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ABSTRACT

From aviation systems and infrastructures to energy systems, icephobic surfaces play a
critical role in humanity's daily lives. However, developing these surfaces for low-temperature
applications remains a challenge. In the last few decades, a few forms of icephobic surfaces are
developed including liquid-infused, non-wetting, and hydrated surfaces. However, their
practical applications are limited due to high freezing temperatures, high ice adhesion, ice
accretion, low mechanical durability, and high fabrication costs. Here, we present a
comprehensive definition for icephobicity through thermodynamics, heat transfer, and
mechanics of the ice/water interfaces. To accurately predict ice growth rates on different
substrates and under different wind conditions, mathematical models are developed based on
the conservation laws. We elucidate the mechanisms that nanoscale physics could be used to
develop exceptional icephobic surfaces. A method for ice adhesion measurement is presented
that uses physics of fracture at ice-icephobic material interfaces to eliminate discrepancies
between reported ice adhesions from different laboratories. In addition, a comprehensive set of
durability metrics is casted that includes mechanical, environmental, and chemical durability
aspects. Through above knowledge, a thorough framework for comparing the performance of

state-of-the-art icephobic surfaces is developed and the main weaknesses are identified.
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l. INTRODUCTION

Icing is a common occurrence in subzero climates where moisture is present [1—
3], and it affects a wide range of industries from transportation systems [4—6], power
transmission lines [7], and infrastructures [8,9] to energy systems [10-14]. Figure 1
shows Ice on aircraft can cause increased drag, loss of lift force, and catastrophic events.
Ice on transmission systems can result in poles and towers collapsing and conductors
rupturing. As a result of icing in cooling systems, their heat transfer rate is significantly
reduced, resulting in inefficient operation. Ice storms are responsible for 10% of all
power outages in the United States, according to Lawrence Berkeley Laboratory
[15,16]. Financial markets for icephobic surfaces are around $20 billion (B) annually
[17], including $10.17 billion (B) for aerospace, $3 billion (B) for automobiles, $2.3
billion (B) for infrastructures, and $3 to $5 billion (B) for power transmission lines. The
coastguard and shipping industries are also significant markets for icephobic surfaces.
In cold climates, this problem plays a critical role in daily human life rather than just
economically. During the winter in the United States, about 3 million people experience
power outages as a result of ice storms. Development of durable and high-performance
icephobic surfaces remains challenging despite their vital role in economy and society.
The main advantages of icephobic surfaces include low freezing temperatures, low ice
accretion rates, low ice adhesion, and long-term durability. Figures of merit required for
icephobic surfaces vary according to the application. For aircraft, low freezing

temperature, low ice adhesion, and durability are the most critical characteristics. It



remains a challenge, despite significant progress, to develop surfaces that address all
the necessary figures of merit (e.g. superhydrophobic surfaces [18-60], liquid-infused
surfaces [20,61] and hydrated surfaces [62].

To reduce ice accretion on the surfaces, it is essential to understand how ice
forms on a surface, i.e. heterogeneous formation. On a surface, ice formation involves
two stages: ice nucleation and subsequent ice growth. Ice nucleolus form on a sub-zero
surface after a droplet of water is placed on it with a time delay. The Nucleation of ice
is governed by the thermodynamics of the ice-water system and is described by the
Gibbs energy barrier, AG*, which is strongly influenced by the surface factor, f(m, x).
In order to control ice nucleation, one can manipulate surface factor, which is a function
of surface geometry, i.e. nano or micro, and free energy at the surface. The growth of
ice occurs in a controlled manner by heat transfer following ice nucleation. Two extreme

scenarios can be described for ice growth.



Figure 1 Icing problem in various applications

In the first case, ice is formed due to heat transfer from the substrate when there
is no airflow around the substrate. In the second scenario, ice growth occurs in an
environment with external airflow, and the rate of ice growth is largely determined by
convective heat transfer. Any of the above theories about ice formation on a surface can
be applied to an isolated, single droplet. However, in reality, the presence of many
droplets on a surface can interfere with ice nucleation and growth, leading to ice bridges.
Ice bridges arise because of vapor source-sink behavior due to the vapor pressure
gradient between the frozen and adjacent liquid droplets.

The durability of an icephobic coating can be defined as its resistance to external
agents that may interfere with its performance. Several factors can impair the durability
of a coating, including environmental, chemical, and mechanical factors. UV-induced

oxidation and thermal degradation are environmental elements that weaken the
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durability of a coating. Corrosion and hydrolysis are two chemical agents which
compromise the durability of coatings. In addition, mechanical failures in coatings
include erosion, cracking, abrasion, and detachment from the substrate. All of the
mentioned failures are affected by a variety of factors. As a result, the coating loses its
icephobic properties. The durability of an icephobic coating is determined by how well

it retains its icephobic properties over time.



Il. 1CEPHOBIC SURFACES

In the following, we present state-of-the-art icephobic surfaces and analyze their
characteristics using the metrics discussed above. Figure 8 shows a schematic
representation of these surfaces. Figure 8a illustrates how superhydrophobic surfaces
(SHS) are developed by micro/nano structuring hydrophobic surfaces (or hydrophilic
surfaces). Surfaces of this type trap air and prevent wetting (Cassie-Baxter state) in order
to minimize the effective contact area between stationary or dynamic subcooled droplets
and the cold solid substrate [18-60]. The hydrophobic nature of these surfaces affects
both the thermodynamics of ice nucleation (35,81,81,85,86,94,102,122-125) and
mechanics of ice adhesion at the solid-ice interfaces (58,76). It has been demonstrated
that TN is a function of the interfacial energy of solid-water mixtures and the dimension
of micro/nano features through Gibbs energy barrier [78,126]. In the case of a given
solid, the Gibbs energy barrier is not affected unless micro/nano features are of the same
dimensional order as an ice embryo (a few nanometers) [78]. The fabrication of surfaces
with such small features is challenging and expensive. Therefore, the median
temperature for ice nucleation is in the range of -20 to -25 °C for most studied
superhydrophobic surfaces [77]. On the other hand, the homogeneous ice nucleation
temperature of bulk water is *40 °C [127,128]. This temperature represents the lower
limit for designing surfaces that are icephobic where nucleation occurs heterogeneously.
As is discussed in Eq 4, tav is also a function of Gibbs energy barrier. Accordingly, at
a given temperature, the ice nucleation delay time is not affected unless the

heterogeneous energy barrier is tuned. It should be noted that, although the droplet
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contact area on superhydrophobic surfaces may be reduced, the molecular nature of the
solid-ice interaction (Wa) and the mechanical properties of the icephobic surface affect
the ice adhesion strength. Various researchers have reported ice adhesion on
superhydrophobic surfaces between 100 and 500 kPa, which is comparable to adhesion
strengths measured on smooth metal surfaces (~100 kPa)[22,59,129-136]. As soon as
frost forms between micro/nano structures on SHS, the water droplet sitting on the
surface transforms into the Wenzel state and fills the micro/nano features. The adhesion
of the ice can be even higher than on a smooth surface in this situation. Although
extensive studies have been conducted on the icephobicity of SHS, low ice adhesion as
well as mechanical durability of SHS have not yet been achieved.

A surface's icephobicity is sometimes measured based on a single or
combination of material characteristics, such as water repellency or contact angle
hysteresis. Despite the fact that these characteristics may indirectly affect the
icephobicity of a surface, they are not directly associated with this characteristic.
Numerous studies have demonstrated a correlation between water repellency and
icephobicity. Dalton and his colleagues [72] developed a variety of surfaces that range
from superhydrophilic to superhydrophobic. According to their findings, ice adhesion
decreases as the contact angle of water on surfaces increases. On the most
superhydrophobic surface, ice adhesion was reduced 18-fold in comparison to untreated
aluminum. As reported by Kulinaich et al. [48], the correlation between ice adhesion
and contact angle holds only when the hysteresis of the contact angle is low. The

correlation between icephobicity and contact angle hysteresis was proposed.



Specifically, higher contact angle hysteresis indicated a larger surface area between the
ice and the solid, resulting in greater ice adhesion. Accordingly, Cao et al. [73]
developed a range of nanoparticle-polymer composites to examine the correlation
between icephobicity and superhydrophobicity. The researchers found that icephobicity
depends both on hydrophobicity and particle size (i.e. surface morphology). Meuler et
al. [22] investigated the adhesion of ice to a wide variety of smooth steel discs coated
with many hydrophobic coatings. Their work suggested that ice adhesion is correlated
to the amount of adhesion work involved (i.e. Wa = Lv(1+cos r)), and further reduction
in adhesion can only be achieved by structuring surfaces. According to Meuler et al.,
[21], superhydrophobic surfaces can repel water droplets before freezing and thus
become icephobic. On carbon-nanotube-based superhydrophobic surfaces, Zheng et al.
[74] also found that water drop repellency before freezing plays a role in ice repellency.
In a study by Jung et al.[75], the contact angle of superhydrophobic surfaces was found
to increase the delay time for ice formation. The smoother the surface of a hydrophilic
surface, the longer the delay time in ice formation. In designing icephobic surfaces, the
competing effects of wettability and roughness need to be considered. Kulinich et al.
[57] suggested that although superhydrophobic surfaces may exhibit icephobic
properties in laboratory conditions, in humid atmospheres, their anti-icing efficiency
drops considerably. A humid atmosphere causes water to condense both on top and
between the asperities of surfaces, which enhances ice adhesion. In addition, they raised
concerns regarding the durability of superhydrophobic surfaces. They observed that

after a few icing/deicing cycles, the icephobicity of superhydrophobic surfaces



degrades, and the surface asperities slowly become damaged. Using a model of ice
formation on superhydrophobic surfaces, Bahadur et al. [37] proposed that these
surfaces would be able to prevent the freezing of impacting droplets up to a temperature
of -20 to -25 °C. In spite of these early demonstrations of icephobicity of
superhydrophobic  surfaces, Nosonovsky and Hejazi [76] asserted that
superhydrophobicity is not directly related to icephobicity. It is important to note that
the mechanics of ice and water adhesion on a surface differ. Although water is capable
of withstanding positive and negative pressures, it is unable to withstand shear stresses.
Upon contact with a drop under shear stress, the drop deforms and dewets the surface
when the shear force is greater than the counteracting force due to contact angle
hysteresis. The situation is different, however, when the drops freeze. Ice is capable of
resisting shear and can be detached from a surface by fracture. Shear stress for fracture
is determined by the work of adhesion (i.e. Wa) and the initial crack dimension. Work
of adhesion is a function of receding contact angle. Because of this, superhydrophobic
surfaces exhibit low ice adhesion. However, the crack dimension (i.e. the void) at the
interface is very important to fracture. It is important to note, however, that even for
high values of receding contact angles, the size of the voids at the interface is a critical
parameter for icephobicity. Therefore, a comprehensive definition of icephobicity is
necessary that accounts for all of these factors.

Icephobicity was defined in terms of four physics: thermodynamics of phase
change in supercooled water systems, heat transfer in the formation of ice, mechanics

of ice-surface systems, and material characteristics for long-term durability in



mechanical, chemical, and environmental conditions. Each of these factors contributes
to the icephobicity of a surface. As a result of this definition, icephobic surfaces possess
four main characteristics:

1- The average time needed for ice nucleation of a supercooled droplet on a
surface in thermal equilibrium with its surrounding is defined as the average time
required for ice nucleation of a supercooled droplet on a surface in thermal equilibrium
with its surroundings.

2- The rate of ice accretion on a surface

3 - Adhesion strength at the interface between ice and solid

4 - the icephobicity of a surface over long periods of time.

(a) (h)

Solid
Superhydrophobic surface Liquid-infused surface

Phase 11
(c) _ Interfacial film (d)

Nonfrozen or hydrated surface Stress-localized surface

Figure 2 State-of-the-art icephobic surfaces
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Superhydrophobic Surfaces (SHS)

Superhydrophobic surfaces (SHS), Figure 2a, are created through micro/nano
structuring on hydrophobic surfaces [115-119] (or hydrophilic surfaces [120,121]). The
conditions under which these surfaces trap air and prevent wetting are known as the
Cassie-Baxter state and are designed to minimize the effective contact area between
stationary or dynamic subcooled droplets and cold solid substrates [18-60]. As a result
of their hydrophobic nature, these surfaces affect the thermodynamics of ice nucleation
[41,73,75,77,122-125] by controlling parameter in f(m,x) and the corresponding
reduction in solid-ice contact area can influence heat transfer during ice growth (i.e. ice
accumulation rate) and the mechanical properties of the solid-ice interface 58,76. As
discussed, from a thermodynamic perspective, T is a function of the interfacial energy
of solid-water combination and dimension of micro/nano features through Gibbs energy
barrier [78,126]. For a given solid, Gibbs energy barrier is not affected unless
micro/nano features are dimensionally in the same order as an ice embryo (a few
nanometers) [78]. Surfaces with such small features are difficult and expensive to
fabricate. Thus, for most studied superhydrophobic surfaces, the median ice nucleation
temperature is in the range of—20 till-25 °C [77]. By contrast, the homogeneous ice
nucleation temperature of bulk water is—40 °C [127,128], which provides a lower
practical limit and target for designing icephobic surfaces where nucleation occurs
heterogeneously. Tav is also a function of Gibbs energy barrier. At a given temperature,
ice nucleation delay time therefore remains unaffected unless the heterogeneous energy

barrier is While droplet contact area on superhydrophobic surfaces may be reduced, the
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molecular nature of solid-ice interaction (e.g. and the mechanical properties of
icephobic surfaces affect ice adhesion strength. The reported ice adhesion on
superhydrophobic surfaces is in the order of 100-500 kPa, which is of similar magnitude
to adhesion strengths measured on smooth metal surfaces (~100 kPa)[22,59,129-136].
Once frost forms between micro/nano structures on SHS, water droplets sitting on the
surface transform into Wenzel state and fill the micro/nano features of the structure. In
this case, ice adhesion can become even higher than a smooth surface. Despite extensive
studies on the icephobicity of SHS so far, low ice adhesion along with mechanical
durability on SHS has not yet been achieved. In a promising approach, Sojoudi et al.
[137,138] developed hydrophobic surfaces through grafting of Poly-(1H,1H,2H,2H-
perfluorodecylacrylate)(pPFDA) by iCVD method on smooth metals. These surfaces

are mechanically durable and reduce ice adhesion on metals by an order of magnitude.

Liquid Infused Porous Surfaces (SLIPS)

Recently, new icephobic surfaces called slippery liquid infused porous surfaces
(SLIPS),Figure 2b, have been created, which utilize the smooth nature of liquid surface
to improve icephobicity [20,61]. These surfaces were inspired by the Nepenthes pitcher
plant [139]. SLIPS are developed by entrapping a liquid in a porous media through
capillary forces. Despite formation of thin liquid film, the value of Tn and tav are similar
to the superhydrophobic surfaces at ~—25 °C [140]. The smooth nature of liquid surface
mitigates pinning of water droplets on these surfaces [141] and reduce ice adhesion
strength [142-155] to values 0f10-150 kPa. However, after few cycles of icing-deicing,

the liquid layer is depleted and the ice adhesion increases to the order 0f200 kPa. This
11



behavior is discussed in Irajizad et al. [81] and several other studies [153,156-158]. For
example, Rykaczewski et al. [65],who studied freezing of sub-cooled condensate on
SLIPS, found that water droplets infuse into the bulk of the oil where they form an

interface with the solid and deplete oil film as they move on the surface.

Liquid Infused Surfaces (LIS)

In another thoughtful approach, Golovin et al. [165] exploited modified
elastomers to reduce ice adhesion. In this approach, the shear modulus of various
elastomer was tuned by reducing the cross-linking density of the structure and interfacial
slippage was activated at the interface through embedding miscible polymeric chains.
The authors reported that the stress required for motion of ice on the surface is in the
range of 0.2-10 kPa. However, the stress required for motion of ice on a surface is
different than the adhesion stress. While in the former case, ice is still in contact with
the surface, in the latter one the induced stress detach ice from the surface. The adhesion
stress is the critical stress (maximum stress) that ice detaches from the surface. Further-
more, the adhesion stress on elastomers is a function of shear rate and can vary by an
order of magnitude depending on the applied shear rate. Thus, to compare these values
of ice adhesion with the other reported values, a standard test protocol needs to be
followed. Even recently, Vasileiou et al. [166] showed that flexibility of the substrates

could lead to reduce adhesion of ice on a substrate.
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Interfacial Slippage

One of the interesting feature of ice is the existence of a thin liquid-like transition
layer at the surface even at freezing temperatures, which makes ice slippery [159-163].
This thin film makes it possible to skate at freezing temperatures. This feature has been
exploited in development of hydrated icephobic surfaces, Figure 2c, that promote
formation of aqueous lubricating layer with no need for additional oil. While the
lubricating film exist on the surface (i.e. in the temperature range of 0 to—25 °C), ice
adhesion on these surfaces is in the range 0f20-60 kPa [27,131,133,164]. However, at
lower temperatures, the change in molecular configuration of the transition film
drastically boosts the ice adhesion to values in the order of 1000 kPa [27]. The idea of
a non-frozen liquid-like layer at the ice surface inspired Chenet al. [62] to develop a
new type of icephobic surfaces that keeps a quasi-liquid layer on its surface. These
surfaces were developed through blending of polydimethylsiloxane (PDMS)-
poly(ethylene glycol) (PEG) amphiphilic copolymers into a polymer matrix and show

ice adhesion strength of 50 kPa.

Stress-Localized Surfaces (SLS)

In a recent approach, Irajizad et al. [167] developed concept of stress-
localization to reduce adhesion of ice on a surface, Figure 2d. In this approach, a low
shear modulus material, phase I, is dispersed in ahigh shear modulus matrix, phase I.

Once ice forms on these surfaces, with a minimal force, ice is detached from phase Il
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and forms cavities at the interface of ice and the icephobic material. A stress field at the
perimeter of cavity is then induced leading to growth of crack/cavity at the interface and
fracture. In contrast to other surface-modification approaches (e.g. superhydrophobic,
slips and hydrated surfaces),stress-localization effect is a volumetric phenomenon and
remains effective even after long-time operation of these surfaces. Ice adhesion on these
surfaces is in order of 1-10 kPa while having high mechanical, chemical and

environmental durability.

Low Interfacial Toughness Surfaces (LITs)

K.Golovin et al [168] have shown ice accretion has adverse effects on a range
of commercial and residential activities. The force required to remove ice from a
surface is typically considered to scale with the iced area. This imparts a scalability
limit to the use of icephobic coatings for structures with large surface areas, such as
power lines or ship hulls. We describe a class of materials that exhibit a low interfacial
toughness with ice, resulting in systems for which the forces required to remove large
areas of ice (few cm2 or greater) are both low and independent of the iced area. We
further demonstrate that coatings made of such materials allow ice to be shed readily

from large areas (~1m2 ) merely by self-weight.

Comparison

We summarized ice adhesion on all reported icephobic surfaces in Figure 3.
These include smooth polymers, ceramics and metals to micro/nano structured surfaces

and recent advanced surfaces. Variation in the reported ice adhesion for a surface comes
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from inconsistency in the measurement's approaches. This graph demonstrates
importance of a standard method for ice adhesion assessment. Otherwise, comparison

of icephobic performance of different surfaces is not possible.
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Figure 3 Ice adhesion on state of the art surfaces

Durable icephobic surfaces with ice adhesion smaller than 10 kPa is in high
demand in various fields. For most of the surfaces, the measurement method is cuvette-
encased ice columns. However, even in this method, the thick-ness of sample and
geometrical parameters (a and I) affect measured ice adhesion and a standard protocol
needs to be followed. In summary, there is a high demand to explore new material
systems along with rational geometrical structuring to develop durable icephobic
surfaces. Any proposed icephobic material should be thoroughly examined with all the
discussed figures of merit to assure their superior properties. The standard methods

elaborated above provide a platform to compare the reports from various laboratories

15



and guide the scientific community in an optimized approach to find new icephobic

materials.
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I11. MERITS FOR INDUSTRIES APPLICATION

Icephobic surfaces are exposed to various conditions including mechanical
abrasion and wear, sand or droplet impact, chemical contaminants, ambient temperature
variation, and long-time sun exposure. Thus, to ensure long-time performance,
icephobic materials should possess mechanical, chemical and environmental durability.
The assessment of these durability for icephobic surfaces should be conducted through
standard methods with consistent results across various laboratories. There are two
standard methods to assess mechanical durability of icephobic coatings: (I) Taber
abrasion test according to ASTM D4060 [104-108] and (11) Hardness test according to
ASTM D3363 [109]. In Taber abrasion test, the icephobic sample is placed firmly on a
horizontal platform in the Taber instrument and is exposed to an abrader with various
loading conditions (e.g. 1, 5, and 10 N). The fine abrader is CS-10, the medium abrader
is H-18 and the hard abrader is CS-17. The number of abrasion cycles varies and it can
be few cycles to 10,000 cycles.

Durability, which is resistance of a coating against exterior agents that interrupt
performance of a coating, is one of the most important characteristics of an icephobic
coating to make it practical for commercial applications. There several agents that
jeopardize durability of coating which are categorized as environmental, chemical, or
mechanical elements. UV-induced oxidation and thermal degradation are environmental
elements that weaken durability of a coating. Corrosion and hydrolysis are chemical
agents that jeopardize durability of coating. Also, erosion, cracking, abrasion, and

detachment of coating from the substrate are categorized as mechanical failures in a
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coating. There are several factors that can affect and accelerate each of the mentioned
failures. These failures lead to the loss of icephobic properties of a coating. In fact, an
icephobic coating is durable that preserves its icephobic properties after many icing/
deicing cycles. In this chapter, we are going to introduce elements threaten durability of
an icephobic coating and explain the mechanism by which these elements destroy the
coating. Also, the factors which affect these mechanisms is explained, since
understanding of these factors is important in designing of a durable icephobic coating.
At the end of these chapter, standard methods by which durability of a coating is
assessed will be explained.

Durability is one of the most important characteristics of icephobic coatings
required for practical and long-term applications. Durability is the resistance of coating
against exterior stimulus that can change and disrupt performance and characteristics of
the coating. The factors affecting durability of a coating can be categorized into
environmental, chemical, and mechanical elements. Oxidations by UV radiation and
thermal degradation are environmental agents that jeopardize durability of coatings.
Hydrolysis through water exposure and corrosion are chemical mechanisms that affect
durability of a coating. Erosion, cracking, and abrasion are known as mechanical
degradation mechanisms of coatings. In the presence of UV light, photochemical
reactions can occur leading to the molecular degradation of the coating. High
temperature leads to evaporation of cleavage products and thermal degradation of
coating. Also, high temperature as well as swelling by moisture absorption, can lead to

volume change that brings about extraction of cleavage products. Hydrolysis in wet

18



environments causes changes as a result of crosslinking and changes in the structure of
coatings. Corrosion resistance is the other property of a durable Icephobic coating.
External conditions, such as pH and temperature, in addition to composition of coating
have significant effects on the corrosion of a coating. A mechanically durable coating
should be resistant to the physical damages, such as scratching and flaking, and
mechanical properties of such coating should remain intact during the life-time of the
coating. The pressure which is formed on the surface by rain droplets erodes coatings
and results in the material loss in the coatings. Abrasive wear of coatings is a common
mechanism by which a coating loses its constituents and, as a result, its performance.
Due to the internal tensile stress, cracking may occur in a coating leading to the failure
of the coating. The degradation processes lead to the changes in the properties of an
icephobic coating. Under these changes, the shear modulus of the coating may increase
which brings about an increase the ice adhesion to the coating. Under harsh conditions
of winter, icephobic coating can be abraded and changes in the thickness of the coating
can affect its icephobicity. The color of the coating can be changed which is not
desirable in some cases, e.g. in transparent icephobic coatings. Moreover, because of
degradation processes, detachment of coating from the substrate can occur. A durable
icephobic coating should resist all of these degradation processes. Moreover, icephobic
properties of a durable icephobic coating should not change dramatically after many
icing/ deicing cycles. 3 Taking all the above mentioned arguments into account, it stands

to reason that durability is one of the most important characteristics of an icephobic
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coating. ldentifying and understanding the degradation mechanisms is critical in the

designing of a durable icephobic coating.

Ice Adhesion Performance

Although, ice adhesion on pristine surfaces is the initial metrics to assess
performance of icephobic surfaces, the more critical factor is the ice adhesion of these
surfaces as they are exposed to various mechanical, chemical, and environmental stimuli
which indirectly provide information on long-term performance of these surfaces. For
instance, it has been shown that SLIPS surfaces lose their characteristics (i.e. depletion
of liquid) after a number of icing and de-icing cycles®®. We exposed the SLS-PU
surfaces to a wide range of harsh environments including 100 icing/deicing cycles,
abrasion, water and air jets, long-term UV exposure, high temperature and chemical
corrosive environments to assess ice adhesion on these surfaces after these exposures,
Fig. 2b. As shown, ice adhesion on these surfaces is unchanged due to high durability
as we discussed later. Furthermore, as icephobic characteristics of these coatings are
volumetric, the abrasion of these surfaces do not change their icephobic characteristics.
This is in contrast to surface-functionalized coatings such as superhydrophobic surfaces

which lose their characteristics after abrasion.

Mechanical Durability

A comprehensive set of tests were conducted to assess mechanical durability of
icephobic surfaces including abrasion, pencil hardness, shore hardness, crosshatch, and
most importantly rain erosion.
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Figure 4 Mechanical durability tests on state-of-the-art icephobic surfaces

In Figure 4 (a) represents the thickness loss by ice shedding surfaces in Taber abrasion
metrology is shown. As the thickness of LIT samples are 1-2 um, they are completely eroded in
a few cycles. (b) The number of abrasion cycles is shown in which the coating loses
half of its thickness. SLS-PU stands out between all the state-of-the-art ice shedding
surfaces. (c) The picture of LIS-PDMS, LIS-PU, SLS-PDMS and SLS-PU after
abrasion test are shown. The left trace on each sample denote CS-10 tip and the right
one belongs to H-18 tip. (d) Hardness of the ice-shedding surfaces are examined in
both Pencil and Shore Hardness metrics. SLS-PU surfaces show scratch hardness of

6H indicating their high scratch resistance.
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Taber Abrasion: In this metrology, Taber abrasion test (Taber Reciprocating
Abrader, Model 5900) were conducted according to ASTM D4060. Samples were
placed firmly on a horizontal plate in the Taber instrument and 1000 abrasion cycles
were applied. The thickness loss for various samples are shown in Figure 4a. Note that
for LIT samples, the low thickness is essential for their icephobic performance. These
surfaces are completely abraded after few cycles with soft-tip and the tip touches the
underlying glass substrate. To put the abrasion resistance in a better perspective, we
measured the number of the cycles to remove half of the thickness of the icephobic
coating using both tip of CS-10 and H-10 as shown in Figure 4b. As shown, although
LIS-CB provide low ice adhesion, it could not last up more than 400 cycles with tip CS-
10 and 100 cycles with the tip H-18. The scenario is somewhat better for DI-25 samples,
but still not satisfactory. For the SLS-PU samples, the mechanical durability is far
superior to the other surfaces, and it take 100,000 cycles with the hard tip of H-10 to
abrade half of the thickness of the coating. The pictures of samples after abrasion test
with both tips are shown in Figure 4c to visual comparison of surfaces.

Pencil Hardness: This metrology was conducted based on the ASTM D3363.
The hardness of the icephobic material is determined by pencil leads of known hardness
ranging from 6B to 6H. The scratch resistance of the surfaces is shown in Figure 4d.
The SLS-PU shows pencil hardness of 6H.

Cross Hatch: This metrology was conducted based on the ASTM D3359. The
samples after the crosshatch are classified based on the metric bar of 0-5 as the 0 is the

least durable sample and 5 represent the highest durability, Figure 5a. Pictures of the
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cross-hatched surfaces are also shown in Figure 5a. SLS-PU had ~0% area removed and
is classified at scale 5. This suggests the strong cohesive bonding characteristics of these
surfaces.

Pull-off Adhesion: The metrology measures adhesion of the icephobic material
to the substrate and was conducted according to ASTM D4541. The failure in this
experiment could be either adhesive or cohesive. The cohesive failure indicates low
durability of the material.

Water jet: In this metrology, which is less severe form of rain erosion, the Sl
surface was placed under a water jet as shown in Figure 5b. The surfaces were kept for
30 mins under water jet and the surface of the samples was visually examined before
and after the test. No visual change was detected on the SLS-PU samples. This pre-
qualify the surface for the rain erosion metrology.

Rain Erosion: The rain erosion is considered as the “the ultimate test” for
durability of icephobic materials as these materials will be exposed to external flows.
Although surfaces such as SLS-PDMS provide good durability and low ice adhesion,
but they fail the rain erosion test. As shown in Figure 5c, the edge of the airfoil is tapped,
and the rest of the airfoil is coated with the Spinodal icephobic coating. The tapped
portion is removed before the test to have rain droplet hitting the edge of coating-
substrate and simulates harsh delamination condition. The water droplets are 1-4 mm in
size simulated through 5 water nozzles. The water flow rate is 0.25 m®/hr to achieve 7-
10 cm of rain fall per hr. The impact speed of the rain droplets is 172 m/s and the test

are conducted at ambient temperature. Th test is conducted for three airfoils to have
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statistically averaged assessment. The picture of rain eroded SLS-PU is shown in Figure

5c¢. As shown, the surfaces are intact with no sign of damage or adhesive/cohesive

@

Crosshatch Rating
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SLIPS LIS-PDMS LIS-PU LIT-PDMS LIT-PS  DI-25  1S-15

©

IS-15 coated airfoil exposed to rain erosion
at 172 m/s, test conducted by Boeing
Figure 5 Erosion tests result on state-of the-art coatings

failure. This ensures the long-term durability of these coatings under freezing rain
condition and especially in aerospace applications.

In Figure 5, (a) shows scratch resistance of the ice-shedding surfaces is
examined through crosshatch test with cross hatch rating of ~ 5 for SLS-PU (<5% of
samples is removed). The picture of cross hatch tests for the ice-shedding surfaces are
shown. (b) The SLS-PU surface is shown under water jet test that was kept for 30 mins.
(c) The coated airfoil with SLS-PU is shown after the rain erosion test (conducted by
Boeing Inc.). Note that the leading edge of the airfoil was kept uncoated to have rain
drop impact at the edge of coting-substate interface. The SLS-PDMS surface was intact

with no sign of damage or delamination under the rain erosion speed of 172 m/s.
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Chemical Resistance

These tests were conducted in two approaches (1) evaluation of the coating
exposed to fluids with various pH at ambient temperature and (2) evaluation of the
coating exposed to jet hydraulic fluid and lubricating oils at high temperature,. In the
first approach, the coated coupons were immersed in the fluid with pH in the range of
1-11 for 24 hrs. The surface of the samples is examined in terms of softening, blistering
and any possible surface damage or change in the integration of the coating.
Furthermore, the ice adhesion of these samples was measured as shown above. As
shown, the samples are highly durable in the pH range of 3-0, but at lower values of pH,
some corrosion to the samples occurs. In the second approach, the samples were
immersed in hydraulic oil at temperature of 66 °C and lubrication oil at temperature of
121 °C and were kept for 24 hrs. No possible surface damage or softening should be

observed in these tests in order to pass the test.
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IV. METROLOGY FOR ICE ADHESION

Fundamental understanding of ice formation on a surface, i.e. heterogeneous
formation, is critical to suppress ice accretion on the surfaces. Ice formation on a surface
includes two steps of ice nucleation and further ice growth. As water droplet is placed
on a sub-zero surface, with a time delay, ice nucleolus form on the surface. Ice
nucleation is governed by thermodynamics of ice water-surface system and it is
described by Gibbs energy barrier, AG*, which strongly depends on surface factor, f (m,
X). Surface factor is a function of surface geometry, i.e. nano or micro, as well as surface
free energy and through manipulating these parameters, ice nucleation can be
controlled. After ice nucleation, ice further grows in a process which is controlled
through heat transfer. Ice growth could be described by two extreme scenarios. In the
first one, ice formation occurs with no airflow around where heat transfer through the
substrate determines ice growth rate. In the second scenario, ice growth occurs in an
environment with external airflow in which ice growth rate is controlled mainly by
convective heat transfer. All of mentioned theories about ice formation on a surface are
applicable for a single, isolated droplet. However, in reality existence of many droplets
on a surface can interfere with ice nucleation and growth of droplets leading to ice
bridging phenomenon which is a result of vapor source-sink behavior due to the vapor
pressure gradient between a frozen droplet and adjacent liquid droplets

To develop disruptive icephobic surfaces, we must first understand the
fundamental phenomena of the solid-ice interface and the effect of length scale on ice

formation, ice growth and adhesion. Ice adhesion at the solid-water interface is governed
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by phase change thermodynamics at the solid-water interface, heat transfer, and
interfacial mechanics.

A comprehensive body of knowledge on these physics allows to cast a set of
criteria to assess icephobic surfaces and to rationally develop new icephobic surfaces.
We should add that physics of frost nucleation and growth differs from that of ice and

is not discussed here. The readers may refer to the cited articles [28,63—71].

Ice Nucleation

As a water droplet touches a subzero surface, it starts to freeze and adhere to the
surface. Transformation of a water droplet to ice occurs through a two-step process: (1)
Ice nucleation and (2) Ice growth. Ice nucleation temperature, T, is defined as the
nucleation temperature of a sessile water droplet which is placed on a sub-zero surface
where the total system of water droplet, surface and surrounding environment is cooled
down in a quasi-equilibrium condition [1]. One could measure ice nucleation
temperature, Tn, through an isothermal chamber filled with inert gas, e.g. N2. The
temperature of this chamber is set to 0°C and a surface is placed in the chamber. At this
initial temperature, 30 pL of distilled water is placed on the surface. Temperature of the
substrate is probed with a thermometer to assure isothermal condition. The chamber is
cooled down at a rate of 1 °C/min and ice nucleation of the droplet is monitored with a
high-speed camera during the experiment. Ice nucleation temperature is obtained by
recording the temperature at which sudden transparency change of the droplet occurs.

Tn is reported as the mean of Ty measured during a set of more than 10 experiments [1,
27



2]. Tn is a function of Gibbs energy barrier for heterogeneous ice nucleation which is

defined as follows [3]

* 167T]/I?’W
AG =20 &)

In which yw is interfacial tension of water-ice nucleolus, AGy is the volumetric
free energy of phase-change and surface factor, f(m,x), is the parameter that affects
Gibbs energy barrier for heterogeneous ice nucleation, varies between 0 and 1, and its
value is 1 for homogeneous nucleation. An ice nucleolus is a particle which acts as the
nucleus for the formation of ice. The initial embryos of ice are formed from a
supercooled mother phase, i.e. water droplet, that transform to ice nucleolus when reach
to a critical size, rc. In this section the focus is mainly on f(m,x) which is governed by
the interfacial free energy and geometry of the interfaces. In f(m,x), m is a function of

interfacial free energies and is defined as

m = cos § = WIS 2

Yiw

Ice Embryo

Figure 6. Ice nucleolus on a subzero substrate
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where ysw denotes the solid-water interfacial free energy, ysi denotes the solid-ice
interfacial free energy and yw = denotes the water-ice interfacial free energy. These
interfaces are illustrated in Figure.

Also, x which is a function of surface geometry is defined as follows

x==, @3)

Tc
where R is radius of features at the surface and rc is the critical nucleolus radius. r¢ is
defined in Eqg. (4) and its typical value could vary from 1.53 to 4.47 nm for temperature

range of -30 to -10°C [3, 4]

_ 2Ymw
e = a6y, (4)
(Tm—T)
AGy, = AHy,, =2 —, (®)
0.35
and v,y = 2324 (5—) . (6)

As discussed, f (m, x) equal to 1 indicates homogeneous nucleation limit and
f(m,x) equal to O indicates ice nucleation without sub-cooling. If m=1and x> 1, f
approaches zero in which case there is no sub-cooling. In order to achieve m =1, ygyy =
Ys1 + yw; should be satisfied. If m = 1 and x < 1, then 0 < f < 1. In this condition,
suppression of ice nucleation which is a result of nano-scale confinement occurs. f(m,x)

is analytically derived for two types of surfaces. For convex surfaces, f(m,x) is defined

as
Flm, x) = %{1 + (1‘;”‘)3 + 23 [2 -3 (x;m) + (";m)3]} @)
where g, = (1 + x2 — me)%, 8)
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and plotted in Figure 7.
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Figure 7 The surface factor for convex surfaces

Also, for concave surfaces f (m, x) is defined by

o= Hfi- (529 - -3 () + 5]

dc dc dc
C))
2 x+m_
3mx ( o 1)}
1
where g, = (1 + x? + 2mx)2 (10)
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and plotted in Figure 8.
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Figure 8 The surface factor plotted for concave surfaces

For x values larger than 10, f(m, x) becomes independent of x and only depends
on m in contrast for x values less than 10, e.g. when R is the order of r¢, f (m, X) depends
on x as well [5]. Ice nucleation on a surface depends on the roughness and structure of
the surface, i.e. nano or micro surfaces. For example, for x < 10, ice nucleation on the
surface depends on the roughness and structure of the surface, while for x > 10, surface
structure has nothing to do with ice nucleation. In this case, ice nucleation only depends
on the interfacial free energies, m. As an example, nano-grooves on a surface can
suppress ice nucleation [6]. Taking all the aforementioned arguments into account, it
stands to reason that tuning surface free energy, m parameter, through different
mechanisms is a way to increase ice nucleation energy barrier, especially where the
geometry of surface does not affect ice nucleation energy barrier.

On the effect of surface free energy on ice nucleation, according to Eq. (6), yw

only depends on temperature. Therefore, difference of solid-water surface free energy
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and solid-ice surface free energy, (ysw — ysi) is a determining factor in the value of and
as a result in ice nucleation

phenomenon (see Eq. (2)). One of the widely used approaches in the literature
is to reduce solid-air interfacial free energy, Ni. For example, adding functional groups
which have high bond dissociation energies, e.g. -CF3 and -CHF2, to a surface leads to
the reduction of surface free energy. The lowest possible Ni for a surface is achieved by
a monolayer of -CF3 groups on a surface and Ni for such surface is in the range of 6-10
mJ/m2 [7, 8]. Generally, addition of the materials which contain C-F bonds to a surface
reduces its surface free energy, Ni. For instance, grafting a surface with a monolayer of
perfluorodecyltrichlorosilane (FTDS) reduced Ni and value of -0.17 is achieved in this
case [1]. As another example for implementing this approach, Irajizad and coworkers
[2,9, 10] used the concept of magnetic liquid surfaces and introduced magnetic slippery
surfaces (MAGSS) in which a selective ferrofluid is introduced on the surface to tune ,
(ysw—ys1). On such surface, a liquid-liquid interface is formed by a volumetric magnetic
force. These MAGSS show low value of m, -0.95, which results in the value of 0.98 for
f (m, x) . This condition is pretty close to homogeneous ice nucleation limit, i.e. f (m, x)
= 1. Thus, manipulating f (m, x) through the modification of surface structure and
surface free energy results in an increase in energy barrier of ice nucleation and, as a
result, reduction of ice nucleation temperature [5]. The role of f (m, X) in ice nucleation
is illustrated in Figure 9. In the experiment shown in this figure, different surfaces are

coated on a cold tube with a temperature of -30°C. The tube is exposed to water droplets
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and due to high value of AG", i.e. high f (m, xX), MAGSS showed lowest ice nucleation

among other surfaces.

Figure 9 Role of surface factor on ice nucleation on state-of-the-art material

Ice nucleation rate, J(T), which is reciprocal of ice nucleation delay time, i4, is
another metric of ice nucleation. i4 is defined as the average time required for a
supercooled droplet, in equilibrium with its surrounding environment, to nucleate ice
phase. In order to measure i4, icephobic coating should be initially placed in a cold
chamber. Chamber temperature is set to sub-zero temperature and after reaching
equilibrium, a water droplet is placed on the coating. At a given temperature, the time
required for ice nucleation to occur is recorded and the average time during a set of more

than 10 experiments is reported as i4. Nucleation rate is defined as follows [3, 11, 12]

J(M) === K exp (— ), (12)
where kg is Boltzmann constant and is kinetic constant which is defined as [11]
K =7ZBN (12)

in which N denotes number of atomic nucleation sites per unit volume, f denotes the
rate of addition of atoms or molecules to the critical nucleus and Z denotes Zeldovich

non-equilibrium factor.
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Ice nucleation delay time is an important metric in ice nucleation and depends
on AG", as is shown in Eqg. (11), which can be tuned by modification of surface
roughness and surface free energy. The other approach to increase zay IS to increase
hydrophobicity of surfaces. In fact, surfaces with higher water contact angle show
higher ice nucleation delay times. Basically, by increasing hydrophobicity, value is
decreased [13]. Many studies conducted on hydrophobic and superhydrophobic surfaces
indicate that zay value for such surfaces, especially for superhydrophobic surfaces, is
high. For example, Tourkine et al.[14] grafted fluorinated thiols on a rough copper
surface. By doing so, they made a superhydrophobic surface with increased ice
nucleation delay time [14]. As another example, Alizadeh et al.[15] developed a
superhydrophobic ~ surface by grafting tridecafluoro-1,1,2,2-tetrahydrooctyl-
trichlorosilane on a nanostructured silicone surface. By doing so, they boosted ice
nucleation delay time [15].

We can rewrite J(T) in terms of chemical potential, y,

- 8w
J(T) = Kexp (3 kpT (pAu)Z)’ (13)

where p is the molar density of liquid and A is the chemical potential difference
between ice and liquid phase. Au depends on temperature and pressure of the system

which can be defined as

A,u(T; P) = A(T, Patm) + (PL - Patm)(vw - V), (14)
in an isothermal condition, in which vy is specific volume of liquid and v; is specific

volume of ice. Pam is atmospheric pressure and Py is the liquid pressure which is

obtained by Laplace equation

2YLy
P, —Pym = VL’ (15)

r
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where yLy denotes liquid-vapor surface tension and is the average radius of curvature.
Note that this equation is valid down to few nm scale [16-18]. In fact, the pressure can
have either positive or negative effect on ice nucleation. If the (v,, — v;) term, which
is the slope of solid-liquid phase change line, is positive, pressure increases ice
nucleation rate and if the slope is negative, e.g. for water, pressure reduces ice nucleation
rate.

The second term on the R.H.S in Eq. (14) is negligible in micro-scale due to high
radius of curvature, i.e. the differential between atmospheric and liquid pressure is close
to zero (see Eq. (15)). In contrast, the second term is significant in nano-scale, due to
the low radius of curvature. For example, the limit of ice nucleation of water, i.e.
negative slope of solid-liquid phase change in macro-scale, -38 to -40°C, shifted to
lower temperatures at nano-scale. Thus, nano-confined geometry can suppress ice

nucleation [19].

Ice Growth

Although ice nucleation is governed by the thermodynamics of ice-water-
surface system, further ice growth is controlled by heat transfer. As ice nucleation
occurs, release of freezing enthalpy leads to the temperature increase at water-ice
interface. In fact, heat transfer at water-ice interface controls ice growth rate. Here, in
order to obtain a theory of ice growth, it is assumed that water-ice interface is flat and
the curvature at this interface is ignored. Considering this assumption, Gibbs-Thompson
undercooling effect becomes negligible. Gibbs-Thomson undercooling effect is the

effect of ice-water interface curvature on the temperature of freezing front. This effect
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causes the temperature of freezing front to be different from equilibrium melting
temperature [20, 21]. We consider that the temperature of freezing front stays at
equilibrium temperature of Ty. In case one considers the undercooling effect (A7), the
equilibrium temperature at water-ice interface should be replaced by Tf — AT. Also,
airflow around the droplet is a parameter that should be taken into account. To consider
airflow effect, two extreme cases of ice growth are defined. The first one is a droplet in
an environment without airflow and the second one is a droplet in an environment with

airflow surrounding the droplet.

Case I: Droplet in an environment without airflow

In this scenario, tip singularity formation is a common phenomenon that occurs
during ice growth. In this phenomenon, when a droplet is placed on a cold plate, it
freezes and turns to an ice drop with a pointy tip (Fig. 5). Tip singularity formation is
mainly due to the water expansion after freezing and is governed by the quasi-steady
heat transfer at the later stages of ice formation. Marin et al. [21] stated that the freezing
front is convex at earlier stages of ice growth and at the final stages it becomes concave.
They also reported that the freezing front is almost perpendicular to the ice-air interface,
i.e.y=¢ +60 = 90°(seeFig. 5), due to the fact that latent heat cannot transfer across
the solid-air interface due to low thermal conductivity of air. The shape of solid-liquid
front is obtained through the assumption of constant front temperature at the equilibrium
melting temperature, Ty, i.e. neglecting Gibbs-Thomson effect. For obtaining geometric
theory for tip formation, the first step is to write mass conservation with respect to , as

temporal dynamics is not significant.
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For obtaining geometric theory for tip formation, the first step is to write mass
conservation with respect to z, as temporal dynamics is not significant
S+ =0, (16)
where V) and Vs denote liquid and solid volumes, respectively, is density ratio, and is
height of trijunction (Fig. 5). The liquid at the top of freezing front is divided into two
parts. The upper part is like a spherical cap with angle of 8 and the lower part has a
volume of Vg. Thus,
V, =1r3f(0) + V,, a7
and V; = =V, + [ mr(z')? dz’ (18)

Considering the geometries of upper and lower parts of the liquid, one finds,

m ,2—3cosB+cos3 6
f(O) = T2, (19)
and Vy = r3f(¢) =r3f(y — 6). (20)

Based on Eqgs. (16-20) and the fact that tan6 = — %, r(z) can be obtained and a

sharp tip is formed when r — 0. Thus, at this singularity point, one can find as

follows

fr—6)+£(8) =v|f(y - 6) + Ztans)|. 21)
Eq. (21) can give volumes of liquid part before and after freezing. If this equation
is multiplied by r3, the left side gives the volume of liquid. Also, the right side gives the
volume of this liquid when it is frozen where expansion factor is considered. According

to Eq. (21), we have a = m — 26 regardless of v value and as mentioned before y =~
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90°. Therefore, from Eq. (21), a constant value of @« = 131° for the tip angle is
obtained which is in a great harmony with the experimental results [21].

Now, we determine the growth rate of ice in scenario one Figure 10. In this case,
as the thermal conductivity of air is low, convective heat transfer is low and the

generated enthalpy of phase change is transferred through the ice by thermal conduction

mechanism and subsequently, through the substrate, g°. Isothermal condition is

assumed for the liquid at the ice-water interface and heat flux through the liquid, ? , 1S

negligible.

qs

Figure 10 Ice growth on a sub-zero substrate in absence of airflow

v, the velocity of freezing front is defined as

dr
o o G _gdmcos®) (22)
n dt sing '’

where | denotes temporal height and r denotes the radius of freezing front. The heat
transfer away from the interface to the substrate, g, is obtained through the energy
balance at the interface for a quasi-steady process as follows

C_I) = piﬁHma (23)
where p; is the density of ice and H,, is the enthalpy of ice formation. Also, using heat

conduction equation, g is obtained as
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_ __°r
1= (‘Ok—;’+,’c—’:l)’ (24)
where 8T denotes the temperature difference between the substrate and ice-water

interface (T — Ty), [, denotes initial height of droplet, [,, denotes the thickness of

substrate, k; denotes thermal conductivity of ice and k,,, denotes thermal conductivity

of substrate. From equations 22, 23 and 24 one finds

~o = (=) e (25)

From Eq. (25) the height (I) or radius (r) of droplet as a function of time, t, can

be obtained in two different conditions. The first one is for the condition where thermal

conductivity of substrate is high or thickness of the coating is low. Thus, l,,/k,, <
ly/k; and Eq. (25) can be written as

l=1,— /—%t. (26)

The second condition is when the thermal conductivity of coating is low or the

thickness of coating is high. In this case, L,,,/ k., > lo/k; and Eq. (27) is obtained

K ST
S t. (27)

The important assumption in the aforementioned analysis is quasi-steady heat

l:lo+

transfer. In quasi-steady heat transfer it is assumed that time-scale for ice growth, VL IS
n

more than thermal diffusion, ;—2_ in which D; is thermal diffusivity of the ice. This

assumption is correct in the case of a water droplet. For example, for a water droplet
with Imm diameter, the time-scale for growth is around 10 s and time-scale for diffusion

isaround 1s.
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In order to validate the model developed for ice growth rate (Egs. 26 and 27),
Irajizad et al. [5] collected some experimental data on ice growth rate on different
substrates. e.g. PDMS! and glass. Furthermore, the reported ice growth rate in [22] is
included in this comparison. They plotted collected data in Fig. (7) along with ice

growth rate obtained from the theoretical model (Egs. 26 and 27).

2.0 . .
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Figure 11 The predicted ice growth rates on a substrate

As shown in Figure 11, the predicted model obtained by heat transfer analysis
matches experimental data well [5]. As an example, freezing times of a water droplet
on stainless-steel at -20°C and - 30°C are 9.6 and 7 s, respectively, which are obtained
from the experiment [23]. The freezing times obtained from predicted model are 10 and
6 s for -20°C and -30°C, respectively, which are in a great harmony with the
experimental data. In order to obtain isotherms in the ice, the heat equation should be

solved in the ice domain (V2T = 0). The boundary conditions in this case are that ice-
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water interface temperature is constant and ice-icephobic substrate interface

temperature is prescribed.

Case I1: Droplet in an environment with external airflow

Second scenario occurs when there is airflow around the water droplet in which
convective heat transfer becomes significant Figure 12. In this case, instead of solid-
liquid interface, ice nucleation occurs at liquid-vapor interface, as convective heat
transfer reduces temperature at the surface [24]. Fig. (8) shows ice growth pattern for
the droplet exposed to an environment with airflow. Similarly to case I, one can use
energy balance at phase-changing interface to obtain ice growth rate. The enthalpy
released from freezing makes a heat flux at ice-water interface which is carried out with

airflow.

Figure 12 Ice growth on a sub-zero substrate under airflow condition

Similarly to case I, one can use energy balance at phase-changing interface to
obtain ice growth rate. The enthalpy released from freezing makes a heat flux at ice-

water interface which is carried out with airflow. Thus,

(_iconv = Econv (Ts - Too)’ (28)
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where h.,,, is convective heat transfer coefficient. In this case, the Nusselt number,
written as a function of diameter which is representative dimension (Nup), by which

one can obtain convective heat transfer coefficient, is written as [25]

1

_ 1 2 1
___=2+<auwg+amm%>mm%iy, (29)

Us

where Rep is Reynolds number for external airflow, Pr is Prandtl’s number and u is
dynamic viscosity. Note that Prandtl’s number for air at -20°C is 0.75. Considering ice
growth, a quasi-steady process, by energy balance at water-ice interface Eq. (23) can be
obtained in this case as well. Due to the radial ice growth, the velocity of freezing front

is written as

vy =2 (30)

L
According to energy balance Eg. (31) could be obtained as

C_I)Ai = C_I)COTL‘UAO! (31)
where A is ice-water interface area and A, is ice-air interface area. By substituting Eq.

(23) and (30) in Eq. (31), the following equation is obtained,

dr; =
(pi - d_T;Hm) A = hconv(Tr=r0 - TOO)AO' (32)
Now, we can find an equation for ice growth rate. Through solution of heat

equation in spherical coordinates, we have,

10 (g, 7 _a
rzar(r 67‘)_0 - ar ' (33)
and, T = ==+ C,. (34)

Tr=r)=T; and T(r=r1,) =T, are ice-water and ice-air interface

temperatures, respectively. By applying boundary conditions on Eq. (34), we have,
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¢, = 6 (ﬁ_i+i)_1, (35)

2
hry To T

. . -1
and C, = Ty, + 6; [1 - ("‘T; iy 1) ] (36)

hrg 1)
Z—S may be simplified to
f

95 _ kir*
Or ki(r*—%rwﬂ)’ (37)
L

ke

where Biot number is defined as Bi = %

i

By writing the energy balance at the ice-water interface one has

_ ari
G = hAo(T; = o) = piHmA; (—52), (38)
and h; = pyHy (—52) 72, (39)

and we have the initial condition for ice growth as: t(r* = 1) = 0. Thus after few steps

of simplification and integration of the energy balance once can finally find

iHm *
t= _Toei—ef(z(l—Bi)T ®+3By2 — B —2). (40)

Through Eq. (40), the radius of ice as a function of time, i.e. ice growth rate, in
high air flow condition is obtained. Irajizad et al. [5] plotted Eq. (40) for different air
velocities and temperatures. As shown in Fig. (9), the initial rate of ice growth is low.
However, the rate of ice growth increases as the ice growth proceeds. Figure 9. The plot
of Eq. (40) which shows ice growth rate in an environment with external airflow for
different environment temperatures and airflow speeds [5].

A critical factor in ice growth in airflow is humidity. For example, in the

presence of airflow, at humidity of 30-75%, ice nucleation occurs at liquid-vapor
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interface which is called homogeneous nucleation, while at humidity close to 100%,
heterogeneous ice nucleation which is ice nucleation at solid-liquid interface occurs
[24]. This phenomenon can be justified by evaporation rate. Evaporation rate is higher
at lower humidity. Therefore, at lower humidity high rate of evaporation cools down the
liquid-vapor interface leading to ice nucleation at this interface. On the other hand, once
evaporation rate is low in high humidity, ice nucleation occurs at solid-liquid interface.
Note that humidity also affects ice growth in the environments with airflow. Airflow
with higher amount of humidity has higher amount of heat transfer through convection

mechanism. In other words, humidity affects convective heat transfer coefficient, Aoy,

Freezing Delay

Tn measurement approach: The icephobic sample is placed in a nitrogen
chamber with initial temperature of 0 °C. A droplet of distilled water (volume of 30 uL)
is introduced on the sample's surface at this temperature. The chamber is cooled with
cooling rate of 1 °C/10 min. Several thermocouples are installed to probe temperature
of the sample and the surrounding environment to ensure isothermal condition. Two
thermocouples are attached to the sample with a thermal paste. Temperature of the
sample is recorded as close as possible to the droplet without causing disturbance to the
experiment. The droplet is visualized with a camera during this cooling process. Once
ice nucleates, suddenly the droplet transparency changes and the sample temperature is
recorded. This process is repeated for 10 times and the average nucleation temperature
is considered Tn [77,81].Average nucleation delay time (zav) is defined as the average

time required for ice nucleation of a supercooled droplet in thermal equilibrium with its
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surrounding [77]. zav measurement approach: The icephobic sample is placed in an
isothermal chamber. Temperature of the chamber and the sample are adjusted to a
subzero temperature. A water droplet is placed on the sample. The time required for ice
nucleation at the given temperature is captured through high-speed imaging of the
droplet. Similar to Ty experiment, one should repeat these experiments for 10 time and

report the median time as tav[77,81].

Ice Adhesion Strength

As an icephobic coating is developed, it is crucial to examine icephobic
properties including ice adhesion strength to the coating. There are several approaches
used in the literature for ice adhesion measurements. Among these approaches, pushing
test method, shear test method, centrifugal force method, and tensile force method are
widely used. These approaches can be implemented in different setups with various
geometries and dimensions. The diversity in ice adhesion measurement methods makes
the comparison of reported data difficult and even for the same coating materials
different ice adhesion strengths are reported in the literature. Thus, this diversity
highlights the importance of introducing a standard approach by which reproducible
data can be obtained in different laboratories. In this chapter, we explain the theory of
ice adhesion to a surface and derive an equation for the calculation of ice adhesion to
the surface of an elastomer. Although this formula is obtained for an elastomer, it can

be generalized for the other types of coatings.
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Methods for measurement

After that, different approaches which are used for ice adhesion measurement in
the literature are discussed. Finally a standard method is proposed which is obtained
through the mechanics of ice adhesion to a surface. This standard approach leads to the
unification of ice adhesion values obtained from different laboratories with the same

metrics.

Centrifugal method

In this method, the icephobic coating is coated at end of a rotating beam as
shown in Fig. 3. Ice can be formed on the icephobic coating through placing water inside
amold, e.g. cuvette column, and cooling down it to freeze, or through rain of sub-cooled
droplets. The beam starts rotating and induces shear force to the interface between ice
and coating. As the rotating speed increases, the induced shear force increases until the
ice is detached from the icephobic coating. Ice adhesion strength is defined as the
centrifugal force divided by cross-sectional area of detached ice at the moment at which
the ice is detached from the icephobic coating. In order to record the moment of
detachment, ice separation from the surface is detected by detectors, e.g. piezoelectric
cells The vibrations in the beam during the movement can cause errors in the
measurement. These vibrations are mostly due to the imbalance in the beam. In the
method introduced by Anti-icing Materials International Laboratory (AMIL), Quebec,
Canada, a counter weight can be provided on the other side of beam to decrease such

vibrations Figure 13[10].
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Figure 13 Schematic of centrifugal force method

However, stress at the ice-icephobic substrate interface is complex and shear
stress exists mostly on the edges of the samples and dominant stress on the other parts
of sample is peel stress. In order to consider this complex, nonuniform stress Adhesion
Reduction Factor (ARF) is taken into account. ARF is defined as the adhesion strength
of a baseline material, usually aluminum in the centrifugal force method, divided by the
adhesion strength of ice to the icephobic coating in the 6 centrifugal force method. This
method needs detailed finite element analysis to give quantitative results for the
adhesion of ice to the substrate, while without such analysis, it is just a comparison to
the baseline material. Sample preparation and ice formation on a substrate are reported
in two formats. In the first one, the rotating beam is coated with icephobic coating and
the ice is formed on the coating using a mold, e.g. column cuvette, to freeze water[12].
The second way is preparing samples batch off the setup and then fasten the sample on

the beam. This method has the benefit of simulating real conditions of ice formation.
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Figure 14 Experimental setup for centrifugal ice adhesion measurement

For example, sample preparation can be conducted in a wind tunnel to make ice
as it forms on an airplane. Also, the repeatability of measurements can be assessed in
batch off method[10]. However, in these cases, formation of ice in another location and
transfer of it to the setup may induce mechanical and thermal stresses on the ice and
dissipate frozen stresses, which has significant effects on ice adhesion strength, in the
interface. Also, these stresses lead to changes in the ice, e.g. cracking, that alter ice
adhesion strength. These stresses are complex and considering them in the ice adhesion
measurement is a difficult task. Centrifugal force method has some other drawbacks.
The first one is that stress-strain curves for centrifugal force method have not been
developed which makes it difficult to analyze results in detail. In addition, it is hard to
find the relationship between the strain rate and adhesion strength. Second, the sample
is not well-preserved in centrifugal force method making it impossible to go through the
sheared interface. Third, ice geometry in centrifugal force method differs near the edges

of samples leading to variable stress concentrations. However, this variation is small
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and centrifugal force method has shown acceptable reproducibility. The last drawback
of centrifugal force method is that vibrations and aerodynamic loadings exist in the
experimental setup and may cause error in ice adhesion measurement. However, as
mentioned before using a counter weight obviates vibration problems[10]. There is
another method in this category called calculated centrifuge adhesion test (CCAT). In
this method, the adhesion and tensile strength are calculated according to the distance
of pieces of ice from the rotator. While this method obviates in situ issues arising from
the centrifugal force method and decreases edge usage, it has some problems. The
rotating speed increases as the distance from the center of rotator increases. Thus, ice
gathered differs over the length of rotator. In addition, this method does not give
accurate information regarding the characteristics of impacted ice[13, 14]. Table 1
summarizes the standard ice adhesion measurement parameters for some icephobic

coatings which were obtained by centrifugal force method[6].
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Table 1 Ice adhesion measured by centrifugal force method

Surface Ice Adhesion [kPa]
100/0 PDMS/Silicone Oil 62
85/15 PDMS/Silicone Oil 77
70/30 PDMS/Silicone Oil 41
55/45 PDMS/Silicone Oil 33
50/50 PDMS/Silicone Oil 34
Bare Steel 617
Silicone functionalized steel 127
Nano-micro structured hydrophilic Zn-surface 816
Silicone functionalized-Zn surface 98
Etched Al/ODTMS 90
TiO2-Zonyl (Spin coated) 175
TiO2-Zonyl (Sprayed) 370

Peak force method

The second method which is widely used for ice adhesion measurement is the
peak force method. In this method, the coated substrate is placed on a cold plate. A
mold, e.g. cuvette column, is located on the coating and filled with water to form ice.
After ice formation, an increasing force, which can be pushing or pulling, is applied to
the test column to detach the ice column from the icephobic coating. The maximum
recorded force by a force meter, which is at the moment of ice detachment from the
surface, is divided by the ice-substrate interface cross-sectional area to convert it to ice
adhesion strength[8]. This method is illustrated in Fig. 1.

The types of mold and applied force in this method are diverse. For example,
the mold can be circular or square. However, the square one is preferred to the circular
one, since it minimizes possibility of twisting the mold during applying the force[18].
Also, the methods for applying force are diverse. For instance, it can be a needle pushing

the ice mold[19-21], a string pulling the mold[18], or a washer on a cylinder and so
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on[22-25]. A drawback of the peak force method is that the applied force cannot impact
the ice directly. In addition, finite element analysis is needed to be applied on the
geometries of tests to correct the obtained data.

Two ways are used to apply force: in the first one, force is applied to the samples
individually. In this case, in addition to force transducer, a motion stage can be used to
control the velocity of needle or probe[8]. In the second method, the force is applied to
all of the samples at the same time and an average of results is reported as adhesion
strength. However, this method has a major drawback. As the sample with weakest ice
adhesion to the surface is separated, suddenly an increase in the applied force to the
other samples occurs which makes them more susceptible to separate from the
surface[10, 25]. Also, it is possible to use this method for the impact ice as studied by
many researches. Although it is more difficult than non-impact ice. For example, ice
can be formed on an airfoil[26] or on a cylinder and disk[27, 28]. Then, the substrate is
transferred to the pushing method experimental setup to assess ice adhesion. The ice
adhesion measurement can be done by placing, for example, the airfoil into a mold and
pushing the ice through the mold[10].

There are some other pushing methods which are used in the literature. For
instance, one of these approaches is the two-cylinder method. There are some openings
in the outer cylinder through which ice can be formed on the inner cylinder. After ice
formation, the outer cylinder rotates and imposes shear force on the ice until ice is
removed from the surface. However, in pushing the impacted ice comparison is difficult,

since different geometries are implemented[10]. Table 2 summarizes the standard ice
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adhesion measurement parameters for some icephobic coatings which were obtained by

the peak force method[6].
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Table 2 Ice adhesion measured by peak force method

Surface Ice Adhesion [kPa]

Bare Steel 698
PMMA 463
PC 400
PBMA 384
PDMS (Sylgard 184) 291
PEMA 510
95/5 PEMA/ fluorodecyl POSS 278
70/30 PEMA/ fluorodecyl POSS 166
95/5 Tecnoflon/fluorodecyl POSS 328
70/30 Tecnoflon/fluorodecyl POSS 205
Fluorodecyl POSS 250
pDVB on Si 852
pPFD on Si 284
BL (10nm) on Si 183
BL (40nm) on Si 247
BL (10nm) on Steel 152
BL (40nm) on Steel 199
Pure and Smooth PDMS Film (SF) 750
Porous Film (PF) 2380
Fluorinated Porous Film (FF) 100
AR203.1 3.1
AR20+TSF 04
PU-0 253
PU-3 92
PU-6 39
PU-9 27
SLIPS 15
Lubricant-Infused Surfaces 10-100
PDMS Mixed with Silicone Oil 1.7
K100-Al 1145
K100-F13-Al 515
F13-Ppy-Al 845
K100-F13-Ppy-Al (SLIPS-Al) 15.6
S-FNM-K103 55
S-NM-K103 55
S-M-K103 55
S-F-K103 55
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Figure 15 Rotational shear test method

There is another method in this category called the shear test method. Shear tests
are categorized, according to the geometry, into rotational shear test[39], lap shear
test[40, 41], and 0° cone test[42]. In the rotational shear test a cylindrical or annular
setup is used. In the cylindrical form, the cylinder is placed on a massive plate that has
walls and forms a lip around the cylinder. Ice is formed in the gap between walls and
cylinder. Then, torque is applied though a torsion rod to the cylinder. The cylinder is
coated with icephobic coating and ice adhesion on the base-plate is high. Stresses on the
edges of cylinder are complex Figure 15. Thus, in order to obviate this problem an
annular setup is used in which the base-plate is substituted by another specimen which

makes an annular interface that gives higher value of ice adhesion strength[43].
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Figure 16 Schematic of shear stress method for ice adhesion measurement

Lap shear test is the second and most widely-used type of shear test that has
advantage of low stress concentration[44]. In this method, two flat plates, one of which
is coated with icephobic coating, confines ice between themselves. A pushing force is
applied to the coated surface to remove ice from the coating. Various formats of lap test
are reported in the literature, e.g. single and double-lap shear method. In the double-lap
shear method, the icephobic material is coated on both sides of the substrate, and ice is
formed in the gaps between coating and substrate according to Figure 16[45].

0° cone test is introduced as a special form of shear test in literature. In this test,
instead of two flat plates, an annulus and a cylinder are used. The gap between the rod
and hollow cylinder is filled with water to form ice adhering to both surfaces, and the
ice adhesion is measured by pushing the inner cylinder out along the common axis with
the annulus immobilized[46]. Different loading methods used with similar geometries
produce different stress concentrations leading to different ice adhesion measurements.
Table 3 summarizes the standard ice adhesion measurement parameters for some

icephobic coatings obtained by shear stress methods[6].
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Table 3 Ice adhesion measured by peak shear force method

Surface Ice Adhesion [kPa]

Sylgard 184 (SG 184) 10:1 264 264
SG1841:1 14
SG 184 10:1 + 25% 100-cP Silicone Oil 35
SG 184 10:1 + 25% PMHS 10 10
1:9 SG 527:184 + 25% 100-cP Silicone Oil 14
Perfluoropolyether (PFPE) 238 238
PFPE + 25% Krytox 100 31
VytaFlex40 + 20% Vegetable Oil 10.5 10.5
VytaFlex40 + 15% Cod Liver 27 27
VytaFlex40 + 10% 100-cP SO 41 41
VytaFlex40 + 15% Safflower Oil 4 4
VytaFlex40 + 20% Cod Liver 97 97

Tensile force method

The other kind of ice adhesion measurement method is the tensile force method
in which tension plays the central role in the ice adhesion measurement, as shown in
Figure 17. The setup in this method includes two concentric cylinders between which a
gap exists. Cylinder is made of the material which has high ice adhesion, usually
aluminum. The outer surface of the inner cylinder is coated with the icephobic coating
and the inner surface of the outer cylinder remains intact. The gap between two cylinders
is filled with water and is cooled down to freeze. After ice formation in the gap between
two cylinders, the setup is located on a tensile machine and a pull force is applied to the
inner cylinder which is without coating. Since ice adhesion to the cylinder is high, ice
will be removed from the coating on the outer cylinder. At the moment of detachment,
the force is recorded and by dividing this force by the area of ice-icephobic coating

interface, ice adhesion strength is obtained.
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Figure 17 Schematic of tensile force method

In addition to cylindrical geometry, other geometries can be implemented for the
tensile force method. For example, ice can be formed in the gap between two square
blocks. One of the blocks is coated with icephobic coating and the other block is bare.
After ice formation, pull force is applied on the blocks and the ice will be removed from

the ice-icephobic coating interface (Figure 18).

Figure 18 Ice adhesion measurement with the tensile method a) before and b) after detachment

Standard Procedure for measurement

Introducing a standard approach for ice adhesion measurement is important.

Lack of such standard method causes the data in the literature not to be comparable to
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each other. Also, different ice adhesion values are reported for the same materials in the
literature. For example, for PDMS, ice adhesion values are reported in the range of 100-
800 kPa[7-9]. Irajizad et al. [6] introduced a standard method for the measurement of
ice adhesion that can make the data comparable and uniform. Two important factors
should be considered in the developed standard approach which are shear rate and
geometry of experimental setup, including I, a, and h (Figure 19 and Table 4). Regarding
the shear rate, in order to detach ice from the surface, shear rate should reach a critical
shear rate value at which interface fracture occurs. At shear rates lower than the critical
shear rate, ice only slides on the surface and detachment will not occur. Critical shear
rate depends on the shear modulus of the material. As the shear modulus increases,
critical shear stress decreases [4]. Irajizad et al. [6] stated that for the elastomers with
shear modulus in the range of 0.5 MPa-100 MPa and thickness of 300 + 20, upper limit
for critical shear rate is 0.1 mm/s . The second important factor is the geometry of ice
adhesion experimental setup. In the derivation of Eqg. (7), some assumptions are
considered by which standard parameters can be obtained. The first one is that
lubrication approximation of Stoke’s law is used for the determination of hydrostatic
pressure field in the elastomer. In order for this approximation to be valid a and h should
satisfy a/lh >> 1. Irajizad et al. [6] proposed 15 mm and 300 for the a and h, respectively,
to satisfy the mentioned condition. The second assumption in the derivation of Eq. (7)
is that the vertical displacement of the ice and horizontal length scale have linear
relation. For this assumption to be valid, and should satisfy I/a <« 1. Therefore, to

satisfy this condition 3 mm for value is proposed. Although this standard approach and
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mentioned theory in section 2 are obtained based 14 on the assumption that the material
is elastomer, it can be generalized to other materials and coatings. Implementing the
mentioned standard approach in the ice adhesion measurements leads to reproducible
and comparable data obtained in different laboratories.

Ice adhesion measurement method is an important factor in determining the
icephobic application of a material. Different methods and approaches used in the
literature make the comparison of data impossible. There are several methods used in
the literature for ice adhesion measurement among which centrifugal force method, peak
force method and tensile force method are three widely-used methods. In all of these
methods a force is applied to remove the ice from the icephobic substrate. This force
can be in different forms, e.g. centrifugal force which is created by a rotating beam or a
tensile force. Different experimental setups with different geometries are used for each
of the mentioned methods in the literature which causes the data obtained from the same
methods be different from each other. In order to unify ice adhesion measurement results
from different laboratories a standard method is proposed. In this standard method, peak
force method is selected and shear rate as well as geometry of experimental setup are
introduced as two important factors in the designing of experimental setup. In addition,

standard values for these two factors are introduced.

Table 4 Parameters for standard ice adhesion measurements

Shear rate a h /

0.1 mm/s 15 mm 300 um 3mm

59



Icephobic
Coating

Rigid Substrate

Figure 19 Schematic of standard setup for ice adhesion measurement
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V. CONCLUSION

A comprehensive definition of icephobic surfaces is provided which includes
low ice formation temperature, low ice accretion rate, low ice adhesion strength and
mechanical, chemical and environmental durability. The ice formation temperature is
governed by thermodynamics, ice accretion rate is governed by heat transfer, ice
adhesion strength is governed by mechanics of solid-ice interface and durability is
governed by the material properties. All these physics are thoroughly discussed and
several predictive models are developed and validated by the re-ported data in the
literature. Furthermore, the role of length scale in these physics is highlighted. This
fundamental physics provides a rational pathway to achieve superior icephobic material.
Based on this definition of icephobicity, a set of standard figures of merit is developed
for unbiased assessment of icephobic surfaces. Absence of these standard figures of
merit has resulted in orders of magnitude discrepancy between reported results for the
same icephobic surface by various laboratories. Through the developed comprehensive
framework, performance of state-of-the-art icephobic surfaces are com-pared. The
comparison suggests that further research is required to achieve low ice adhesion along
with high durability. Furthermore, ice nucleation temperature and ice accretion rate are
important metrics which have been overlooked so far. Physics-based and rational

approaches are in demand to address these metrics.
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