabilities induced only by
a change in topography at the nanoscale level. Inspection of the samples after processing also
reveals uniform patterning over the whole surface of the samples, a critical feature for ice accretion
testing in the IWT.

6.3.2 Ice growth kinetics
Figure 67 presents visual observations of the ice evolution at different time steps of the growth on
the two different samples: hydrophilic pristine silicon substrate and superhydrophobic 15 min
etched coating. No significant difference can be observed between the samples. Ice appears to grow
on each surface almost immediately and uniformly. This behavior was observed on all samples
regardless of the wettability or roughness. While it is expected that ice grows immediately on
hydrophilic and hydrophobic surfaces, our previous work suggested that SHS would inhibit ice
accretion, at least partially (see Chapter 5); that behavior did not manifest for these nanotextured
superhydrophobic coatings.
We have shown that ice growth kinetics from SWD follows three stages: incubation stage where
little to no ice nucleates on the surface, coalescence stage where ice nuclei on the surface grow into
a complete layer and the continuous growth stage.
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Figure 67. Visual observation of the ice growth: (a) pristine silicon substrate and (b) 15 min
etched sample.

Figure 68. Optical images of the surfaces after 3s exposure to icing. Small white spots are
minuscule islands of ice formed by freezing droplets. The laser beam is the red line. Changes in
colors over the surface of the different samples are simply reflections due to the optical
reflectance of the surfaces.
•

Incubation stage

Careful observations of the first few seconds of the growth with the optical side camera (at 24
frames per seconds) shows that none of the investigated surfaces, regardless of the wettability,
presents an incubation period. Examples of numerically magnified images of the different samples
after 3 s of exposure to icing are displayed in Figure 68. The images reveal the ice accumulation
by the presence of small white spots on the surface; these are minuscule islands of ice formed by
freezing droplets.
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•

in situ ice growth kinetics: thickness and roughness

The in situ measurements of thickness and laser spreading display the expected behavior on
surfaces without incubation period. Ice thickness and roughness increase almost immediately and
continuously during the whole test. Averaged curves of laser spreading (ice roughness) and ice
thickness are shown in Figure 69.

Figure 69. Averaged ice growth curves for thickness and laser spreading (ice roughness) for
samples prepared using different etching times.
The immediate growth of ice (no incubation period) is representative of a “hydrophilic” behavior
of the samples under SWD impacts. The droplets are pinned and freeze on the surface, leading to
the formation of ice islands over the whole sample area, and the subsequent rapid coverage of ice
and the growth of a continuous layer at a constant rate.
The laser spreading on the water-repellent coatings is always lower than on the hydrophilic silicon
substrate. This indicates a lower ice roughness on all the samples and hints at a denser, more
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uniform microstructure of the ice growing on these coatings. This suggests that the nanotextured
roughness of the etched samples pinned microdroplets in a Wenzel wetting state, allowing the
formation of a smooth initial ice layer triggering the growth of a slower and denser ice.
Some artefacts of measurement should be noted. First, in the laser spreading data, the curves
corresponding to the silicon substrate and the 0 min etched sample shows a small depression at the
start - this is due to a parasitic second reflection of the laser beam which on the highly reflective
surfaces artificially increases the spreading. Second, in the thickness data, a small delay (few
seconds) can be observed on the Si substrate, and the 0, 1 and 5 min etched samples. This artefact
is due to the measurement method itself, when the ice is low and semi-transparent, and detection
of the displacement of the laser is not well resolved. While this effect does not allow to get directly
an accurate final thickness of the ice layer, it does not affect the computation of the crucial ice
growth rate.
The growth rate itself is computed from the slope of the ice thickness evolution in the continuous
growth linear region. Results are presented in Figure 70. The ice growth rate is decreasing with
increasing etching times. This appears to be slightly correlated to wettability, as the contact angle
was shown to increase with etching time. However, it does not seem to correlate with the hysteresis
as the 5-min etched sample has the highest hysteresis but still follows the decreasing growth rate
trends. The two superhydrophobic samples are almost identical in terms of growth rate, and their
differences in wettability does not appear to play a role. The hydrophilic silicon substrate has a
similar growth rate as the Ti-6Al-4V alloy substrate (average growth rate of 0.91±0.04 mm/min)
used previously as could be expected from their hydrophilicity and similar wettability (Chapter 5).
The growth rates measured on the water-repellent plasma coatings (nanostructured or not) stand in
stark contrast to the behavior observed on sprayed water-repellent coatings. In the latter case,
growth rates increased due to the higher porosity of the ice layer, the superhydrophobic coating
even displaying 30% faster growth. The nano-textured superhydrophobic coatings in the present
case show a reduction of around 30% in growth rate, and all the other water-repellent plasma
coatings feature lower growth rates than reference hydrophilic surfaces (silicon or Ti-6l-4V). In
addition, the ice roughness is also lower on the plasma coatings compared to hydrophilic samples.
The combination of smoother ice layers and slower growth rates is evidence of higher density of
the ice layers.
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Figure 70. Ice growth rates. Ti-6Al-4V results taken from the previous
study (see Chapter 5).
Moreover, as was discussed previously, none of the present samples featured delays in ice growth,
despite some of them displaying excellent superhydrophobicity. Again, in contrast to the previous
work where the sprayed superhydrophobic coating demonstrated a significant incubation period
(see Chapter 5), the plasma coatings appear to favor immediate growth of dense ice layers,
displaying an undesirable “ice-philic” behavior.

6.3.3 De-icing
De-icing was performed after each ice accretion experiment to assess the time required to remove
ice under heating and the removal behavior. All the samples present the same de-icing behavior,
the ice layer is melted completely before leaving the surface ice-free and significant residual liquid
droplets are left pinned on the surface. Images depicting an example of this melting/de-icing
behavior are displayed in Figure 71 for the superhydrophobic 15 min etched sample. Two critical
durations are recorded to quantify the de-icing: the melting onset time, i.e. time of the first sign of
melting, and the de-icing time, i.e. time needed to completely remove/melt ice from the surface.
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Figure 71. De-icing behavior observed on the etch15min sample: (a) initial ice layer, (b)
melting onset, (c) melting of the last fragment of ice, (d) complete de-icing with residual
droplets pinned to the surface.
Results are compiled in
Table XII. A small increase in the melting onset time is observed as the sample etching time
increases. This maybe be due to the lower ice/solid interface thermal conductivity due to the aC:H:F coating low thermal conductivity and the rougher surface which may still trap some air
pockets. The ice density may also play a role in the melting.
Table XII. Melting onset times and de-icing times.
Melting

De-icing

onset time

time

Hydrophilic silicon

23±2

30±2

0 min

26±1

33±1

1 min

24±1

30±1

5 min

27±1

33±1

10 min

27.2±1

33.0±1

15 min

28.8±1

34±1

Etching time
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The melting behavior observed on the sample is a strong indication that the water/surface interface
is in a Wenzel wetting state, as the penetration of the liquid in the roughness would increase water
adhesion and hinder the shedding of water. The ice layer therefore needs to be completely melted
to be removed, in opposition to the rapid shedding observed previously on the sprayed SHS. The
large number of pinned droplets left after de-icing supports that hypothesis, as the
superhydrophobic surfaces would otherwise be left completely dry if they had maintained CassieBaxter non-wetting state.
It should be noted that the silicon substrate on which the samples were fabricated is thinner and
has a higher thermal conductivity than the Ti-6Al-4V substrates used in the previous study; as such
the de-icing times are not quantitively comparable in a straightforward way.

6.3.4 Nanotextured spray coating (NeverwetTM) on silicon
The behavior of the nanotextured water-repellent coatings under SWD icing is unexpected,
especially as some of them displayed superhydrophobicity.
We observed that ice accreted on the waterrepellent samples featured decreasing growth
rates with higher surface roughness. The
growth rate of all a-C:H:F coatings is also lower
than the untreated hydrophilic silicon substrate.
In addition, the general melting behavior during
de-icing supports the case for Wenzel wetting
during droplet impingement. These indicate
that the ice grows denser and probably well
adherent on the hydrophobic surfaces, in
contrast to what was previously observed with
sprayed coatings. These observations signify
that the particular nanometric roughness of the
fabricated samples is detrimental to repellency
against micrometric droplets.

Figure 72. Degraded NeverWet™ sprayed on
pristine silicon substrate after one exposure to
SWD icing (right) compared to as-fabricated
sample (left).
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The impalement threshold of the samples is most probably exceeded during SWD impact, leading
to a Cassie-Wenzel transition with enhanced droplet pinning and increased penetration in the
texture. The samples, even when superhydrophobic (according to conventional contact angle
testing), displayed a poor icephobic performance.
The unexpected poor performance of the nanotextured superhydrophobic samples raises questions
on the effective potential of nanoscale roughness against SWD icing. However, several studies
have reported improved performance from nanoscale and superhydrophobic surfaces in
atmospheric icing conditions, such as lower adhesion, ice growth delay or reduced ice coverage
[106], [107], [113].
In the previous study (see Chapter 5), we used a commercial Neverwet™ superhydrophobic spray
and ice growth results suggested that dense hair-like nanotexture was key to droplet repellency and
ice nucleation delay. The icephobicity of this sprayed coating was hindered by the presence of
defects and microscale features on the surface. We decided to perform a complementary
experiment to investigate further. Therefore, a new sample of commercial Neverwet™
superhydrophobic coating was prepared with the aim to reduce the quantity of defects, improve
uniformity and enhance the nanoscale character. While little control can be achieved with
compressed-gas spray fabrication, by using a pristine silicon substrate and just one rapid pass of
the spray, samples with improved surface homogeneity can be fabricated. The obtained samples
have a roughness Sq = 170 ± 10 nm, measured by white light interferometry, and feature mostly
uniform surface and superhydrophobic properties equivalent to the standard fabrication procedure
(θc = 173°±3 and Δθ = 8°±3). However, the coating durability is severely compromised, and the
samples can only be tested once, due to delaminations and critical damages (see Figure 72).
IWT testing reveals the most promising icephobic behavior we have observed. As shown in Figure
73, almost no ice could take hold on the surface even after two minutes of exposure. Small patches
of ice could be observed growing from the edges or on some defects, but their adhesion is so weak
that they are blown away by the wind when their size becomes too large. While these samples
degrade after only one icing/de-icing cycle, they appear to demonstrate the icephobic potential of
nano-rough SHS, in this case fabricated by spraying on silicon substrate.
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Figure 73. Ice growth on superhydrophobic Neverwet coating specifically prepared to increase
smoothness. Haze in the images is caused by reflectivity of the sample.
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6.4 Conclusions
In summary, a self-assembled masking process was developed to fabricate water-repellent coatings
with varying wettability through the control of nanoscale roughness. The samples displayed plasma
etched mushroom-like features covered by a conformal hydrophobic a-C:H:F coating. The
roughness (Sq) was varied from a few nanometers to several tens of nanometers. Longer etching
times allowed one to control the level of roughness and the hydrophobicity of the coatings, reaching
superhydrophobic performance for plasma exposition above 10 min. Ice accretion and de-icing
testing was performed in an icing wind-tunnel equipped to image the ice growth and characterize
ice thickness and roughness in situ. All samples, regardless of surface properties, featured the same
icing behavior: impinging SWD were instantaneously pinned on the surface and froze, rapidly
forming a complete layer of ice covering the surface. While no incubation of the ice layer was
observed, the ice growth rate was decreased with increasing surface roughness, with the two
superhydrophobic samples demonstrating rates around 30% lower than the hydrophilic silicon
substrate. Ice roughness was also lower with increased surface etching. Additionally, all the
samples showed a melting de-icing behavior. The combination of the low ice roughness, low
growth rates and melting de-icing indicate that the nanostructured coatings enhanced SWD pinning
in Wenzel wetting state and favor the growth of a dense adhesive ice layer, despite their
superhydrophobic wettability. These experiments highlight the inadequacy of conventional
wettability measurements to assess the potential superhydrophobic and icephobic properties of
surfaces at different length scales such as microdroplets. This work underlines the critical
importance of nanoscale roughness geometry and the knowledge gap currently hindering the
development of icephobic coatings for aircraft ice protection.
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GENERAL DISCUSSION

7.1 The role of roughness on microdroplet repellency
As we have shown during this project, the efficiency of icephobicity based on delayed/inhibited
ice nucleation (droplet solidification) depends on the repellency of the impinging supercooled
microdroplets. Superhydrophobic coatings can enable such desirable effect if the surface roughness
is adequately designed. While we clearly showed the importance of nano-roughness in icephobicity
against SWD, we have yet to establish the design principles needed to guide the fabrication of the
surface nanotexture with optimal performance under real-life conditions.
We have shown that some water-repellent surfaces are not wetted by micrometric SWD allowing
them to remain exceptionally ice-free, i.e. icephobic, under aircraft icing conditions. The common
assumption, based on most research studies on icephobic surfaces performed at the millimeter
scale, would be that superhydrophobic surfaces, as traditionally characterized by contact angle
measurements, maintain their properties even in the presence of smaller droplets. Some authors
have suggested increased performance as the droplet size reduces, i.e. reduced contact time [89],
or increased impalement threshold [83]. However, these two studies do not explore impacts of
droplets below 100 µm in diameter where most SWD are situated. In contrast, investigations of the
impact dynamics of droplets in the range of 50 µm have shown a different behavior at this scale
where fragmentation and repellency are not necessarily maintained [81], [99], [175]. Our work
demonstrates that superhydrophobic surfaces can display opposite icing behaviors: some showed
excellent icephobicity with long incubation delays and high microdroplet repellency, while others
showed increase icing, “ice-philicity” and high droplet pinning.
While surface energy and wetting are induce by chemical and topographical features, we can expect
that the surface chemistry (molecular and atomic composition) is not a critical factor, as long as
the material is hydrophobic. Therefore, the problem arises from the roughness-induced wetting.
Our hypothesis was based on promoting nanoscale roughness and eliminating microscale
roughness features that could operate as pinning sites (hydrophilic defects) for impinging droplets.
However, as we demonstrated in Chapter 6, this may have been too simplistic view. Pinning on
surface roughness, and the breach of the impalement threshold by the impinging microdroplets is
dependent on more complex roughness factors, even if the surface is nominally superhydrophobic
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and nanotextured. The role of different roughness characteristics (scales, size, spacing, geometry,
distribution, etc.) on the impact dynamics of microdroplets will need to be clarified in future work
to provide accurate design principles for icephobic coatings/surfaces destined to aircraft.
This also raises the issue of maintaining repellency and hydrophobicity when reducing droplet size
and the characterization of wettability at different length scales and particularly of
superhydrophobicity. In fact, we demonstrated that characterizing superhydrophobicity using
contact angles by the sessile method with millimetric droplets cannot encompass the intricacies of
complex surface textures when the droplet of interest is much smaller. Some authors have
suggested alternative techniques to address the limitations of contact angle measurements. Callies
and Queré proposed a wetting test where droplets of different sizes are sprayed on the surface. The
sample is then tilted at 90 °and the diameter of sticking drops still resting on the surface is used as
a metric to characterize the wettability [100]. Alternatively, water adhesion measurements have
been shown to offer some improvements over contact angles to compare wetting and ice adhesion
on structured surfaces. Zhiwei He and coworkers showed that water adhesion, by dynamic
tensiometry, offers a good alternative to hysteresis measurements to correlate wetting properties at
room temperature and ice adhesion strength [181]. Pushing even further wetting characterization,
Liimatainen and colleagues have demonstrated the use of a droplet adhesion probe to map
wettability on patterned surfaces with a spatial resolution at the microscale [182]. These approaches
do neither capture the dynamic behavior occurring during impact, as the timescales are much
slower, nor the low temperature aspect of SWD, but they could provide interesting discriminatory
metrics to screen potential nanotextured surface candidates destined to protect aircraft from SWD.

7.2 Icing wind tunnel experiments
The choice of icing wind-tunnel experiments to produce icing conditions is determined by the need
to adhere as close as possible to realistic conditions. However, this implies to forgo some controls
over the experimental parameters of the IWT. Droplet generation from a spray always yields a
distribution in size. While this reproduces cloud droplet distributions rather well, it also makes the
study of the role of droplet size in ice accretion compared to single-drop experiments much more
difficult, in particular in the case of impact dynamics and critical size effects (droplet versus surface
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defects). Some experimental parameters are also correlated and cannot be easily disentangled for
systematic studies: for example, droplet speed and wind speed, or droplet and wind temperature.
During all our testing operation, we confined our icing conditions to rime ice accretion. This was
due in part to experimental constraints, as the wind-tunnel temperature is more stable at maximum
cooling reducing temperature oscillations and enabling longer testing times. Moreover, the
characteristic diffusivity (opacity) of rime ice makes characterization and observation less
ambiguous than its glaze and mix ice counterparts. It will be necessary to investigate other icing
envelopes in future studies and adapt the tools in consequence.
Additionally, as mentioned in the methodology section, our experiments did not consider
aerodynamic effects around the sample surface, with the airflow at normal incidence on the surface
and the sample holder. This was decided from a practical standpoint for two main reasons. First,
the fabrication of coatings, either by plasma deposition or spray, is much simpler and less prone to
failure on flat coupons than on 3D shapes such as airfoils. Working with flat samples allowed one
to reduce errors and variability during synthesis. Second, the general complexity of flow around
aircraft components is not necessarily captured by small size airfoils. The same occurs for the flow
at the scale of micrometric droplets around large components, such as wings and engine fans.
However, this choice can lead to significant edge effects during ice growth and these should always
be carefully monitored to ensure that they do not affect the measurements. Glaze ice conditions
with runback water flow are even more susceptible to edge effects than rime ice forming conditions.
Nonetheless, the methodological approaches used in this work could be adapted to testing on airfoil
shapes without edge effects and should be explored to compare to more common testing reported
in the literature.
IWTs represent an interesting compromise between non-realistic laboratory (single droplet)
experiments and full-scale flight testing. While they do not replace either, with careful
methodology they allow to probe—in depth—ice accretion in relevant conditions and bridge the
gap between them. Working with IWT placed our experiments in a rarely explored parameter space
at the intersection of low temperature, high speed and micrometric size droplets. This combination
is especially valuable for the study of impact dynamics on complex surfaces pertinent to aircraft
applications. In our work, we confirmed the absence of fragmentation already observed by Visser
et al. [99], at least for impact velocity in the range of 10 m/s. We showed that the contact time
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seems independent of temperature and size for droplets below 100 µm diameter. This strongly
suggests the dominance of surface tension in the impact dynamics. Our work highlights a gap in
experimental investigations and theoretical understanding of droplet impact dynamics at the
microscale. Still, the experimental limitations of our setup in terms of spatial and temporal
resolutions impeded our ability to fully investigate the spreading and retracting phases of the SWD
impacts. The complete understanding of impact dynamics under SWD conditions will need detailed
investigations of the droplet spreading/retraction on a diverse array of superhydrophobic surfaces
and the influence of the impact parameters on the dynamics and the impingement threshold. These
observations will be essential to establish guiding design principles for robust icephobic surfaces
as well as the development of analytical and numerical models such as those proposed by
Attarzadeh et al. and XIao et al [101], [103].
One aspect that was not addressed in this work has to do with the adhesion of ice on the surfaces.
This is a common topic investigated in icephobic studies, even in the case of ice built up from
SWD. However, evaluating adhesion in wind-tunnel experiments is difficult to implement and was
not pursued in our present work. Nonetheless, coating properties influence ice growth kinetics and
microstructure (porosity) as we showed and will also affect its adhesion, as has been investigated
in, for example, [29], [98], [119], [122]. Literature dedicated to atmospheric ice microstructure and
its role in adhesion is sparse and would require more investigations to understand how it could be
controlled and weakened by optimizing surface properties to promote cracking and shedding of the
ice layer.
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CONCLUSIONS AND RECOMMENDATIONS

8.1 Summary
Aircraft icing is a challenging multifaceted issue with ramifications from fundamental science to
engineering and economics. The problem occurs when airplanes pass through clouds of
micrometric supercooled water droplets that impact at high speed and freeze on exposed
components.
The characterization of the growth of ice on aircraft surfaces has been the subject of extensive
experimental and theoretical work in the realms of aerodynamics, atmospheric physics and
mechanical engineering aimed at understanding the shape and evolution of ice structures on critical
components and predict its influence on aircraft performance. In order to replace or improve current
ice protection systems, icephobic surfaces that control and manage ice growth and ice removal
represent the most promising solutions. Among these surfaces, superhydrophobic coatings have
attracted a lot of interest due to their high water repellency. They combine low surface energy
materials and high roughness to trap air pockets. These properties have been shown to offer low
ice adhesion, nucleation and solidification delay, and millimetric droplet repellency in freezing
environments. Comparatively, less attention has been brought to the specific role of material and
surface properties on ice growth itself in the icing conditions occurring in-flight. Therefore, we
investigated on the role of superhydrophobic surfaces on aircraft icing by developing and using
techniques designed to investigate the role of properties such as roughness and wettability during
the different stages of ice accretion.
The main objective of this thesis was to investigate the role of wettability and superhydrophobicity
on the icephobicity of engineered surfaces under supercooled water microdroplet (SWD) icing
conditions experienced by aircraft. The specific objectives of this work were stated as:
•

Investigate the impact dynamics of SWD on surfaces with different wettabilities under icing
conditions.

•

Develop an in situ testing methodology to investigate ice growth kinetics in realistic aircraft
icing conditions and establish metrics to evaluate the icephobic performance of surfaces.

146

•

Synthesize nano-textured surfaces with a range of wettabilities, from hydrophobic to
superhydrophobic, and evaluate their icephobic properties under SWD icing using the novel
tools developed.

In the first part of the work, we studied four surfaces with wettability from near-superhydrophilic
to superhydrophobic. By combining ultra-high-speed imaging and icing wind-tunnel capabilities,
we explored the impact behavior of microdroplets, with median volume diameter of 30 µm, from
room temperature down to -18° C supercooling. These experiments showed that microdroplets
were pinned on all the surfaces at the exception of the superhydrophobic coating. The droplet
repellency of the superhydrophobic surface was maintained at all temperatures, even under subzero cooling, but droplet pinning was still observed on some limited areas of surface. Particle
tracking analysis was used to compute the trajectories and the contact time of the droplets. It
revealed that contact time appears to be constant regardless of temperature or impinging speed for
micrometric droplets. Interestingly, we did not observe fragmentation events in any of the
experiments. Based on these observations, we conclude that the impact dynamics of micrometric
droplets is dominated by surface tension, even under icing conditions and on complex surfaces.
Nonetheless, despite its overall repellency, the superhydrophobic surface ended up covered by ice
as droplets appear to be pinned on surface defects present on the coating.
In the second part, we studied the ice growth kinetics and the role of surface properties for which
we developed a new approach to characterize the ice growth in the wind-tunnel under near-real life
conditions. The new approach consists of a laser-based measurement system that enables to track
in situ the growth of the ice on the tested sample, namely its thickness and its roughness during the
duration of icing. This setup is coupled with visual observations as well as a heating stage to
investigate the active thermal de-icing and anti-icing performances of the tested surface. The same
surfaces as in the first part of the work were investigated in order to assess the effect of wettability,
hydrophilicity, hydrophobicity and superhydrophobicity, on the ice growth kinetics. The
experiments showed that ice growth consists of three successive steps, first impinging droplets are
pinned and freeze creating ice nuclei, then these islands expand and coalesce to form a continuous
layer of ice on the surface, and finally, subsequent droplets continue to build and thicken the ice
layer. It is then the surface wettability that affects and regulates these stages. On the hydrophilic as
well as hydrophobic surfaces, droplets are instantaneously pinned and form numerous ice islands
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that quickly coalesce in a complete layer. In contrast, on the superhydrophobic surface the
repellency of impinging drops allows the sample to remain mostly ice-free for a long period. The
corresponding incubation time is restricted by the nucleation of ice due to droplet pinning on
surface defects. In all cases, once the ice layer has coalesced, the growth rate is constant over time,
but it is faster with increasing hydrophobicity, the superhydrophobic coating showing 30% faster
growth than the hydrophilic substrate. This is explained by the ice being more porous on waterrepellent surfaces, as was confirmed by cross-sectional microscopy of the ice layers. Finally,
thermal anti-icing and de-icing tests showed that the superhydrophobic coating outperformed the
other samples by maintaining its water repellency in freezing temperatures under SWD impacts.
The superhydrophobic coating demonstrated promising icephobic properties: long delay in ice
nucleation (long incubation period) and enhanced thermal anti/de-icing, but surface defects which
are responsible for pinning microdroplets are detrimental to its performance.
In the final part of the thesis, we investigated the role of roughness and possible improvement of
the icephobic performance using nanotextured water-repellent coatings. The coatings’ roughness,
from very smooth (̴1 nm) to rougher (tens of nanometers), was controlled by etching nanometric
pillars in silicon substrates, leading to dense arrays mushroom-like features on the surface for the
highly textured samples. Water-repellency was imparted by a final fluorinated carbon top coating.
Wettabilities from hydrophobic to superhydrophobic were obtained and characterized by contact
angle measurements. The samples tested in the icing wind tunnel under SWD icing conditions
exhibited an unexpected behavior: all the samples, regardless of wettability showed immediate
growth of ice without incubation delay, and the ice layer featured slower growth rates with higher
hydrophobicity. De-icing experiments also showed the complete melting of the ice layer before
removal, a behavior typical of hydrophilic surfaces. These three factors, no incubation, low growth
rate and melting de-icing, suggest that the mushroom-like nanotexture is detrimental to
icephobicity by pinning of the impinging SWD in the Wenzel wetting state and probably densifying
the growing ice layer. It is in contrast to the behavior on hydrophobic and superhydrophobic
sprayed coatings tested in our two first studies.
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8.2 Conclusion
Throughout this work, we have developed a comprehensive methodology to characterize the
icephobicity of surfaces under realistic aircraft icing conditions. Building on icing wind-tunnel
experiments, we have shown, with high-speed imaging, the crucial role of impact dynamics in the
nucleation of ice from impinging microdroplets. We developed a novel in situ technique to
characterize and quantify the ice growth kinetics from island nucleation to continuous growth. In
addition, we incorporated in our tailored test section a heating stage to enable the observation and
measurement of active thermal anti-icing and de-icing processes. The combination of all these
tools, adapted or specifically designed for icing wind-tunnel experiments, allows for a complete
characterization of SWD icing on surfaces and provides a new set of metrics to evaluate the
icephobic performances of advanced coatings. This material-oriented approach to ice
characterization will be key to the development of advanced icephobic surfaces for aviation.
Using theses methods, we investigated the role of surface wettability and superhydrophobicity on
the nucleation and growth of ice. We demonstrated that certain superhydrophobic surfaces could
repel impinging microdroplets even in sub-zero temperatures. In ideal conditions, complete
inhibition of the ice growth can be achieved with this high repellency. This exceptional behavior
rests on the presence of a dense and sharp nanotexture at the surface. However, pinning sites at the
microscale, such as surface defects, large micrometric feature or adhesive nanoscale roughness,
represent the limiting factor to the icephobicity by allowing the nucleation of ice from pinned
microdroplets. The types of pinning sites and the repellency behavior will control the subsequent
growth mode and microstructure of the accreting ice. These aspects are represented schematically
in Figure 74 that can be considered as graphical summary of the present thesis.
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Figure 74. Schematic of the role of surface wettability and impact dynamics on ice accretion.
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8.3 Recommendations
This thesis represents an important step towards understanding and controlling SWD ice accretion
on surfaces and the development of icephobic coatings intended for aircraft protection. In the
different chapters, we highlighted several subjects that still need to be addressed, requiring more
research and development. Three key areas should especially be explored further:
•

Microdroplet impact dynamics on textured surfaces

The crucial question of the role of roughness in impact dynamics of microdroplets, as discussed
previously, is the most interesting and promising subject to tackle in future work. It is essential to
explain the topographical characteristics that enable a surface to repel microdroplets and the
different parameters at play that affect the impalement threshold at that scale. This will require
extensive high-speed imaging experiments, in IWT and high velocity single-droplet experiments
(e.g. as presented in Visser & al. [99]), and a wide range of surfaces featuring complex geometries
(especially at the nanoscale), to identify the different parameters of importance. Support from
analytical and numerical modelling would also greatly enhance our understanding of microdroplet
impact dynamics. These studies should also investigate the influence of roughness distribution on
the wettability and develop new techniques to enable the characterization of wetting at smaller
length scales.
•

The role of surface properties in ice growth kinetics and ice microstructure

While the ideal icephobic surfaces would unconditionally inhibit ice growth, it is not realistic to
expect that level of efficiency in the near future. Therefore, more investigations on the influence
of surface properties on ice growth kinetics and the ice microstructure are needed. Once again
surface roughness and wettability are primary target for systematic studies. Nonetheless work also
needs to be performed to explore environmental parameters and ice types. More advanced tools
will have to be used to fully investigate surface/ice interface and ice microstructure, such as
potentially micro X-ray tomography and environmental microscopy (SEM or optical).
•

Durability and multifunctionality of icephobic coatings

Finally, while most of this work was focused on understanding droplet impact dynamics, ice growth
and the role of surface properties, some engineering constraints should be kept in mind. While
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icephobic surfaces based on superhydrophobicity and the repellency of impinging droplets would
offer a powerful solution to prevent ice accretion on aircraft components, they are prone to
damages. Their delicate surface chemistry and their intricate surface roughness are known to suffer
from severe and fast degradation under repeated icing cycles. The samples used in this work were
selected for their wettability and ease of fabrication, not their durability. As was mentioned in the
methodology section, precautions were taken to ensure that samples tested under the IWT were
changed regularly to maintain pristine surface properties. Future research on coatings for aircraft
needs to target excellent icephobic properties but also the ability to sustain prolonged operation
and harsh conditions such as corrosion, thermal cycling, wear, erosion and fatigue. Parallel work,
led by my colleague Stephen Brown, we have investigated in detail the durability of
superhydrophobic coatings [183]. The best icephobic coatings will have to be highly
multifunctional to get any chance of industrial implementation.
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