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Beautiful!
Powerful!
Dangerous!
Cold!
Ice has a magic, can’t be controlled

This icy force both foul and fair
Has a frozen heart worth mining!

There’s beauty and there’s danger here
Split the ice apart!

Frozen Heart by Kristen Anderson-Lopez and Robert Lopez

Now suppose that there were many possible ways in which
water could crystallize, could freeze. Suppose that the
sort of ice we skate upon and put into highballs - what
we might call ice-one - is only one of several types of ice.
And suppose that there were one form - which we will call
ice-nine, with a melting point of 50◦C. (...)

I tried to alarm them about ice-nine being a means to end-
ing life on earth. (...)

It was winter now, and forever.

Cat’s Cradle by Kurt Vonnegut
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Abstract
Unwanted icing cause daily problems, as well as dangerous situations and costly
repairs. Both de-icing and anti-icing techniques are applied to mitigate unwanted
ice formation, and the most promising technique is the development of low ice
adhesion surfaces. At present, there exists several types of such low ice adhesion
surfaces. Although research of low ice adhesion strength continuously increases,
there is no unified definition of icephobicity and the fundamental mechanisms of
ice adhesion and ice detachment are largely unknown. Furthermore, each research
group creates its own experimental set-up to generate ice and test the ice adhesion
strength of their developed surfaces. As a result, the reported ice adhesion strength
values are not comparable.

Ice is an inherently chaotic substance, and the properties and interaction of
ice situated on a surface depends greatly on the environmental conditions and ice
formation process. It is the forces and interactions on atomic level which determine
the ice adhesion strength. Of these, the electrostatic forces are the most prominent
in ice-solid adhesion processes. In order to lower the ice adhesion strength, the
forces at the ice-solid interface must be minimised. However, different icing
conditions result in different types of ice, which leads to different ice adhesion
mechanisms.

There are several different types of ice, which are neither agreed upon nor
uniformly defined. As each ice type has very different properties, such a lack of
agreement might result in misunderstandings and challenge the comparability of
research performed at different facilities. In this thesis, the ice adhesion strength
of three types of ice on bare aluminium surfaces were investigated. The three ice
types were precipitation ice, in-cloud ice and bulk water ice, and the ice adhesion
strength was measured with a centrifugal adhesion test. The results showed a
significant difference when comparing the ice adhesion strength of the three ice
types. Precipitation ice has a higher ice adhesion strength than the other two,
and bulk water ice is the easiest to remove. Bulk water ice only displays 40% of
the ice adhesion of precipitation ice under similar conditions, and the standard
deviation is quite high for all three ice types. The difference is thought to result
from differences in the density of the ice types, due to mechanical properties of the
ice based on their formation process.

As there is no available and recognised standard today, all quantitative ice
adhesion strength results need to be adjusted in order to be directly comparable.
In this thesis, it has been shown that the reported ice adhesion strengths are very
sensitive to measurement set-up in addition to the ice type. Due to the many
different applications of low ice adhesion surfaces and coatings, an ideal standard
measurement technique for ice adhesion strength may never exist. However, with
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a common reference test, a specific comparison between both past and present
reported values of ice adhesion strength may be compared to each other. We
suggest such a reference test as a horizontal shear test with bulk water ice on a
bare aluminium surface under given atmospheric conditions. By establishing a
database of reported ice adhesion strengths from this reference set-up, and testing
the experimental parameters individually, the effect of changing these parameters
can be determined.

To further explore the effect of changing ice adhesion strength test methods and
experimental set-ups, an interlaboratory study between two facilities researching
ice adhesion strength has been performed as part of this thesis. This study found
that there are significant differences between the ice adhesion strength obtained
from different ice adhesion tests, but that the same trends are apparent. From
this study, it can be concluded that the most important property of a test well
suited to measure ice adhesion strength is repeatability, due to the large effect of
experimental outliers where the ice adhesion strength differ from normal values.

Through atomistic simulations, it is possible to visualise and investigate the ice-
solid detachment mechanisms at nanoscale and investigate fundamental relations
governing ice-solid adhesion. Through such simulations, this thesis has validated
the thermodynamic theory concerning the relation between water wettability and
ice adhesion strength for ideal systems. This theory is not agreed upon from
experiments, but the simulations indicate that this disagreement is due to surface
material deformations and other experimental factors which may be controlled,
and not the properties of water and ice. The reproduction of the nanoscale theory
is interesting and important due to the gap in understanding between experimental
observations and theoretical models. The results represents a step towards a more
thorough understanding of the fundamental mechanisms of ice adhesion, and its
relation to water wettability.

With improved communication of experimental conditions, and thus enhanced
comparability, the multitude of developed low ice adhesion surfaces may be dis-
cussed and compared with a common framework and demands. By further inves-
tigating the fundamental mechanisms of ice adhesion for different ice types, and
determining their detachment process from a solid surface, we will be a large step
closer to understanding the theory behind ice-solid adhesion, and thus to design
surfaces that truly minimises the ice adhesion.
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Summary for the general public
Unwanted icing cause daily problems, as well as dangerous situations and costly
repairs. To avoid such icing, several types of anti-ice surface coating has been
developed where ice does not stick to the surface, but rather slides right off.
These surfaces are denoted as low ice adhesion surfaces. However, although
several such low ice adhesion surfaces have been developed over the past decades,
the mechanisms governing the ice removal are still unknown. As a result, the
development of new surfaces is performed by a trial-and-error approach.

In this thesis, the focus has been to examine the underlying mechanisms of
detachment of ice from a surface. It has been discovered that the type of ice to
be removed, for instance clear ice or frost, has a great impact on the difficulty of
removing the ice. Furthermore, the method of ice removal during the testing of the
developed surfaces impacts how difficult the ice is to remove. When experimental
equipment is custom-made at each laboratory, these differences lead to a profound
lack of comparability between developed low ice adhesion surfaces. This thesis
proposes a common reference that all future and past low ice adhesion surfaces
may be compared to. The key point of such a reference is the repeatability of the
experiments, and it will include both the type of ice tested, and the ice removal
method.

By computational simulations, it is also possible to investigate what actually
happens to the molecules of ice and water when situated on the surface. Through
such simulations, it has been shown that the shape of water droplets on a surface
might predict the difficulty of ice removal of the same surface, as stated by thermo-
dynamics. As experimental studies disagree upon the existence of the relationship,
the simulations indicate that the disagreement is not due to the properties and inter-
actions of ice and water, but rather experimental factors such as surface properties
and material deformations.

The only feasible strategy to develop fully automated ice removal through low
ice adhesion surfaces is to understand what is happening during ice removal. This
thesis represents a large step towards this fundamental understanding.
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Generelt sammendrag
Uønsket ising skaper daglig problemer og situasjoner som kan være både farlige
og kostbare. For å unngå slik ising har det blitt utviklet flere typer anti-is overflater
som hindrer is i å feste seg på overflaten og heller sklir rett av. Disse overflatene
har dermed lav isvedheft. Dessverre er mekanismene for hvordan disse overflatene
virker i stor grad ukjente, selv om det er blitt forsket på dem i flere tiår. Dette gjør
at utviklingen av nye overflater ofte gjennomføres med prøve- og feilemetoden.

I denne avhandlingen har fokuset vært på å undersøke de underliggende
mekanismene for hvordan is løsner fra en overflate. Nye funn er at typen is som
skal fjernes, enten det er for eksempel rim eller klar is, betyr mye for hvor vanskelig
isen er å fjerne. Videre betyr også metoden brukt for å fjerne isen mye for hvor
vanskelig isen er å fjerne fra overflaten. Når eksperimentelt utstyr spesialbygges på
hvert laboratorium, fører de overnevnte forskjellene til en grunnleggende mangel
på sammenlignbarhet mellom ulike typer overflater med lav isvedheft. Denne
avhandlingen foreslår en felles referanse som alle fremtidige og tidligere overflater
med lav isvedheft kan sammenlignes med. Den viktigste egenskapen til denne
referansen er repeterbarheten, og referansen inkluderer både typen is testet og
isfjerningsmetoden.

Ved å bruke datasimuleringer er det også mulig å undersøke vannmolekylene
i vann og is på en overflate. Gjennom slike atomsimuleringer har det blitt vist
at formen på vanndråper på en overflate kan forutsi hvor lett is kan fjernes fra
overflaten, slik som forutsett av termodynamisk teori. Ettersom eksperimentelle
resultater ikke enes om den samme sammenhengen, indikerer simuleringene at
uenigheten er på grunn av eksperimentelle faktorer, og ikke på grunn av vannet
eller isen og dets egenskaper.

Den eneste gjennomførbare strategien for å utvikle fullt automatiserte systemer
for isfjerning gjennom overflater med lav isvedheft er å forstå hva som skjer når
isen løsner fra overflaten. Denne avhandlingen representerer et stort steg mot denne
underliggende forståelsen.
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Chapter 1

Introduction

Ice and frost often cause inconvenience for the daily life of human beings [5–8].
In transport, icing and snowing on roads may cause slippery surfaces and lead to
accidents [9, 10], and icing on the wings and surface of aircrafts may cause loss
of lift, increase in drag, faults in gauge readings, and great risk of stalling and
potentially fatal crashes [11–15].

Two particular problems in unwanted icing are atmospheric icing and icing on
structures. Atmospheric icing, which is a general expression for any process of ice
build-up and snow accretion on the surface of an object exposed to the atmosphere
[16], may especially lead to numerous problems in telecommunications [15–17].
Atmospheric icing on structures can cause failure from static ice loads, dynamic
effects, wind action, and damage caused by falling ice [17], and both wind turbines
and power transmission lines are negatively impacted by icing [16–23]. For
instance, icing of power transmission lines during winter storms is a persistent
problem that causes outages and costs millions of dollar in repair expenses [7,
24, 25], and ice induced cascade failure events of power line towers, such as
those in Canada in 1996 and in China 2008, have had catastrophic consequences
[16, 26, 27].

As unwanted icing remains an important issue to solve for both daily life and
industrial purposes, particularly for Arctic purposes, several different methods and
research topics focus on ice mitigation. In this thesis, the focus will be on anti-icing
technology in the form of low ice adhesion surfaces, and the fundamental mecha-
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nisms governing the interaction of ice with different surfaces and the measurement
of these. The scope of the thesis will be further defined in Section 1.3.

1.1 De-icing and anti-icing

To remove or mitigate unwanted ice, both de-icing techniques and anti-icing
techniques are in use. De-icing techniques remove existing ice, while anti-icing
techniques stop the accretion and formation of ice [28]. At present, three types of
de-icing methods are in use to remove or prevent the formation of unwanted icing.
These techniques are categorised as either thermal, mechanical or chemical de-icing
methods [15, 29]. Thermal de-icing methods are the most used in both automotive
and aerospace applications, where the iced elements cover relatively small areas
[15]. The most common thermal methods apply thermal heating elements and
fluids at high temperature. For marine applications, heating of the vessel and the
application of hot water are commonly used methods for avoiding icing [29, 30].
The most common chemical de-icing methods utilise commercial fluids or salts that
lower the freezing point of water, thereby reducing icing [10, 15]. These methods
are important for both aircrafts and other transportation. Mechanical de-icing
methods employing pneumatic boots, piezoelectric cells or manual de-icing are
also widely in use [29].

Although the traditional methods for ice removal are functioning, they are either
inefficient or expensive, in addition to often being environmentally hazardous. Due
to the high amount of heat required to melt ice, thermal ice removal requires large
amount of energy and effective strategies for removing the resulting water [29].
Mechanical ice removal may cause damage to the structure as well as pose a hazard
by itself, for instance when icing on power lines are removed with helicopters [31].
Chemical methods for ice removal often cause risks to the environment, such as
around airports or increased amount of salt around roads.

Anti-icing methods, as compared to de-icing methods, are often more efficient
than de-icing methods as they ensure that no icing will take place. Such anti-icing
methods are either active, which means that they utilise energy such as warmth
to mitigate ice formation, or passive, which means that the anti-icing system do
not require external input of energy to induce early ice detachment or mitigate ice
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formation. Such passive anti-icing materials are also called icephobic coatings. By
employing the natural forces such as gravity, natural wind, or surface tension, the
passive icephobic coating ensures that accreted ice never forms on the exposed
surface or structure.

The term icephobic is chosen from the word phobia, Latin for fear of a specific
substance. As expected, icephobic surfaces thus show little or no interaction with
ice [15]. The ideal icephobic surface is solid, durable, easy to apply, inexpensive,
efficient in a wide range of icing conditions, and applicable for several anti-icing
applications. However, to date no material has been identified which is efficient
enough to ensure adequate protection against ice accumulation, nor durable enough
to be economically viable [15]. Furthermore, there is no exact thermodynamic
definition of icephobicity in the literature [32, 33].

There are three main pathways to icephobic surfaces, in term of three different
properties that are often associated with icephobicity. These are 1) the prevention
of water accumulation on the surface, 2) the delay of freezing of accumulated
water, and 3) the lowering of the ice-solid adhesion so that ice can be easily
removed [5, 25, 32, 34–36]. Any icephobic surface must display at least one of
these properties to successfully mitigate hazardous icing.

The first property, the prevention of water accumulation on the surface, is often
achieved by the use of superhydrophobic surfaces as defined in Section 2.1. Such
surfaces display very high water contact angles, and facilitate the bouncing of
incoming water droplets [34, 37]. It follows that if there is no water on the surface,
there will be no ice formation. However, although superhydrophobic surfaces and
icephobic surfaces have several important characteristics in common, it has been
concluded that they are not directly correlated [32, 38–40]. Furthermore, superhy-
drophobic surfaces for icephobic applications have been found to degrade in high
humidity environments and in low temperatures due to mechanical interlocking
and frost formation [41, 42].

The second property, the delay of freezing of accumulated water, has been
almost equally investigated as the removal of water on the surfaces. With a delay in
nucleation of incoming water, the water may be removed with other means prior to
freezing [25, 43]. This nucleation delay may be achieved with superhydrophobic
surfaces or other methods of surface texturing [25, 36], or by the use of ice-binding
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molecules, which are also called anti-freeze proteins [44].
The third property is the lowering of the ice-solid adhesion, such that the ice is

removed easily from the surface after formation. At sufficiently low temperatures,
the formation of ice is inevitable [41]. As a result, it might be unreliable to base an
anti-icing strategy on the avoidance of ice. Following this uncertainty, the reduction
of ice adhesion strength is probably the most promising overall anti-icing strategy.
With a sufficiently low ice adhesion, the ice accreted on a surface might be shed
merely due to its own weight or a natural wind action [39, 45].

1.2 Low ice adhesion surfaces

In extreme conditions, the lowering of ice adhesion strength is clearly the most
promising strategy to avoid unwanted icing. Due to the high demands for durability
and low uncertainty, to trust anti-icing surfaces relying on the removal of water or
delay of ice nucleation is risky. In addition, degrading of the surface structure and
anti-ice properties during icing and de-icing cycles are more common for anti-icing
surfaces based on the removal of water or delay of ice nucleation. Thus, anti-icing
surfaces with low ice adhesion strength are more likely to display a sufficiently
long durability, although such surfaces can also potentially degrade during ice
removal.

Low ice adhesion surfaces are often defined by an ice adhesion strength below
60 kPa [46]. With an ice adhesion strength below about 20 kPa, the ice formed
on the surface can be shed by natural vibrations, its own weight or a natural wind
[39, 45]. Surfaces with ice adhesion strength below 10 kPa, which enables an ice
sample of dimensions 1 m× 1 m× 1 m to fall off by its own weight, are defined as
super-low ice adhesion surfaces [35].

There are several types of low ice adhesion surfaces, with different underlying
mechanisms. In the following paragraphs, a few such strategies for designing low
ice adhesion surfaces are described. The strategies included are only a selection of
some possible low ice adhesion surfaces, and not an exhaustive list.

Although superhydrophobic and icephoic surfaces are not directly related, the
use of hydrophobic and hydrophilic sections of a surface have been utilised to
create low ice adhesion surfaces in so-called amphiphilic coatings [47]. Analogous,
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a super-repellent surface coating has been proposed with contact angles above 150◦

for most liquids which also states ice adhesion strengths below 10 kPa [48]. How-
ever, this publication does not give sufficient information to be able to reproduce
their ice adhesion tests. Furthermore, as stated previously, surface designs applying
superhydrophobic properties degrade quickly in certain atmospheric conditions,
and the values of ice adhesion strength on superhydrophobic surfaces increase due
to water condensation both on top of and between surface asperities [49].

Another type of low ice adhesion surfaces are lubricating coatings. One type
of such coatings are Slippery Liquid Infused Porous Surfaces (SLIPS), where
lubricant is trapped within the pores of a solid material, resulting in a smooth and
slippery surface [25]. SLIPS coatings are more promising than superhydrophobic
surfaces [25], and have been extensively investigated in realistic conditions with
respect to durability [50]. Lubricated surfaces has been prepared with several
different lubricants. Golovin et al. [51, 52] has investigated the effect of interfacial
slippage in oil-infused polymeric coatings, and achieved ice adhesion strengths
below 0.2 kPa. Wang et al. [53] created an organogel coating with paraffin as
lubricating layer and achieved ice adhesion strengths of 1.7 kPa at temperatures
of −30◦C. However, a major drawback of utilising SLIPS as low ice adhesion
surfaces is the durability, as the lubricant layer is depleted gradually [25]. This
challenge has been attempted to solve by adding an aqueous lubricating layer that
can be replenished directly with water [54], self-healing elastomeric coatings [55],
solid phase-transitioning lubricants [56], and coatings inspired by epidermal glands
in the skin to include an evaporation-induced phase separation [57, 58].

As durability is a key factor in low ice adhesion surfaces, coatings utilising
different elastic moduli has been investigated as well. In theory, ice adhesion
strength τ depends on the elastic modulus of the surface [35], such that

τ =

√
E∗G

πaΛ
, (1.1)

where E∗ is the apparent bulk Young’s modulus, G is the surface energy, a is the
length of crack and Λ is a nondimensional constant. From equation (1.1), a lower
Young’s modulus indicates a lower ice adhesion strength. Thus, to tune the elastic
modulus has been attempted for more efficient low ice adhesion surfaces. One such
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attempt consists of creating sub-structures in a soft polymeric coating, inducing
the initiation of macro-cracks and breaking the ice [35, 59, 60]. Similar soft
coatings has been prepared by others as well [45], on similar grounds. However,
it has also been proposed that hard coatings with high elastic modulus might be
better for ice removal, due to a mechanism named low interfacial toughness [61].
Furthermore, a third approach where the surface consists of alternate areas with
high and low elastic moduli has been proposed [62], where the soft areas promote
low ice adhesion strength while the harder areas increases the durability of the
coating.

A fourth strategy for low ice adhesion surfaces consists of dynamic coatings,
where the surfaces react actively with the environment or the accreted ice to
lower the ice adhesion strength. Two such surfaces are the liquid layer generator
[63], which can release ethanol to the ice-solid interface, and metasurfaces with
embedded plasmonically enhanced light absorption heating [64], which harness
sunlight to increase the temperature of the surface. In addition, a recent paper
utilises molecular dynamics simulations to examine the critical ice nucleation and
simulate hydrophobic surfaces textured with nanopillars to hinder ice nucleation
within the nanostructure and reduce the ice adhesion strength [33].

1.3 Unanswered questions

Research on low ice adhesion surfaces has continuously increased over the past
15 years, as shown in Figure 1.1. However, just as there is no thermodynamic
definition of icephobicity [32], the fundamental mechanisms of ice adhesion and
ice detachment are largely unknown [8]. There is a great deal of research on
the topic of ice adhesion, and older papers generally discussed adhesion on a
fundamental level [65]. At the time the technology did not exist to find answers,
and authors stopped discussing the fundamental questions. It has since become
standard practice to ignore many aspects of testing ice adhesion [65], and many
low ice adhesion surfaces are developed with a trial-and-error approach. As a
consequence, there are many examples of low ice adhesion surfaces with very good
adhesion properties, but with very little discussion on the underlying mechanisms
of the ice detachment. Without such fundamental discussions, the way towards the
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Figure 1.1: Overview of available publications including the phrase "ice adhesion",
found with a simple literature search performed at Sciencedirect and Scopus at
December 7 2019. No further classification was applied, and no other key words
were included.

lowest achievable ice adhesion becomes largely left to chance, as new icephobic
surfaces are not developed with an aim to target and increase the most important
mechanism in ice detachment.

There are several questions that remain unanswered within ice adhesion re-
search. Some of these unanswered questions can be seen in Table 1.1, organised by
topic. The questions show the range of the unknown parameters and mechanisms
concerning ice adhesion strength, and describe some of the required discussion to
further the understanding of low ice adhesion surfaces.

In this thesis, 5 of the 13 questions will be specifically addressed with suggested
answers. These are questions 4., 5., 7., 8., 10. and 13. The answers will be
discussed and given in Section 5.1.

This thesis starts with describing the background for the fundamental mecha-
nisms of ice adhesion. This background includes definitions of key terms, forces
and interactions, ice adhesion models, ice as a material, and wettability of surfaces.
Chapter 3 deals with ice adhesion as reported and measured in publications and
studies, and includes measurement techniques of ice adhesion strength, measure-
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Table 1.1: Unanswered questions within ice adhesion research.

Theory
1. What is the fundamental basis of ice adhesion?
2. What is the theoretically achievable lowest ice adhesion strength?
3. What is the bottleneck for decreasing ice adhesion strength?
4. How do water and ice relate to each other?

Ice detachment
5. What is the effect of ice type on ice adhesion strength?
6. What happens during ice detachment?
7. What is the most relevant ice adhesion test method?
8. How does ice adhesion tests impact the results?

Surfaces
9. What is the most important surface parameter for lowering ice adhesion strength?
10. What is the effect of intended application for a low ice adhesion surface?
11. What is the effect of surface roughness on ice adhesion strength?
12. What is the effect of the angle of tilt on a tilting surface with respect to ice

adhesion strength?
13. What is the relation between ice adhesion strength and water wettability?

ment of ice adhesion for different ice types, and the status in comparability and
standardisation within the ice adhesion research field. Chapter 4 consists of the
results and findings from the papers included in this thesis. In the discussion in
Chapter 5, the fundamental questions from Table 1.1 are addressed and the future
work is discussed. The thesis ends with the concluding remarks.



Chapter 2

Background

Ice is an inherently chaotic substance [66]. When taking into account that there
are many differences within the ice itself, as well as many different definitions of
icephobicity, it becomes clear that the discussion of the fundamental mechanisms
of ice adhesion requires a unified framework to facilitate the discussion. Such a
framework will be described in Section 2.1. The following section describes the
forces and interactions present in the ice-solid interface, and their believed effect
on the ice adhesion strength. The third section describes models developed to
predict ice adhesion, while the fourth section concerns ice as a material. The final
section describes wettability, and its relation to ice adhesion strength.

2.1 Definitions

Adhesion

Adhesion: The ability of one substance to stick firmly to another [28]. Adhesion
describes the strength of the bond between two different materials, and ice adhesion
is the strength of the bond between ice and a solid substrate or surface.

Work of adhesion: The reversible thermodynamic work that is needed to separate
the interface from the equilibrium state of two phases to a separation distance of
infinity [67].

9
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Adhesive failure: A failure between two different substances or materials, where
the failure occurs at the interface.

Cohesive failure: A failure within a material. Cohesive failure in ice results in a
breaking of the ice sample into two or more separate pieces of ice.

Ice adhesion strength: The adhesion strength between ice and a solid substrate,
measured in the unit of pressure, such as kPa or MPa. Ice adhesion strength
is normally calculated from the maximum ice detachment force divided by the
ice-substrate contact area such that

τ =
Fmax
A

, (2.1)

where τ is the ice adhesion strength, Fmax is the maximum detachment force, and
A is the ice-substrate contact area. The detachment force might be in either shear
or tensile mode, depending on the ice adhesion test and parameters, which induces
different fracture modes [32].

Wettability

Contact angle: An angle experimentally observed on the liquid side between
the tangent to the solid surface and the tangent to the liquid–fluid interface at
the contact line among the three phases [68]. The contact angle is illustrated in
Figure 2.1. This definition is general in the sense that it applies to all equilibrium
and non-equilibrium situations. Several other and more specific definitions of
contact angles exists, among others Young contact angle, which is the contact
angle calculated from equation (2.4), apparent contact angle, which is the contact
angle measured experimentally on the macroscopic scale, and the local contact
angle, which is the contact angle that exists locally at any point along the contact
line [68]. The only contact angle that can be routinely measured is the apparent
contact angle, and this angle is the one that describes an average contact angle for
the entire three-phase contact line [68].



2.1. DEFINITIONS 11

Advancing and receding contact angle: The advancing contact angle is defined
as the highest metastable apparent contact angle that can be measured, while
the receding contact angle is defined as the lowest metastable contact angle that
can be measured [68]. Both the advancing and receding contact angles are often
mistakenly called dynamic contact angles, which are defined as a contact angle
measured under dynamic flow conditions and which are affected by viscous and
inertia forces. As such, dynamic contact angles have no thermodynamic properties.
However, the mistaken connection between advancing and receding contact angles
and dynamic contact angles is commonly applied. The advancing and receding
contact angles may depend on the method of measurement and on the parameters
of the system [68].

Contact angle hysteresis: The difference between the advancing and receding
contact angle [68].

Ideal surfaces and angles: An ideal surface is a smooth surface that is rigid and
chemically homogeneous and does not chemically interact with the probe liquid
[68]. Analogously, an ideal contact angle is the contact angle on an ideal surface,
and for drops with radii of curvature larger than nanoscale, the ideal contact angle
equals the Young contact angle and represents the single equilibrium state that a
drop may have on an ideal solid [68]. In contrast, a real surface forms the majority
of surfaces that are used and tested, and is defined as a solid surface that is not
ideal [68].

Hydrophilic surface: A surface characterised by Young contact angle for water
that is smaller than 90◦ [68].

Hydrophobic surface: A surface characterised by Young contact angle for water
that is larger than 90◦ [68].

Superhydrophobic surface: A surface characterised by Young contact angle for
water that is larger than 150◦, combined with a low contact angle hysteresis [32].
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Ice

Grain structure: Grains and grain boundaries in ice crystals comes from the
discontinuity present in all matter [30]. The size of the grains in the ice crystal is
crucial to distinguish between different types of fracture.

Ice phase: Different ice phases consists of varied crystal structures of ice, deter-
mined by the pressure and temperature during ice formation [69]. Only one ice
phase is found naturally in the environment, and other ice phases are thus normally
not relevant for ice adhesion studies.

Ice type: Different types of ice can be found naturally in the environment. Al-
though all these types of ice consists of the same ice phase, their properties vary
due to the changing conditions under which they were frozen.

Quasi-liquid layer: The quasi-liquid layer, also called the liquid-like layer, is
defined as the outermost layer at the free surface of ice or for ice-water interfaces
where the properties of the ice crystal changes and the material is in an intermediate
state between the solid and bulk liquid water phases [69]. See Section 2.3 for further
discussion of the quasi-liquid layer.

2.2 Forces and interactions

The strong adhesion of ice to other materials is a property of the ice-solid interface
[8]. Consequently, the forces and interactions on atomic level largely determine
the ice adhesion strength. There are three categories of physical processes that
determine adhesion, namely the covalent or chemical bonding, the van der Waals
forces or dispersion, and direct electrostatic forces [8].

Chemical bonding involves a chemical reaction directly between the ice and
the surface. Consequently, this type of physical process is specific to each surface.
For perfect contact, typical chemisorption yields a work of adhesion greater than
0.5 Jm−2 which act over a distance of 0.1 − 0.2 nm [8]. For instance, water
molecules are strongly absorbed on the surface for some materials, while there
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is no affinity between water molecules and the surface for other materials. This
changing affinity is one of the parameters which determines whether a surface is
hydrophobic or hydrophilic.

The van der Waals forces, on the other hand, have longer range and act between
all kinds of materials [8]. These forces create temporary dipoles in the surfaces
which attract regardless of the materials. However, the generalised theory of the van
der Waals forces has been applied to interfaces between ice and several different
materials and insulators, and was found not to dominate the adhesion process [70].

The third force present at the ice-solid interface is the electrostatic interactions.
This force results from non-compensated spatial distributions of charge that exert
force on each other [8], and opposite charges attract strongly. The surface of ice
consists of such electrostatic charges in the quasi-liquid layer [8, 71]. By inves-
tigating the free surface of ice, it has been shown that electrostatic forces could
contribute up to 500 mJm−2 to the work of adhesion [72]. Based on experiments
with changing the electric field at an ice-mercury interface [73], it may be con-
cluded that the electrostatic contribution to the adhesion process in ice is the most
important [8]. The presence of hydrogen bonds is included in the electrostatic
interactions. The importance of the electrostatic force in ice adhesion is agreed
upon by several additional studies [74–78].

To achieve a low ice adhesion strength, the goal is to reduce the ice-solid
interactions and forces. Based on the importance of the electrostatic forces, a
popular strategy is to utilise an insulator as substrate. As a result, in combination
with equation (1.1), several low ice adhesion coatings have been based on PDMS
or other polymers [44, 45, 53, 55–57, 59, 62, 79–84]. However, while the forces
present at the ice-solid interface and their impact on the adhesion strength are
relevant to the energetics of the adhesion process, the actual ice detachment process
is much more complicated [8]. Among others, macroscopic experiments are never
performed with atomically clean or flat interfaces, which causes the experimental
behaviour and results to deviate from the theoretical predictions [8, 29].
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2.3 Ice adhesion models

The existing forces at the ice-solid interface create the basis for several models
for ice adhesion. Two such general models for predicting ice adhesion strength
are further described here. Furthermore, there are several more models available
for predicting ice behaviour, both for ice accretion [13, 20–22, 85–90] and ice
density [91–99]. In addition to the two general models described here, there are
several models describing the adhesion mechanism of ice from specific surfaces
[60–62, 100]. However, these specific models only describe ice detachment of one
type of ice from one type of surface performed with one type of test, and as a result,
are of limited use when discussing the fundamental mechanisms of ice adhesion
strength in a broader sense, as in this thesis.

The first general model for ice adhesion strength is based on the electrostatic
force, and that this force is the main contribution to ice adhesion strength [101].
The model is based on water behaviour before and after freezing, substrate rough-
ness and includes a porosity fraction to account for ice type. Based on several
assumptions, for instance that the water polarisation has time to align to the surface
before freezing to create hydrogen bonds and that the water molecules remain
polar after freezing, a single predictive equation is proposed for ice adhesion. The
equation may be derived from two parts, namely the ice adhesion model which
takes into consideration the mechanical force needed to break the molecular ad-
hesion between the ice and the substrate, and the ice strength model which takes
into consideration the mechanical force needed to break the ice cohesion. The
final equation also takes into account the average molecular distance between
ice and aluminium, the ice surface in contact with the substrate, the minimum
adhesion shear stress and wettability for a coated substance. Finally, the single
model equation becomes

τadh =

{
αice

(
χoxygen − χcoating

χoxygen − χsubstrate

)2
Tf − T

Tf − Tref

4γLV
δ0

×
[
fRMS +

δ0
κ

(1 − fRMS) (1 − fcramp)

]
+ (1 − fRMS) fcrampτf

}
fpor,

(2.2)

where the different parameters can be seen in Table 2.1. However, the model
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Table 2.1: Parameters from equations (2.2) and (2.3), describing two models for
ice adhesion strength. Parameters in alphabetical order, units not included. For
more details, see original references.

Electrostatic model [101] Quasi-liquid layer model [102]
fcramp Fraction of mechanical locking H Thickness of quasi-liquid layer
fpor Porosity fraction MVD Median volume diameter of incom-

ing water droplets
fRMS Fraction of the ice in contact with

the substrate
Rsm Mean spacing of profile irregulari-

ties
T Temperature Rα Average surface roughness
Tf Solidification temperature tn Average nucleation time of droplets

upon impact
Tref Reference temperature U Droplet impact velocity
αice Proportionality constant due to

phase change
θi Contact angle between ice crystals

and quasi-liquid layer
δ Distance between charge units θs Contact angle between the quasi-

liquid layer and the substrate
κ Root mean square roughness height γ Surface tension of water
γLV Surface tension between liquid and

vapour
τice Ice adhesion strength

τadh Adhesion shear stress
τf Ice shear strength
χ Electro-negativity

presented in equation (2.2) cannot predict ice adhesion strength with sufficient
accuracy at present [101]. Several of the factors in the model, including the
temperature effect, mechanical locking terms and surface roughness parameters,
need further validation. Furthermore, the effect of ice type, which is contained
in the porosity fraction fpor in equation (2.2), does not match the experiments
presented in the first paper included in this thesis (Appendix A). However, with
further validation of each parameter and the underlying processes, the model could
prove useful as a baseline to further develop a more correct prediction of ice
adhesion strength for a given material and provide guidelines towards an ideal low
ice adhesion surface.

The second analytical model proposed to predict ice adhesion strength is based
upon the presence of the quasi-liquid layer at the surface of ice [102]. The quasi-
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liquid layer is well documented as part of the regelation phenomena [8, 71, 103–
105], and is believed to be present at all ice-solid interfaces in addition to the
ice free surface. When assuming that there is a water-like layer between the ice
and solid at the interface, the adhesion stress might be calculated based on the
surface properties and the thickness of the quasi-liquid layer. The model is based
on the assumption that the quasi-liquid layer acts as an adhesive due to capillary
forces caused by the result of a pressure difference across a curved liquid-air
interface. Furthermore, the viscosity of the quasi-liquid layer is simplified to a
friction phenomenon, which depends on the roughness of the solid surface as well
as icing parameters. The final model is derived from the definition of the critical
shear stress needed to break the interfacial adhesion of accreted ice for different
icing conditions and substrates. The model equation is stated as

τice =
2RsmRαγ(cos θi + cos θs)

MVD · U ·H · tn
, (2.3)

where the parameters are given in Table 2.1. The thickness of the quasi-liquid
layer, H depends on the icing conditions, more specifically the surface temperature
during icing [106]. Equation (2.3) is partly empirical, and has been validated for a
specific set of parameters, where the ice adhesion was measured with a centrifugal
adhesion test and the ice was created with a freezing drizzle. However, for other
types of ice, the model did not match the experimental results (Appendix A).

To date, there exists no unified model to explain ice adhesion strength. The
developed models are largely based on empirical investigations, and as a result
work for one set of icing conditions and test set-up only. Since such set-ups and
conditions vary from research group to research group as seen in Section 3.1.1,
a more thorough fundamental study is needed to consolidate the different ice
adhesion models.

2.4 Ice as a material

Ice plays a big part in our atmosphere, and for both Arctic and ocean environments.
Although the water molecule is one of the simplest in chemistry, the properties
of ice are not fully understood [8]. There are more than 15 phases of ice [69],
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which differ in their crystal structure and properties. However, only one phase of
ice exists in normal conditions on Earth, namely ice Ih. Polycrystalline ice Ih is
obtained by freezing water at atmospheric pressure or by direct condensation from
water vapour at temperatures above −100◦C [8, 30, 69, 107]. Ice Ih crystallises in
a hexagonal lattice, where the molecules are linked to each other with hydrogen
bonds [8].

Ice that is found naturally in the environment is a stochastic substance. The
same applies to ice created in a laboratory setting. Due to several factors, including
variable water flow before and during freezing, micro-scale roughness, and varying
heat transfer processes, the repetition of an icing experiment does not produce
identical ice samples [66]. Furthermore, the properties of ice are highly dependent
on the environmental conditions, such as temperature, crystallisation process, grain
size, salinity, cooling rate, and the history of the ice [8, 30, 101, 107, 108]. As a
result, the mechanical properties differ between various environmental conditions
and generation methods. In addition, the mechanical properties of ice are directly
related to the micro-structure of the ice. As such, the ice adhesion strength is
directly influenced by the formation of the ice, as well as the detachment process.

More information about the impact of mechanical properties of the ice on the
ice adhesion, and the different factors, can be found in Paper 1 (Appendix A). A
discussion on the density of the ice, and the dividing of ice types based on density,
will be given in Section 3.2.1.

2.5 Wettability

Wettability is the description of the behaviour of water on a surface. As such,
contact angle is a key factor, defined as a thermodynamic property that characterises
the wettability of solid surfaces [68]. Wettability was first discussed by Aristotle,
but most credit Thomas Young as the father of the contact angle [109]. A few
different contact angles have been defined in Section 2.1.

The most commonly discussed contact angle is the Young contact angle, which
is calculated from Young’s equation [110] for ideal solid surfaces [111]. Young
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Figure 2.1: Illustration of the most general water contact angle θ. The surface
energies γ correspond to the parameters of Young’s equation in equation (2.4).
Figure also appears in Paper 4 (Appendix D).

contact angle is commonly presented as

γw,s + γw cos θ = γs, (2.4)

where θ is the contact angle, γ is the surface tension, and the subscripts w denotes
water and s denotes surface. An illustration of the Young contact angle can be
seen in Figure 2.1. Equation (2.4) describes the thermodynamic property of a
three-phase system, which corresponds to the lowest energy state for the system
[68]. For other types of surfaces, other definitions of equilibrium contact angles
have been proposed. The Wenzel equation describes contact angle of a droplet on
a surface with a given roughness [112], the Cassie equation [113] describes the
contact angle of a droplet on a heterogeneous solid surface, and the Cassie-Baxter
equation [114] describes the contact angle of a droplet on a textured surface with
trapped air underneath the droplet [111]. For information on these definitions of
wettability and contact angles, the reader is referred to the review by Drelich [111].

Wettability is a key property of potential low ice adhesion surfaces for many
reasons. For instance, Cassie-Baxter ice is applied to describe ice situated on top
of air pockets on structured surfaces [25, 41]. A potential connection between
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superhydrophobic surfaces as defined previously and low ice adhesion surfaces
has been suggested, but was later discounted experimentally, as described in the
introduction of this thesis. However, thermodynamic theory predicts a relation
between the work of adhesion, denoted as Wa, and the ice adhesion strength of a
surface. This relation is defined as [29]

Wa = γs + γi − γi,s, (2.5)

where subscript i denotes ice, and represents the work required to break the
bond between the ice and the surface and form two new surfaces. By combining
equations (2.4) and (2.5), a direct relation between the ice adhesion strength and
the water contact angle θ is found. When the contact angle is substituted with the
receding contact angle, the equation relates the practical work of adhesion and
the ice adhesion strength. Although these relations have been closely examined
experimentally, they are neither agreed nor disagreed upon as experimental results
vary. However, in the fourth paper of this thesis, the theoretical relation between
ice adhesion strength and water contact angle has been reproduced by utilising
atomistic simulations. These results will be further detailed in Appendix D.
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Chapter 3

Finding ice adhesion

There are many ways to determine the ice adhesion strength, and many ways
to interpret the results. However, the resulting ice adhesion strength depends
greatly on both the type of ice tested, and the method of testing. In this chapter,
both the different measurement techniques and ice types commonly tested for ice
adhesion testing are briefly described. After these descriptions, the current status
on comparability between different experimentally obtained ice adhesion values
are discussed.

3.1 Measurement techniques

Since there are no standards in the ice adhesion community, there are as many ice
adhesion tests as there are research groups investigating low ice adhesion surfaces
[34, 62, 115–118]. The definition of ice adhesion strength is largely agreed upon,
as defined by equation (2.1), but the calculation of the maximum detachment force
Fmax varies between ice adhesion tests. As a result, each custom-built testing rig
might give slightly different ice adhesion values.

Several reviews have collected and discussed different methods for measuring
ice adhesion strength [29, 65, 117, 119–122]. An overview of some of these
reviews, and the methods included in each review, can be seen in Table 3.1. For
more information about the different tests, the reader is referred to Section 3 in
Paper 2 (Appendix B).

21
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Table 3.1: Overview of different ice adhesion tests covered by previous reviews,
with Paper 2 from this thesis included. Year of publication is included.

Review paper (year) [Ref] Included ice adhesion tests
Sayward (1975) [119] Pure tensile test, pure lap shear test, flat plate tor-

sion shear test, cylinder torsion shear test, peel
test, blister test, cleavage test, cone test, flexed
sheet test, small area tensile test, lap tensile-
shear-test, multi flat-plate torsion-shear test, ax-
ial cylinder shear test, roll-peel test, and com-
bined mode tests

Kasaai and Farzaneh (2004) [120] Simple shear test, lap shear test, tensile test, com-
bined shear and tensile test, peel test, impact test,
laser spallation test, scratch test, atomic force
microscopy test, and electromagnetic tensile test

Makkonen (2012) [29] U.S. Army Cold Regions Science and Engi-
neering Laboratory (CRREL) test arrangement
(torque test), and VTT Technical Research Cen-
tre of Finland test arrangement (horizontal shear
test)

Schulz and Sinapius (2015) [117] Tensile test, transverse shear test, bending test,
and centrifugal test

CIGRE TB 631 (2015) [16] Pulling test, centrifugal chamber test, sliding
weight test, ice push off test, and conductor ice
pull off test

Work and Lian (2018) [65] Centrifuge adhesion test, calculated centrifuge
adhesion test, instrumented centrifuge adhesion
test, push test, rotational shear test, 0o cone test,
lap shear test, tension test, beam tests, blister
test, laser spallation test, and peel test

Rønneberg et al (2019) [2] Horizontal shear test, vertical shear test, tensile
test, centrifuge adhesion test
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Figure 3.1: Schematic illustration of the four most widely used tests methods for
ice adhesion strength measurements: a) Horizontal shear test b) Vertical shear test
c) Tensile test d) Centrifugal adhesion test. For all methods, ice is blue and the
fixed surface is grey, with the applied force on the ice illustrated by a green arrow.
The counterweight in d) is red. Figure from Paper 2 (Appendix B).

3.1.1 Comparisons

The four most applied ice adhesion tests are the four tests covered in Paper 2,
namely the horizontal shear test [32, 39, 41, 45, 47, 48, 51, 54, 61, 64, 115, 123],
the vertical shear test [35, 46, 55, 57, 59, 80, 116], the tensile test [124–127] and
the centrifugal test [102, 128–136]. A schematic overview of these test methods is
found in Fig. 3.1, and they are further described in Paper 2 (Appendix B).

Since each research group utilises their own ice adhesion set-up, no comprehen-
sive study has been conducted on the comparability of the different ice adhesion
test methods. Several theoretical discussions and reviews have compared the dif-
ferent tests [65, 117, 119, 120], and although they do not include the same tests in
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their comparisons the discussions largely agree with each other. However, because
their discussions are based upon literature reviews of separate publications, they
can only compare the theory behind the different test methods in addition to the
reported ice adhesion strengths. And as these reported results often include only
the value of ice adhesion strength, and not all the experimental details to enable
comparability, the available comparisons are flawed.

In this thesis, two new such comparisons between different ice adhesion have
been included. Paper 2 (Appendix B) includes a discussion on the difference
between the vertical and horizontal shear test, while Paper 3 (Appendix C) presents
the ice adhesion strengths of the same type of ice on the same surfaces performed
at two different facilities with a vertical shear test and a centrifugal adhesion test.

The main difference between measured ice adhesion strength with the vertical
and horizontal shear test is gravity. Since the vertical shear test pushes the ice
sample normal to the ground, the force from gravity is added to the loading of the
force probe. Consequently, the ice sample size impacts the ice adhesion strength
more when measured with the vertical shear test than the horizontal shear test,
assuming that all other parameters are equal. The effect of gravity on the ice
sample in the vertical shear test can be found by calculating the ice adhesion
strength required to self-remove the ice sample τ ′, given by

τ ′ =
F

A
=
mg

A
=
Ahρg

A
= hρg, (3.1)

where F is the applied force, A is the ice contact area, h is the height of the ice
sample, ρ is the density of the ice, and g is the gravitational constant. When this
equation is applied to bulk water ice, which has a density of ρ = 917 kgm−3,
and different heights of the ice sample, the self-removal ice adhesion strength is
calculated. As can be seen from equation (3.1), τ ′ is independent of contact area,
but depends on the height of the ice sample.

The effect of gravity on an ice sample measured with the vertical shear test
can be seen in Figure 3.2, where the amount of measured ice adhesion strength
attributed to gravity, given by τ ′/τ in percentage is shown for eight different
surfaces. It can be seen that the effect of gravity is low even for the largest ice
samples when the measured ice adhesion strength is above 10 kPa. However, for
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Figure 3.2: Illustration of the effect of gravity on the measured ice adhesion
strength, given by the self-removed ice adhesion strength τ ′ divided by the measured
ice adhesion strength τ for several generic low ice adhesion surfaces as a function
of the height of the ice sample. The self-removed ice adhesion strength is given in
equation (3.1). Figure from Paper 2 (Appendix B).

super-low ice adhesion surfaces the effect of gravity cannot be neglected unless the
ice samples are very small.

For the comparison between the vertical shear test and the centrifugal adhesion
test, an interlaboratory test was performed in cooperation between NTNU in Trond-
heim and the Anti-icing Materials International Laboratory (AMIL) in Chicoutimi,
Quebec, Canada. The direct comparison between the two test methods can be
conducted because the tests were performed with the same type of ice, namely bulk
water ice as defined in Section 3.2, and for the exact same surfaces. The surfaces
were prepared at AMIL and shipped to NTNU, and were bare aluminium surfaces
and commercial icephobic surfaces. The commercial icephobic coating consisted
of aluminium covered with EC-3100, a two component, water-based, icephobic,
non-stick coating from Ecological Coating, LLC [137]. For full information on the
study, see the Paper 3 (Appendix C).

In Figure 3.3, the ice adhesion strength of the two surfaces can be seen for
temperatures of both −10◦C and −18◦C. It can be seen that the vertical shear test
systematically results in higher ice adhesion strengths than the centrifugal test.
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Figure 3.3: Ice adhesion strength of bulk water ice measured with vertical shear
test at NTNU and centrifugal adhesion test at AMIL. Al denotes the bare aluminium
surface, while IC represents the icephobic coating. Both surfaces were tested at
temperatures of both −10◦C and −18◦C.

This claim is substantiated with a t-test that tests the hypothesis that the vertical
shear test yields higher ice adhesion strengths than the centrifugal adhesion test
when assuming unequal variances. The t-test rejects the null hypothesis in three of
four configurations with a 7% significance level. The configuration that does not
reject the null hypothesis is the icephobic coating at temperatures of −10◦C, and
thus it cannot be concluded that the vertical shear test results higher ice adhesion
strengths than the centrifugal test for this specific configuration. However, for
both temperatures for bare aluminium surfaces as well as for the icephobic coating
at temperatures of −18◦C, the vertical shear test yields significantly higher ice
adhesion strengths than the centrifugal test.

Furthermore, Figure 3.3 indicates a higher variation for most of the tests per-
formed with the vertical shear test than the centrifugal adhesion test. It also seems
that the standard deviation scales with the absolute value of ice adhesion strength.
However, the standard deviations depend on the outliers of the experimental results.
By investigating the original measurements for the two tests, it was found that
when the standard deviation for a configuration was above 30%, there was at least
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one significant outlier. It follows that when the ice adhesion strength is higher, the
extreme outliers differ more from the mean value, giving higher standard deviations.
Based on this reasoning, the most important factor for ice adhesion tests in terms
of interlaboratory comparability is the reproducibility of the test. In other words,
if two ice adhesion test methods in different facilities are to be compared, it is
important to reduce the amount of outliers in the individual ice adhesion tests.

In addition to comparing between different ice adhesion tests, different exper-
imental set-ups of the same type of ice adhesion tests can also be compared. In
such comparisons, the effect of changing experimental parameters are important
to investigate. One such investigation has been conducted for the vertical shear
test, by testing the effect of the distance between the force probe and the surface
[116] and the loading rate, or impact speed, of the force probe on the ice [81]. The
studies show that the effect of the probe distance is considerable, with a change
from 1 mm to 4 mm resulting in a decrease of ice adhesion strength from above
700 kPa to around 200 kPa. Similarly, the effect of the probe impact speed was
seen to be significant for some types of polymeric icephobic surfaces, while other
surfaces showed no effect. The experimental details and reported ice adhesion
strengths of selected low ice adhesion studies utilising similar ice samples and
either a horizontal or vertical shear tests are shown in Table 3.2. It can be seen that
the studies utilise different parameters during their testing, while some does not
include sufficient experimental details.

Lastly, the adhesion reduction factor (ARF) enables comparison of different
low ice adhesion surfaces tested with the same experimental set-up. The ARF is
equivalent to the adhesion strength of a baseline material, often aluminium, divided
by the ice adhesion strength of the surface or substrate of interest [133]. Although
the ARF is used more widely to compare different surfaces [15, 50, 65, 117], the
ARF only results in qualitative values and thus the reported ice adhesion strengths
cannot be compared between different facilities.

3.1.2 Recommendations

Of the reviews describing the ice adhesion test methods as shown in Table 3.1, few
make recommendations. Sayward [119] discusses seven fundamental factors to
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Table 3.2: Ice adhesion strength and experimental conditions of several studies of
low ice adhesion surfaces utilising a shear test and the same type of ice, namely
bulk water ice (see Section 3.2).

Shear test Probe
distance

Probe impact
speed

Ice adhesion
strength

Ref

Vertical 2 mm 0.05 mms−1 20 − 50 kPa Wang et al[81]
Vertical 3 mm 0.1 mms−1 5.7 kPa He et al[46]
Horizontal 2 mm 0.5 mms−1 165−510 kPa Meuler et al [115]
Horizontal 1 mm 0.8 mms−1 5.2 kPa Beemer et al [45]
Horizontal 3 mm 0.1 mms−1 1 kPa Irajizad et al [62]
Horizontal 1 mm 0.001 mms−1 2.5 kPa Mitridis et al [64]
Horizontal 1 mm - 0.15 kPa Golovin et al[51]
Horizontal - 0.18 mms−1 12 kPa Upadhyay et al [47]
Horizontal - - 71 − 252 kPa Hejazi et al [32]
Horizontal - - 27 kPa Dou et al [54]

lower the ice adhesion of surfaces, and includes fifteen different ice adhesion tests,
but does not include which test is deemed most efficient. Kasaai and Farzaneh
[120] however, covers nine different tests and recommends a combination of atomic
force microscopy or nano-indentation techniques combined with lap-shear and
tensile modes for testing ice adhesion strength. Schulz and Sinapius [117] focus
on aircraft applications, and recommend a form of de-icing called pneumatic boots.
This de-icing technique inflates under the ice and breaks it off both in shear mode
and bending mode [29, 117], but pneumatic boots are not recognised as a method
for anti-icing. CIGRE released a report about ice mitigation on overhead power
lines in 2015 [16], which does not recommend a specific ice adhesion test but
organises the described tests into level of commercial maturity. According to
this report, only the conductor ice pull off test is defined as more advanced than
small scale testing on coated material samples in laboratories. Work and Lian
[65] on the other hand, has a clear recommendation among the thirteen tests they
discussed. They recommend to either create a new ice adhesion test, or to apply
the lap shear test that may be reconfigured into a tension test and apply this test to
test a large number of samples. Work et al. [138] have also continued this work by
investigating the ice adhesion strength of a large number of ice samples by utilising
a modified lap shear test.
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The goal of a well-suited ice adhesion test is to measure the ice adhesion
strength of any given material with precision and reproducibility. In addition, the
method should be able to measure the same ice adhesion strength at a different
facilities. Although some reviews recommend ice adhesion tests, none of the
reviews recommend the same ice adhesion test. It may be concluded that the an
ideal standard ice adhesion test does not yet exist.

In this thesis, no recommendation will be made on the overall best ice adhesion
strength test. This choice has been made as each application will require different
optimal ice adhesion tests tailored to the application. Instead of suggesting a way
of standardisation, the focus is on comparability. This comparability and the ideal
future of ice adhesion test strengths will be discussed further in Section 3.3.

3.2 Types of ice

Although all ice investigated in ice adhesion research consists of ice Ih, there are
several different types of ice in use. Several different definitions of ice have been
collected in Table 3.3, for both power line applications, icing of structures, sea
ice, and low ice adhesion surfaces. It can be seen that there are several varying
definitions for each type of ice. As each ice type has very different properties,
such a lack of consensus might result in misunderstandings and challenge the
comparability of research performed at different facilities.

For low ice adhesion research, the biggest effect of different ice types are
between impact ice and non-impact ice [65, 117, 122]. While non-impact ice is
created from stationary water, impact ice is generated from water with a non-zero
impact velocity. Typical impact ice types are the different atmospheric ices, namely
precipitation ice types and in-cloud ice types. For unwanted icing of this sort, either
the water itself has a non-zero velocity, for instance in case of wind or freezing
rain, or the structure or item which experiences the icing is moving with respect to
a cloud or similar, such as aircrafts or wind turbine blades. For most of anti-icing
applications, and especially those of low ice adhesion surfaces, impact ice is the
most realistic type of ice during operation [15, 65, 117]. As a result, low ice
adhesion surfaces intended for anti-icing application should be tested with impact
ice types to ascertain the functionality.
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Table 3.3: Alphabetical selection of definitions of icing and ice types from different
references within several applications for anti-icing and ice mitigation.

Ice type Definition Reference
Atmospheric
icing

Any process of ice build-up and snow accretion on the
surface of an object exposed to the atmosphere

CIGRE TB
631 [16]

Bulk water ice Water frozen in freezer or on a Peltier plate at constant
temperature, which may vary from freezer to freezer.
Results in a clear and mostly bubble-free ice

Rønneberg et
al [1]

Dry snow A type of precipitation icing that accretes at sub-
freezing temperatures. Low density and low adhesion,
and appears rarely when wind speed is below 2 ms−1

CIGRE TB
631 [16]

Freezing driz-
zle

Water droplets that freeze on impact with the ground
or with objects on the earth’s surface or with aircraft
in flight

Armstrong et
al [139]

Freezing rain A type of precipitation icing that falls in liquid form
but freezes on impact to form a coating of glaze ice
upon the ground and on exposed objects

CIGRE TB
631 [16]

Glaze A generally homogeneous and transparent deposit of
ice formed by the freezing of supercooled drizzle
droplets or raindrops on objects the surface tempera-
ture of which is below of slightly above 0◦C. It may
also be produced by the freezing of non-supercooled
drizzle droplets or raindrops immediately after impact
with surfaces the temperature of which is well below
0◦C

Armstrong et
al [139]

Glaze ice Temperatures over −10◦C, freeze from water film after
droplets have spread out. Has the highest possible ice
density

Fortin and Per-
ron [101]

Glaze ice Hard, bubble-free and clear ice, generated under wet
growth conditions and where surface temperature is
above 0◦C

Makkonen
[87]

Glaze ice Ice frozen in silicone mold at −5◦C for 24 hours, re-
sulting in a smooth clear structure. Ice that does not
freeze on impact on aircrafts

Janjua et al
[136]

Glaze ice Clear, high density ice ISO 12494
[17]

Glaze ice A type of precipitation icing resulting in transparent
ice accretion of density 700 − 900 kgm−3, sometimes
with the presence of icicles under the conductors. It
very strongly adheres to objects, and is difficult to
knock off.

CIGRE TB
631 [16]

Table continued on next page.
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Table continued from previous page.
Glaze ice Ice formed under glaze conditions, where the imping-

ing droplets form a liquid film that freezes to form the
ice. Latent heat release from formation is not sufficient
to completely freeze the water on impact

Work et al
[138]

Hoarfrost A deposit of ice having a crystalline appearance, gen-
erally assuming the form of scales, needles, feathers,
or fans; produced in a manner similar to dew but at
temperatures below 0◦C

Armstrong et
al [139]

In-cloud icing Icing due to super-cooled water droplets in a cloud or
fog

ISO 12494
[17]

In-cloud ice Spraying supercooled micro droplets of MVD 27 µm
and LWC 2.5 gm−3 in a wind tunnel of wind speed
typically 15 ms−1 at temperatures of −10◦C

Rønneberg et
al [1]

Precipitation
icing

Icing due to either freezing rain or drizzle, or accumu-
lation of wet snow

ISO 12494
[17]

Precipitation
icing

A type of atmospheric icing which is caused by rain
droplets or snowflakes that freeze or stick to the icing
body

CIGRE TB
631 [16]

Precipitation
ice

Supercooled droplets of MVD 324 µm as precipita-
tion in a cold room with temperature typically −10◦C,
impact velocity calculated to 5.6 ms−1

Rønneberg et
al [1]

Rime A deposit of ice composed of grains more or less sep-
arated by trapped air, sometimes adorned with crys-
talline branches, produced by the rapid freezing of
supercooled and very small water droplets

Armstrong et
al [139]

Rime ice White ice with in-trapped air ISO 12494
[17]

Rime icing /
in-cloud icing

A porous, opaque ice deposit which is formed by the
impaction and freezing of supercooled water droplets
on a substrate. The density of rime can vary from
150 − 700 kgm−3

CIGRE TB
631 [16]

Wet snow A type of precipitation icing which is observed when
the air temperature is just above freezing point, usually
between 0.5◦C and 2◦C

CIGRE TB
631 [16]
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Non-impact ice comes in many different forms, but is most often similar to
bulk water ice in Table 3.3. This type of ice is the simplest to make, as the only
needed infrastructure is a freezer and a syringe to administer water in a mold. Due
to this simplicity, non-impact ice is the most frequently used in low ice adhesion
research [32, 35, 39, 45–48, 51, 52, 54, 61, 62, 64, 74, 115, 123, 124]. Naming
of the non-impact ice applied varies from bulk water ice to static ice, freezer ice,
refrigerated ice, and even glaze ice in some publications [15, 47, 122, 136].

3.2.1 Size and density of impact ices

Within impact ice applications, such as overhead power lines or structures, there
are several different ways to separate different ice types. The first method is to
separate by droplet size, and the second is to separate by the density of the accreted
ice. The latter method is the most common, and the one described by the ISO
standard of icing on structures (ISO 12949) [17].

To separate by droplet size is more common when investigating anti-ice sur-
faces focused on the mitigation of ice accretion, often with superhydrophobic
surfaces [38, 140]. For atmospheric monitoring, the separation of different types
of precipitation and ice is essential, and the types of ice and precipitation typically
differentiated between is available in Figure 3.4. From this figure, it can be seen
that the different types of precipitation are separated by the droplet sizes, and range
over several orders of magnitude. Snow is the largest group, spanning droplet
sizes of 2 µm to 10 mm. Ice types included in in-cloud icing, for instance freezing
drizzle, are created when the analogous precipitation freezes either directly on
impact or afterwards due to low temperatures.

Separating ice types by density creates several different classification schemes
as the different definitions often does not match. ISO 12494 [17] includes the most
used ice density differentiation scheme, which can be seen in Table 3.4. This table
includes both the type of ice with density ranges, the assumed adhesion of the ice
type, and the appearance of the ice. Other differentiations of ice types based on
densities can be found in Table 3.5 [142] and Table 3.6 [97].

That ice frozen in different conditions have different densities have long been
acknowledged, and has been investigated in several publications [91–99, 144, 145].
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Figure 3.4: Overview of different types of ice and precipitation by droplet size.
Overview based on droplet measurement techniques [141].

Table 3.4: Typical properties of accreted atmospheric ice on structures, as defined
by ISO 12494 [17].

Type of ice
Density Adhesion and General appearance
kgm−3 cohesion Colour Shape

Glaze 900 Strong Transparent Evenly dis-
tributed /icicles

Wet snow 300 − 600 Weak (forming),
strong (frozen)

White Evenly distribut-
ed/eccentric

Hard rime 600 − 900 Strong Opaque Eccentric, point-
ing windward

Soft rime 200 − 600 Low to medium White Eccentric, point-
ing windward

Table 3.5: Typical processes of in-cloud icing with densities [142]. Condensation
is ice formation by the deposition and freezing of super cooled droplets of vapour,
while de-sublimation is the formation of ice crystals bypassing the liquid phase.

Ice type Density (kgm−3) Process
Glaze ice 700 − 900 Condensation
Hard rime 300 − 700 Condensation
Soft rime 100 − 300 De-sublimation
Hoar frost < 100 De-sublimation
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Table 3.6: Six main classifications of accreted ice by densities and appearance, as
described by [97, 143]. The top three ices are in the glaze family, while the bottom
three are in the rime family.

Category Description Density ρ (average) [gcm−3]
Clear ice Virtually no air entrapped > 0.86 (0.906)
Transparent ice Moderate amounts of air entrapped in

fairly large bubbles
> 0.86 (0.906)

Milky ice Considerable amounts of air enclosed as
small bubbles

> 0.80 (0.876)

Opaque rime Dull and white, crumbles rather than
cracks

0.40 − 0.90

Kernel rime Similar in appearance to kernels of corn
on a cob

0.33 − 0.61

Feathery rime More open and fragile than kernel rime 0.08 − 0.40

Glaze ice is for instance sometimes defined as the ice type with the theoretically
highest density [96, 101, 136]. However, the density of the ice depends on both
temperature and droplet impact velocity, and has been found to increase with
the increase of impact velocity and droplet size [97]. Since the definition and
generation method of glaze ice differs as seen in Table 3.3, it is clear that no ice
type can be wholly defined based on density.

3.2.2 Ice type and ice adhesion strength

It has been hypothesised that the type of ice is directly linked to the ice adhesion
strength since 1959 [119]. Through the work included in this thesis, this hypothesis
has been verified. The work is described by Paper 1 (Appendix A).

In this study, we tested the ice adhesion strength of three different types of
ice with the same experimental set-up of a centrifugal adhesion test. The ice
types that were tested were bulk water ice, precipitation ice and in-cloud ice as
defined in Table 3.3. Images of the ice types investigated can be seen in Figure 3.5.
The experiments were performed at the laboratory facilities of AMIL with their
standardised ice adhesion test.

The results of the ice adhesion tests are given in Table 3.7. It can be seen that
there is a significant difference when comparing the ice adhesion strength of the
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(a) Precipitation ice (b) In-cloud ice (c) Bulk water ice

Figure 3.5: Images of the different ice types investigated in Paper 1.

Table 3.7: Results of ice adhesion tests for the three different ice types, including the
number of samples tested with each ice type. Data taken from Paper 1 (Appendix
A).

Ice type Mean ice adhesion strength Standard deviation # samples
[MPa] [MPa (%)]

Precipitation ice 0.780 ± 0.102 (13.1%) 30
In-cloud ice 0.590 ± 0.119 (22.5%) 60
Bulk water ice 0.284 ± 0.083 (28.2%) 36

three ice types. Precipitation ice has a higher ice adhesion strength than the other
two and bulk water ice is the easiest to remove. Bulk water ice only displays 40%

of the ice adhesion of precipitation ice under similar conditions, and the standard
deviation is quite high for all three ice types.

The high inherent variation in measured ice adhesion strength found in these
experiments, with standard deviations of more than 25% for bulk water ice, are in
accordance with other publications. For a study intended to determine the cause
of variation in ice adhesion strength measurements utilising a new methodology
with a lap joint shear rig, the measured standard deviation remained at 23% and
33% for two different tests campaigns [138]. Similarly, a previous test campaign
with more than 200 data points resulted in standard deviations of 13% and 23% for
steel and aluminium, respectively [146]. This inherent variation in measured ice
adhesion strength for all similar parameters might be a result of the aforementioned
stochastic behaviour of ice as a material.

As seen in Section 2.3, several analytical models have been proposed to describe
ice adhesion strength on a reference aluminium surface. Both models described in
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the previous section include factors accounting for changing ice types, and predict
that decreased density of the ice leads to a decreased adhesion force as well. Lower
density of ice is directly related to the amount of air bubbles in the ice sample [95],
and a higher fraction of micron-size air bubbles results in a more opaque ice [147].
It follows that the more opaque ice types has lower densities, and are expected to
display a lower adhesion to a given surface. This expectation is in line with the
description of the different ice types from Table 3.4 as well.

From Figure 3.5, it can be seen that precipitation ice has the lowest density
according to the optical classification system. According to the ice adhesion mod-
els and the ISO 12494 standard, as well as several other publications [50, 136],
bulk water ice should thus give the highest ice adhesion value, while precipitation
should have the lowest ice adhesion value. However, as can be seen from Table
3.7, the experiments show the opposite relation. The discrepancy between previous
assumptions and analytical models and the experimental results in Table 3.7 sub-
stantiates the lack of knowledge in ice physics and the fundamental mechanisms of
ice adhesion.

3.3 Future comparability and standardisation

The need for comparability and standardisation of the field of low ice adhesion
is largely agreed upon. The definition for icephobic surfaces is not uniformly
defined, and many different types of accreted ice are utilised which are created in
varying ways, which in turn affects the ice adhesion strength. Furthermore, ice
adhesion strength is measured with many different set-ups where small changes in
experimental parameters can have large consequences for the reported ice adhesion
strength.

There is a general agreement that further development of low ice adhesion
surfaces needs to include a form of grounds for comparison or standardisation, or a
series of standard tests grouped by applications or ice types. Several standardised
ice adhesion tests have been proposed the past years, among others a 0◦ cone
test [148], a vertical shear ice adhesion test utilising only commercially available
instruments [116], and a horizontal shear test [62]. However, none of these sug-
gestions have been widely accepted as a standard. Furthermore, four out of six
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contributions to the low ice adhesion session at the 18th International Workshop
on the Atmospheric Icing of Structures (IWAIS), which was held in Reykjavik in
June 2019, focused on the issue of comparability [4, 149–151]. As seen in Section
3.1.1, at present a low ice adhesion material developed at one facility cannot be
compared to another material developed somewhere else.

The ultimate goal for research into ice adhesion, and to ensure full compara-
bility, must be to understand all underlying mechanisms of the adhering of ice to
different surfaces. However, these mechanisms change for different surfaces and
under different environmental conditions, and there is not one correct or true value
of ice adhesion. To uncover all the theoretical implications of ice-solid adherence
is extremely complicated, due to the complex and stochastic behaviour of ice and
the many changing parameters. Meanwhile, the ice adhesion research field is
result-oriented and moves continually forward, requiring a more empirically based
method of comparison between different surfaces and research facilities.

We believe it is unrealistic to aim for a specific standard method for measuring
ice adhesion strength. Based on the large amount of research within ice adhesion,
and thus the large amount of ice adhesion laboratory set-ups, it is improbable
that the research community can agree on a standard method for all applications.
However, there is a need for comparison of the reported levels of ice adhesion
strength.

A comparison within ice adhesion must be based on real-life experimental set-
ups and surfaces to be viable. Ideally, a system for comparison and transferability
can be utilised to directly compare two measured ice adhesion strengths when the
ice adhesion test and ice type are given, as well as all environmental conditions.
As such, a variety of test methods and ice types must be accounted for to generate
such a comparability, and multiple research groups must be included.

To be able to compare ice adhesion results from different facilities and set-
ups efficiently and with a high degree of repeatability, a basis of reference must
be established. If such a reference data bank was agreed upon, all ice adhesion
test results could be compared to the common reference and thus be comparable.
Ideally, such a basis for comparison would include both ice type and ice adhesion
test method, as well as every experimental parameter. When all parameters are
individually specified, comparative values will be available for different surfaces
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Figure 3.6: Selected elements and parameters of the proposed reference data bank
to enable comparison of differently obtained ice adhesion values. Figure from
Paper 4 (Appendix D).

and tests.

Such a reference database needs to account for all parameters in ice adhesion
measurements. A selection of parameters which need to be included in such a
reference is displayed in Figure 3.6. As illustrated, a basis for comparison would
need to account for differences in environmental conditions such as temperature,
different variations in surface texture and chemistry, the ice adhesion strength test
set-up in use at different facilities, and all the different types of ice which are being
tested for different applications. As a result, a finished basis for comparison must
include large amounts of data, collected from different facilities and compared in a
similar manner as the interlaboratory tests from Paper 3 (Appendix C).

As all research groups base their ice adhesion strength data on custom-built
ice adhesion tests and ice formation processes, we further recommend a common
set of reference ice adhesion data. This reference should not be considered the
ideal test set-up or a unanimous solution, but rather as a relatively easy set-up
which may be implemented fast. If such a set-up could be utilised as a common
reference, all other tests would only need to be compared to the reference instead
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Figure 3.7: Schematic drawing of the proposed reference test for increased compa-
rability within ice adhesion research. Figure from Paper 2 (Appendix B).

of being cross-compared with all other configurations. An example comparison
set-up is suggested in Figure 3.7. We propose a horizontal shear test with defined
experimental parameters for testing the ice adhesion strength of bulk water ice
with specific ice formation properties on a specific type of aluminium surface in
constant environmental conditions. The specific experimental parameters have
been chosen from the most commonly used configurations in the literature, and the
values for probe impact speed and location are well suited to testing on aluminium
surfaces. This reference test must be repeated a statistically significant number of
times before varying the parameters. Each parameter, such as probe distance or
ice sample size, must be tested independently to discover the individual impact of
the parameter on the ice adhesion strength. A suggested experimental protocol for
such experiments is detailed in Appendix G.
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Chapter 4

Results and findings

4.1 The effect of ice type on ice adhesion strength

The type of accreted ice is an important factor in the measurement of ice adhesion
strength. In the first paper of this thesis, the aim was to understand the difference in
adhesion strength between different types of ice. Precipitation ice from atmospheric
precipitation, impact ice from in-cloud icing and bulk water ice were generated on
the same substrate at the same air temperature, and were removed by the centrifugal
adhesion test. The types of ice were denoted as Ice 1, Ice 2, and Ice 3, respectively,
and have been defined in Table 4.1.

The experiments were performed at the AMIL facilities in Chicoutimi, Quebec,
Canada. The protocols for generating precipitation ice and in-cloud ice were
standardised at AMIL beforehand, while the protocol for bulk water ice was created
in connection to this study. Precipitation ice was generated with a freezing drizzle
in a cold room, while in-cloud ice was created in a closed-loop icing wind tunnel
with wind speed 15 ms−1. The bulk water ice was frozen from water in silicone

Table 4.1: Definition of ice types and ice generation methods.

Ice # Name Generation method
Ice 1 Precipitation ice Super-cooled precipitation in a cold room
Ice 2 In-cloud ice Super-cooled micro-droplets in a wind tunnel
Ice 3 Bulk water ice Frozen water in silicon molds in a cold room

41
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Figure 4.1: Ice adhesion strength obtained with the centrifugal test for the three ice
types described in Table 4.1 at temperatures of −10◦C on an aluminium surface.

molds in a cold room. All types of ice were created in similar environmental
conditions, and temperatures of −10◦C.

A total of 126 measurements were performed in this study. The resulting ice
adhesion strength for the three ice types can be seen in Figure 4.1. This figure shows
significant differences between the three ice types, and considerable variations
within each ice type with high standard deviations.

The only relevant parameters differentiating ice adhesion strength between the
ice types is found in the ice formation, which means the micro-structures of the ice.
An indication of the changes of the micro-structure of the ice can be found in the
density of the ice. In this study, the density of the ice types is approximated by the
ratio of the mass to the thickness of the ice, and denoted as apparent density.

In Figure 4.2, the mean ice adhesion strength for each ice type is shown as a
function of the apparent density. The three ice types are clearly differentiated by
this apparent density. However, although there is a significant relationship between
apparent density and ice adhesion strength, the number of tests are not sufficiently
large to result in a predictive model. To indicate a relation, a linear model is fitted
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Figure 4.2: Mean ice adhesion strength per ice type as a function of mass per
ice thickness, i.e. apparent density, with standard deviations included. The linear
fitting is given by equation (4.1), and is calculated from all experimental data.

in Figure 4.2, given by

τ = −0.0015 · 10−3ρ′ + 1.7811, (4.1)

where τ is the ice adhesion strength in MPa, and ρ′ is the ice density in kgm−3.

Although analytical models predict the opposite behaviour of ice adhesion as
function of density than observed in these experiments, there are several possible
mechanisms to explain the results in Figure 4.1. The stiffness of the ice is likely
an important factor, where the stiffness and elastic modulus of ice and the ice
porosity have a negative linear relationship for a given grain size. As such, a higher
density results in a higher cohesive stiffness of the ice. A consequence is that bulk
water ice is stiffer than the other ice types, which might be a factor in the lower ice
adhesion strength observed due to higher propagation rate of interfacial cracks.

Further research is required to explore the difference in ice detachment mech-
anisms for the three ice types. It is especially important to understand the role
of grain size on the ice adhesion. Such knowledge may inspire a new strategy in
icephobic surfaces, specifically tailored to the ice which is desired removed.
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4.2 The need for standards in low ice adhesion sur-
face research

This critical review focused on the urgent needs of applicable standards in the
field of ice adhesion research, and includes an overview of widely utilised ice
adhesion strength measurement set-ups and methods of ice generation. As there is
no available and recognised standard today, all quantitative ice adhesion strength
results need to be adjusted in order to be directly comparable. It was shown that
the reported ice adhesion strengths are very sensitive to both measurement set-up
and ice type.

Based on previously published studies and reviews (see Table 3.1), there exists
a sufficient amount of literature comparing different ice adhesion strength test
methods. However, there was a need for a review focused on the comparison of
low ice adhesion research while not limited to aircraft applications. Furthermore,
to our knowledge there existed no publication within ice adhesion strength with a
thorough definition concerning ice types for anti-icing applications. This gap in
knowledge within the field was filled by this review. The discussion also included
specific challenges for low ice adhesion surfaces and tests.

There is a general agreement that the development of low ice adhesion surfaces
need to include a form of ground for comparison. This need was also substantiated
in this review. However, there are several suggestions as to what this comparison
and standardisation should consist of. We proposed here a common reference test
which all other tests might be compared to.

Ice adhesion tests and different types of ice were discussed separately. The
ice adhesion strength tests discussed were the horizontal shear test, the vertical
shear test, the tensile test and the centrifugal adhesion test. The adhesion reduction
factor was discussed, and previous attempts at standardisation of ice adhesion tests
were included. Then, different types of ice used for ice adhesion research were
discussed. Different definitions of glaze ice are shown in Table 4.2 as an example.
The inherent variation within values of ice adhesion were discussed based in the
stochastic nature of ice. Furthermore, the effect on ice adhesion strength from
different parameters were discussed, including temperature differences during ice
formation and testing, the ice sample size and gravity, the loading rate and the
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Table 4.2: Different definitions of glaze ice as applied to ice adhesion research.

Ice type Definition Reference
Glaze A generally homogeneous and transparent deposit of ice

formed by the freezing of supercooled drizzle droplets or
raindrops on objects the surface temperature of which is
below of slightly above 0◦C. It may also be produced by the
freezing of non-supercooled drizzle droplets or raindrops
immediately after impact with surfaces the temperature of
which is well below 0◦C

Armstrong et
al [139]

Glaze ice Temperatures over −10◦C, freeze from water film after
droplets have spread out. Has the highest possible ice density

Fortin and
Perron [101]

Glaze ice Hard, bubble-free and clear ice, generated under wet growth
conditions and where surface temperature is above 0◦C

Makkonen
[87]

Glaze ice Ice frozen in silicone mold at −5◦C for 24 hours, resulting in
a smooth clear structure. Ice that does not freeze on impact
on aircrafts

Janjua et al
[136]

Glaze ice A type of precipitation icing resulting in transparent ice
accretion of density 700 − 900 kgm−3, sometimes with the
presence of icicles under the conductors. It very strongly
adheres to objects, and is difficult to knock off.

CIGRE TB
631 [16]

Glaze ice Ice formed under glaze conditions, where the impinging
droplets form a liquid film that freezes to form the ice. Latent
heat release from formation is not sufficient to completely
freeze the water on impact

Work et al
[138]

distance between the force probe and the surface, and the stress distribution.

In conclusion, a future standardisation process within ice adhesion research
must include several different parameters to successfully compare different reported
ice adhesion strengths. To separate the contributions of the different parameters to
the final ice adhesion strength, the mechanisms of ice adhesion of different types of
accreted ice on different surfaces and different ice adhesion strength measurement
methods must be further investigated. Moreover, specific challenges for low ice
adhesion surfaces were discussed, including the accuracy and precision of the ice
adhesion tests utilised, dynamic ice adhesion tests, the detachment mechanisms of
ice from the surface, and the impact of intended application for the developed low
ice adhesion surface.
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4.3 Interlaboratory study of ice adhesion using dif-
ferent techniques

In this experimental study, the anti-icing research groups at AMIL and NTNU
collaborated to compare obtained ice adhesion strength measurements from two
commonly available surfaces. The surfaces tested were bare aluminium 6061-T6,
and aluminium covered with EC-3100, a two component, water-based, icephobic,
non-stick coating from Ecological Coating, LLC [137]. The ice adhesion tests
were centrifuge adhesion test at AMIL, and the vertical shear test at NTNU.

As the aim of the study is to examine the comparability of ice adhesion strength
measurements, all experimental parameters were kept as constant as possible, and
were exactly similar for tests performed at both AMIL and NTNU. This similarity
included the icing time, the temperatures, and the surfaces, which were all prepared
at AMIL to ensure that systematic errors were avoided. Bulk water ice were tested
at both facilities, and precipitation ice was tested additionally at AMIL. The ice
adhesion strength was tested at temperatures of both −10◦C and −18◦C.

The measured ice adhesion strengths are shown in Figure 4.3. It can be seen
that all results are comparable to a degree, with the greatest differences for bare
aluminium surfaces at −10◦C. It can be seen that for bulk water ice and aluminium
surfaces, the vertical shear test systematically yields higher ice adhesion strengths
than the centrifuge adhesion test as confirmed by a t-test, see Section 3.1.1. For
the icephobic coating, the vertical shear tests seems to also give slightly higher ice
adhesion strengths than the centrifuge adhesion test, although the trend is not as
significant for temperatures of −18◦C as for −10◦C.

When comparing the two surface types for all ice types, all tests show larger
error bars for bare aluminium than for the icephobic coating. The ice adhesion
strengths for the icephobic coating from both laboratories are close to each other,
but shows larger variations for bulk water ice than for precipitation ice. The fluctu-
ating standard deviations can be partially explained by the original measurements.
The instances where the standard deviation is above 30% are bare aluminium
surfaces tested at NTNU and the icephobic coating with bulk water ice at AMIL.
For all these instances, it can be seen in the original measurements that there were
significant outliers.
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Figure 4.3: Measured ice adhesion strengths. Aluminium surfaces as denoted as
Al, while the surfaces with icephobic coating are denoted IC. Precipitation ice is
denoted as PI while bulk water ice is denoted BWI. AMIL tests were performed
with centrifuge adhesion test, while NTNU tests were performed with vertical shear
test. All results for tests on bulk water ice are shown in Figure 3.3.

The test configuration of bulk water ice on aluminium at temperature of −10◦C
with the vertical shear test performed at NTNU is close to a typical, standard
measurement of ice adhesion strength, as the same type of shear tests are commonly
applied. However, this configuration results in a high standard deviation and is
where the largest differences between the different configurations in this study can
be found. When the main outlier from this configuration at NTNU is removed, the
mean ice adhesion strength becomes 441 MPa, with a standard deviation of 17%.
These values are much closer to what would be expected based on the rest of the
tests and configurations. This difference illustrates the significant effect of outliers
in the ice adhesion tests, and might indicate why the standard deviation is generally
high for ice adhesion tests.

As the amount of samples from each test configuration is so limited, there is
no point in testing the significance of the differences between the vertical shear
test and centrifugal adhesion test with large outliers removed. For tests performed
with the vertical shear test, the removal of an outlier would remove 20% of the data
for that configuration, and change the results accordingly. The experiments were
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designed to optimise repeatability, and the high standard deviation is as such an
integral part of the comparison between the two tests.

In conclusion, more data from several more laboratory facilities are needed, as
well as more tests within each laboratory facility. Furthermore, this study provides
further evidence that the ice formation is a key parameter in predicting the ice
adhesion on different surfaces, as well as for the investigation of the mechanism of
the ice detachment from different surfaces and the occurrence of cohesive failures
during ice adhesion testing. To determine the ideal ice adhesion strength test,
repeatability is a key factor to minimise the number of experimental outliers which
greatly impact the standard deviation.

4.4 Nanoscale correlations of ice adhesion strength
and water contact angle

The field of low ice adhesion material research has been known to operate by a
trial-and-error strategy, where the focus has been on developing new surfaces and
coatings without fully understanding the underlying mechanisms. One reason for
this haste is the amount of resources required to properly test anti-icing surfaces
in realistic conditions. Such resources are for instance the construction of suited
laboratory facilities to create realistic ice samples, often including cold-rooms
and icing wind tunnels. In order to facilitate the screening of potentially low ice
adhesion surfaces, the possible relationships between surface wettability and ice
adhesion strength of a given surface has been investigated. Both water contact angle
and receding contact angle have been experimentally investigated with respect to a
relation with ice adhesion strength, but the experimental results differ greatly.

In this study, the correlation between water contact angle and ice adhesion is
investigated by utilising atomistic modelling and molecular dynamics simulations.
By simulating the atomistic behaviour of water molecules on an ideal surface,
it is possible to investigate the underlying physical mechanisms of ideal water-
solid and ice-solid interactions. Surprisingly, the results show a behaviour very
close to the theoretical model. This study thus indicates that the experimentally
observed difference from the theoretical predictions does not stem from the inherent
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behaviour of the water or ice, but rather from other parameters which may be
impacted by experimental conditions.

As described in Section 2.5, equations (2.4) and (2.5) describing the Young
contact angle and work of adhesion, respectively, may be combined to yield a
direct relation between ice adhesion and water contact angle. When assumed that
both the surface energies and interfacial energies of water and ice are similar, this
equation becomes

Wa ≈ γw(1 + cos θ), (4.2)

where Wa is the work of adhesion, γw is the surface tension of water, and θ is
the water contact angle. Furthermore, when combining equation (4.2) with the
definition of the ice adhesion strength from equation (2.1) and the definitions of
the work of adhesion, a direct relation between the ice adhesion strength and water
contact angle can be derived. This relation is given by

τ = C0(1 + cos θ), (4.3)

where τ is the ice adhesion strength, θ is the water contact angle, and C0 is a
general constant that depends on the surface area of the ice, the water surface
tension and other characteristic factors that depends on the specific system under
investigation. An illustration of the relation in equation (4.3) is given in Figure 4.4.

The combination of equations (2.1), (2.4) and (2.5) to arrive at equations (4.2)
and (4.3) is based on a similar operation as published by Makkonen [29]. However,
as equation (2.1) is based on solid-solid interactions while equation (2.4) and its
derivatives are related to liquid-solid interfaces. As such, the direct combination of
the equations is not straightforward, and requires the assumptions that both surface
energies and surface interactions of water and ice are similar. These assumptions
are not validated in this work, and the results obtained should be treated with proper
care, and not directly applied to situations where the assumptions do not hold.

Our simulation system consists of an ice cube situated on a graphene surface,
where the ice melts to water when the temperature is raised. Different contact angles
are achieved by changing the energy well depth ε in the Lennard-Jones potential.
The simulation details are further detailed in the publication (see Appendix D).
Four different system sizes were tested, with details given in Table 4.3. Ice adhesion
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Figure 4.4: Ice adhesion strength as function of the contact angle θ as described by
the general relation between ice adhesion strength τ and water contact angle on a
generic surface with properties C0. The relation is described by equation (4.3).

Table 4.3: Overview of the different simulation systems investigated in this study.

System name A B C D
Number of atoms 28376 7336 58184 102568

strength is determined by pulling the ice perpendicular to the surface similar to a
tensile test as shown in Figure 3.1, while water contact angle is calculated according
to the algorithm developed by Khalkhali et al [152].

In Figure 4.5, the correlation between the theoretical relation from equation
(4.3) and the simulation results can be seen, with the fitting and level of significance
included. It can be seen that the fittings all systems have significances above
R2 = 0.75, with significances above R2 = 0.95 for systems A and C. It is the
smallest and largest systems which differs the most from the theoretical relation
due to the increased amount of outliers in the simulation results.

Although the starting point of the study is a system with ice situated on a
graphene surface, the nature of the surface is changed from realistically obtained
graphene by changing the energy well depth and thus the water contact angle.
Such a change is not experimentally possible, but in computer simulations every
parameter of a surface may be changed. As a result, the simulations performed
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Figure 4.5: Illustration of the normalised ice adhesion strength and water contact
angle for all four systems investigated in the simulations, with the theoretical
relation from equation (4.3) included together with the significance of the fitting.

can show what happens when water contact angles vary on an otherwise identical
surface.

The fact that the theoretical relation between the ice adhesion strength and the
water contact angle is found in atomistic simulations indicate that the disagreement
from experiments is due to surface properties not included in this study, and
not from properties of water molecules in liquid and solid form on the same
surface structure. However, it might also be due to the inability of experimental
reproductions of different contact angles on the same molecularly structured surface
such as performed in this study. The reproduction of the nanoscale theory is
interesting and important due to the gap in understanding between experimental
observations and theoretical models. The results presented here represents a step
towards a more thorough understanding of the fundamental mechanisms of ice
adhesion, and its relation to water wettability.
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Chapter 5

Discussion and concluding remarks

In this chapter, the most relevant conclusions from the thesis are gathered. First, the
13 unanswered fundamental questions from Table 1.1 are discussed individually.
The questions considered fully or partially answered in this thesis are underlined.
After the fundamental questions are discussed, the recommended future work is
described. Concluding remarks are found in the last section.

5.1 Answers to fundamental questions

Theory

1. What is the fundamental basis of ice adhesion?
Ice adhesion is a measure of the work required to detach a measure of ice from
a surface and break the forces and bonds in the ice-solid interface. Ice adhesion
strength is most often measured in pressure as the maximum detachment force
divided by the ice-solid contact area, and has been described as "a practical engi-
neering metric to quantify the de-icing capabilities of engineered surfaces" [33].
However, as there is no standard ice adhesion measurement technique, and different
measurement set-ups utilise slightly different definitions of ice adhesion strength,
no unified definition can be applied at present. Furthermore, the fundamental basis
of ice adhesion is still unknown, and the mechanisms determining ice adhesion and
ice-solid interactions are not unanimously agreed upon.
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2. What is the theoretically achievable lowest ice adhesion strength?
The theoretically achievable lowest ice adhesion strength is related to the forces
and interactions between the ice and the solid surfaces. To lower the ice adhesion
strength, all the forces between the ice and surface must be minimised, so that
only the van der Waals forces are present. As water is a polar substance, this
strategy is difficult to accomplish experimentally. However, another strategy is to
introduce flaws into the ice-solid interface. One way to introduce such flaws is by
introducing air by cracking the interface, although this strategy depends on crack
propagations along the entire ice sample. Another way is by adding a lubricant,
so that detached ice is limited by the cohesive strength of the lubricant instead of
the ice-solid adhesion. The disadvantage of this latter strategy is that the durability
of the surface declines considerably. It follows therefore that this question cannot
be fully answered at present, but is a part of the future work within ice adhesion
research.

3. What is the bottleneck for decreasing ice adhesion strength?
The bottleneck for decreasing ice adhesion strength is closely related to the un-
known lowest achievable ice adhesion strength as well as the most important
surface parameter for lowering ice adhesion strength. However, at the present, the
greatest bottleneck for decreasing ice adhesion strength is to relate the experiments
to realistic conditions. In controlled environments, ice adhesion strength has been
measured to below 1 kPa, which is more than adequate for all anti-icing applica-
tions. Unfortunately, the tests have not been performed in realistic conditions, with
sufficiently low temperatures or with different types of ice. As seen in this thesis, to
simply test surfaces with bulk water ice is not sufficient to ensure required anti-ice
behaviour. Furthermore, the durability of most surfaces is insufficient for many
applications, some of which require a durability of several decades before passive
anti-icing with low ice adhesion surfaces may be attempted.

4. How do water and ice relate to each other?
As both water and ice both consists of water molecules in liquid and solid form,
respectively, it is natural that they have several properties in common. Based on
thermodynamics, the behaviour of water and ice on a surface is intimately related in
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a theoretical relation. In this thesis, ice adhesion strength has been shown to relate
to the wettability of water through equation (4.3) by making several assumptions on
the similarities of interaction energies and solid-liquid and solid-solid interactions.
Thus, ice adhesion strength might be represented by water contact angle, on a
fundamental level. By utilising atomistic simulations, the predicted cosine relation
was validated, and it is clear that the fundamental properties of water and ice
indicate that ice adhesion strength and water wettability should correlate. However,
there are several reasons for why this relation is not observed experimentally, and
different representations of water wettability have not been investigated yet.

Ice detachment

5. What is the effect of ice type on ice adhesion strength?
This thesis has shown the effect of ice type on ice adhesion to be considerable.
Several ice types, represented by precipitation ice, in-cloud ice and bulk water
ice, has been shown to result in significantly different ice adhesion strengths when
measured with the centrifugal adhesion test. Furthermore, the effect of ice type
has been shown to depend on the surface, as bare aluminium had larger differences
than a commercial icephobic surface. To examine the full effect of the ice type on
ice adhesion strength, a larger range of ice types with different densities should be
systematically investigated in a similar matter, for different types of surfaces.

6. What happens during ice detachment?
The detachment process varies for different ice types and ice adhesion measure-
ment techniques. For bulk water ice on a specific type of surface tested with the
horizontal shear test, the detachment process has been visualised by Golovin et al
[61]. In this instance, the detachment process can be seen as a crack propagating
rapidly at the ice-solid interface. For the same set-up of bulk water ice and the
horizontal shear test but with an elastomeric surface, however, the ice did not
detach but only slid around on the surface [62]. This difference indicates that the
detachment mechanism for ice varies between different instances. Furthermore,
for many test methods such as several set-ups of the centrifugal adhesion test, it
is impossible to observe the actual detachment of the ice due to the large forces
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present. In addition, if an ice adhesion test set-up is not fitted with a method to
observe the ice detachment, it is not necessarily trivial to install such equipment.
In conclusion, the process of ice detachment from a surface is not fully understood
and requires systematic investigation.

7. What is the most relevant ice adhesion test method?
The most relevant ice adhesion test depend on the intended application for which
the low ice adhesion surface is being developed. To ensure that the surface is
sufficiently efficient and mirrors the ice adhesion strength obtained in the labora-
tory during field conditions, an ideal ice adhesion method must mirror the natural
removal method for the given application. For instance, if the application is aircraft
icing, and the low ice adhesion surface is to be applied to mitigate icing during
take-off, a centrifugal test mimicking the force from the air on the ice sample
would be most realistic. As such, there is no one ideal ice adhesion strength test,
and the most relevant ice adhesion test will differ with the intended application.
This challenge is further explored in question 10.

8. How does ice adhesion tests impact the results?
From interlaboratory research conducted as part of this thesis, it is clear that
different ice adhesion tests impact the measured ice adhesion strength. The re-
sults indicate that the vertical shear test results in systematic higher ice adhesion
strengths than the centrifugal adhesion test. However, the dependence on other
types of tests, or other experimental set-ups, is still unknown. At present, there
is not enough information to state the systematic impact of a given ice adhesion
strength test on the observed ice adhesion strength.

Surfaces

9. What is the most important surface parameter for lowering ice adhesion
strength?
The most important surface parameter for lowering ice adhesion strength depends
on the type of surface. As there are as many different designs for low ice adhesion
surfaces as there are research groups, each type of surface will require a different
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ideal set of parameters. However, some key parameters that will most likely impact
the ice adhesion strength of multiple surfaces have been determined. These are,
among others, a low elastic modulus [59, 60], a nanotexture below the critical
size to ensure that interlocked water remain in the liquid state [33], a cross-linked
density of polymers to enhance interfacial slippage [52], to increase the hardness
and elastic modulus of the surface [61], and to increase the presence of stress-
localisation [62]. As can be seen, some of these key parameters are opposites,
which underlines the importance of the type of surface under investigation when
considering the most important surface parameter.

10. What is the effect of intended application for a low ice adhesion surface?
The intended application of a low ice adhesion surface is important for the type of
surface, including the ideal surface for that application. For some surfaces, such
as for aircraft application, a super-low ice adhesion strength tailored for impact
ice is desired to ensure absolute ice mitigation at take-off and landing but without
the need for a durability extending for longer than the longest flight time. For
overhead power lines, on the other hand, icing occurs most often during storms,
which induces strong winds and does not require as low ice adhesion strengths
for the ice to detach. Furthermore, the durability of an anti-ice surface for power
line application should be more than five decades to keep operational costs and
dangers to a minimum. Other applications, such as wind turbines, require yet
another set of ice adhesion strength and durability to achieve optimal application
and ice mitigation. As such, different applications require different ice adhesion
surface mechanisms, which are not clearly defined at present.

11. What is the effect of surface roughness on ice adhesion strength?
The effect of surface roughness on ice adhesion is considerable and complicated.
The three scales of surface roughness, i.e. nanoscale, microscale and macroscale,
impact the ice adhesion strength in different ways. As superhydrophobic sur-
faces has long been investigated for icephobic applications, the interlocking effect
of ice and surface roughness on nanoscale and microscale has been examined
thoroughly. However, this effect changes with changing ice types, as impact
ice types may penetrate further into surface roughness structures. The relations
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between surface roughness at different scales and ice adhesion strength are not
fundamentally known, and is a topic well suited for future atomistic simulations
[33, 103, 153, 154].

12. What is the effect of the angle of tilt on a tilting surface with respect to
the ice adhesion strength?
From the definition of ice adhesion strength, a relation between the measured ice
adhesion strength and static friction is to be expected, especially when measured
with a horizontal shear test or centrifugal adhesion test. Furthermore, a tilted
surface induces forces in addition to the applied force, similar to the difference in
gravity between the vertical shear test and horizontal shear test. However, studies
of dynamic ice adhesion surfaces have already applied tilted surfaces as a function
of tilting angle and time until ice detachment as a measure of ice adhesion [155].
This measure of ice adhesion is not directly comparable to traditional ice adhesion
strength, due to the effect of the tilted surface and the extra force on the ice. If
the definition of ice adhesion strength was expanded to include a tilted surface,
super-low ice adhesion surfaces might be more efficiently tested, as the traditional
ice adhesion tests might lack the required precision. Ice adhesion on tilted surfaces
is an intriguing topic closely related to anti-ice on solar cell panels, as discussed in
Section 5.2 and in Appendix G.

13. What is the relation between ice adhesion strength and water wettability?
The relation between ice adhesion strength and water wettability differs between
the theoretical and fundamental relations, and the experimental relations. As shown
in this thesis, the inherent properties of water in liquid and solid form predict a
cosine relation between ice adhesion strength and water contact angle derived from
thermodynamic theory. However, this relation is not agreed upon from experiments,
which indicates that the experimentally obtained ice adhesion strength depends on
experimental parameters, such as material deformation, cohesive fractures, surface
irregularities, and other surface parameters not included in the simulations. As a
result, more research and experiments are needed to consolidate the fundamental
properties with the obtained values of ice adhesion strength and water wettablity
for both reference surfaces and state-of-the-art low ice adhesion surfaces. These
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investigations must also incorporate the effect of the assumptions included when
relating ice adhesion strength and water contact angle through thermodynamic
relations.

5.2 Future work

Although this thesis has made progress towards fundamental knowledge of the
mechanisms of ice adhesion strength on different surfaces, there is still more work
to be conducted. The future work indicated in this section have been divided into
two categories, namely experimental studies to investigate the nature of the large
variations of ice adhesion strength and the different types of ice, and atomistic
simulations to investigate the properties of ice on different surfaces to examine the
mechanisms of the detachment process and the different surface parameters. The
future work is further detailed in Appendix G, with an overview of the suggested
future projects in Table G.1.

The future experimental work inspired by this thesis is divided into four separate
projects. The first project is a more detailed description of the protocol to establish
a database in connection to the reference ice adhesion test described in Figure
3.7 to enhance comparability. A full list of parameters that should be tested and
suggested values of the different parameters to be included in the tests can be found
in Appendix G.

The second and third experimental projects are closely linked. The second
experimental project concerns a more accurate method to determine the density
of an ice sample than the measuring of mass and dimensions practised today. The
third project is a continuation of the ice density, and concerns the grain structure
of different ice types. Grain structure is closely connected to ice density, and may
help predict and further understanding of the different detachment mechanisms
present in different types of accreted ice. Both the ice density study and the ice
grain size study include a suggested cooperation with the sea ice research group
situated at the Department of Civil Engineering at NTNU.

The fourth and final suggested future experimental study concerns inclined
plane and friction for anti-ice and solar cell applications. This study includes
determining the relation between ice adhesion and ice friction, and applying the
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knowledge to determine the required ice adhesion strength for passive ice removal
on tilted solar cell panels, which may be situated on buildings or similar. Such a
study would result in a list of necessary requirements for a low ice adhesion surface
intended for photovoltaic applications with a given angle on the surface, and might
also investigate whether such surface designs exist today.

The future atomistic studies suggested in this thesis consists of five different
projects. The first project is an equilibrium study of water and ice, to determine
similarities and differences between water and ice at its simplest state. In this study,
both a force interaction study and a phonon vibrational spectra might be included.
Furthermore, by changing the systems and conditions as further explained in
Appendix G, the properties and characteristics of water and ice may be thoroughly
compared. This future project was developed in cooperation with professor Niall
English at University College Dublin, and an exchange to his research group is
recommended during the work.

The second suggested future work within atomistic simulations is a direct
continuation of the fourth paper of this thesis (Appendix D). Where the paper
presented here compares the contact angle, and thus the work of adhesion, to the
ice adhesion strength, this future study should expand the comparison to other types
of contact angles as well, including advancing and receding contact angles, contact
angle hysteresis, and a measure of the macroscopic contact angle to investigate the
nanoscale size effect. Especially the receding contact angle would be interesting
to examine with regards to the ice adhesion, as this comparison would substitute
the work of adhesion with the practical work of adhesion, which is theorised to
correlate well with the ice adhesion strength experimentally.

The third and fourth proposed future studies utilising atomistic simulations are
to investigate ice adhesion strength on different surfaces. The third study aims to
examine the impact of surface structure for ice adhesion strength, incorporating
both different surface materials and different surface structures. The fourth study
aims to determine the theoretical lowest ice adhesion strength for a given surface,
based on the presence of only van der Waals forces. These two studies might be
combined into one publication.

The final suggested future study is a continuation of the first paper of this thesis
which examined the effect of ice type on the ice adhesion strength (Appendix A).
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These atomistic simulations should create ice crystals with different grain size
distributions and ice densities, and compare the calculated ice adhesion strengths to
the published experimental observations and difference between the ice types. The
different simulated ice types can either be based on the hypothetical ice structures
presented in the published paper and its supplementary materials, or be based on
results from the second and third proposed future experimental studies presented
here.

5.3 Concluding remarks

The mitigation of unwanted ice by surface design has been investigated for more
than half a century. Although we now have several promising options for passive
anti-icing surfaces utilising low ice adhesion surfaces, the underlying mechanisms
of ice adhesion are still unknown. The goal for the fundamental research of
ice adhesion is to understand the theory behind the observed behaviour of ice
detachment on different surfaces, and to expand this theory to both varying surfaces
and icing conditions, which leads to varying types of ice. However, at present this
fundamental research is hindered by the many surfaces and theories available in the
research field, which are tailored to the specific cases investigated by the different
publications.

This thesis has investigated the fundamental mechanisms of ice adhesion
through several approaches. In Chapter 1, unanswered questions within ice ad-
hesion research were presented. Chapter 2 gave an overview of ice and the back-
ground of ice adhesion, including a list of definitions to ensure that all concepts
were clearly defined. Chapter 3 described the current status of methods applied to
determine the ice adhesion strength, and the effect of different ice adhesion test
methods and ice types. Chapter 4 summarised the most important points from the
four papers included in the thesis, which included the effect of ice type on ice ad-
hesion strength, a critical review on the need for comparability and standardisation
in the low ice adhesion research field, an interlaboratory comparative study, and
an atomistic simulation study on the relationship between ice adhesion strength
and wettability of a surface. In Chapter 5, the fundamental questions from the
introduction were reflected upon and partially answered, and suggested future work
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was detailed.
It is clear that there is a need for more research on the mechanisms of ice adhe-

sion to be able to design optimised low ice adhesion surfaces for each application or
ice type. However, the results from this thesis represent a considerable step forward
towards a fundamental understanding of the effect of the experimental facilities
utilised. It has been shown that both the type of ice and the measurement of ice
adhesion strength greatly impact the ice adhesion values obtained. Furthermore,
atomistic simulations indicate that the properties of ice and water might be able to
predict the ice adhesion strength on a given surface if the experimental factors and
impacts of material deformation could be controlled.

Low ice adhesion strength surfaces are the most promising strategy to achieve
passive anti-icing surfaces. To determine the most efficient low ice adhesion
surface, all experimental parameters must be published to ensure comparability,
and the surface in question must be tested in realistic icing and environmental
conditions with a relevant ice adhesion strength test to evaluate its efficacy in ice
mitigation.
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ABSTRACT
To lower the ice adhesion strength is the most efficient technique for passive ice removal for several applications. In this paper, the effect
of different types of ice on the ice adhesion strength was investigated. The ice types precipitation ice, in-cloud ice and bulk water ice on the
same aluminum substrate and under similar environmental conditions were investigated. The ice adhesion strength was measured with a
centrifugal adhesion test and varied from 0.78 ± 0.10 MPa for precipitation ice, 0.53 ± 0.12 MPa for in-cloud ice to 0.28 ± 0.08 MPa for bulk
water ice. The results indicate that the ice adhesion strength inversely correlates with the density of ice. The results inspire a new strategy in
icephobic surface development, specifically tailored to the relevant ice type.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5086242

I. INTRODUCTION

Ice removal is necessary to avoid both dangerous situations1–5

and the unwanted icing of infrastructure6–10 and aircrafts.11,12 The
most promising strategy for creating anti-icing surfaces1,9,13–15 are
the lowering of ice adhesion strength.16–18 With a low ice adhesion
strength, the ice formed on a surface might be shed off merely due to
natural vibrations, its own weight or naturally occurring wind.18,19

Such a reduction requires a thorough understanding of the mech-
anisms of ice-solid adhesion. However, the fundamental physics of
ice adhesion are not yet well understood.4

When measuring ice adhesion strength, there are several avail-
able methods.10,20–22 As of today, there is no testing standard, and
each research group often develops its own testing techniques.20,23,24

Ice adhesion strength data measured at different laboratories can
therefore not be easily compared.20,25,26 The choice of an efficient
testing method depends on both the ice sample, and the type of
surface to be tested. Different surfaces have different adhesion mech-
anisms to ice, which closely link with the ice removal process.27

The size, chemical and mechanical properties, and the realistic icing
conditions prevailing in the targeted application of the anti-icing
surface are also important to determine the most efficient testing
method.

The adhesion strength of ice Ih, which is the relevant ice phase
for anti-icing applications, depends on many factors. These factors
include the surface chemistry, the surface roughness profile, the
elastic modulus, the temperature, and the ice micro-structure.5,27

The type of accreted ice is an important factor in the measure-
ment of ice adhesion strength.25 When water freezes in various
atmospheric conditions, different types of ice are generated.4,5,10,14,20

These different types of ice vary in micro-structures and densi-
ties,28 and behave in different manners when adhering to any given
surface.22,25 Among the applications of anti-icing, there is a need
to remove several different types of ice depending on icing con-
ditions. For example, the ice that is accreted on aircrafts during
flight, on roads, and on power transmission lines are different,
with different accretion mechanisms. As a result, it is a limitation
of most laboratory work that only one type of ice is tested for
anti-icing surfaces in each laboratory with the same measurement
techniques.

The present investigation aims to understand the difference in
adhesion strength between different types of ice. Precipitation ice
from a simulation of atmospheric precipitation, impact ice from in-
cloud icing and bulk water ice were generated on the same substrate
at the same air temperature and removed by the same ice adhe-
sion strength test method. The results indicate that the ice type has

AIP Advances 9, 055304 (2019); doi: 10.1063/1.5086242 9, 055304-1

© Author(s) 2019



AIP Advances ARTICLE scitation.org/journal/adv

TABLE I. Definition of ice types and ice generation methods.

Ice # Name Type of ice Generation method

Ice 1 Precipitation ice Hard rime ice Super-cooled precipitation in a cold room
Ice 2 In-cloud ice Impact ice Super-cooled micro-droplets in a wind tunnel
Ice 3 Bulk water ice Clear ice Frozen water in silicon molds in a cold room

a clear effect on adhesion strength. This difference of ice adhesion
strength is attributed to the density. The findings from this study
inspire a new strategy in icephobic surface design and development.
For instance, a future surface might be tailored to repel a certain type
of ice, depending on the application.

II. EXPERIMENTAL METHODS
The experimental work was performed at the Anti-icing Mate-

rials International Laboratory (AMIL) in Chicoutimi, Canada,
which is the only laboratory in the world approved by ISO
9001:2015, PRI AC3001 and PRI AC3002 to qualify de-icing and
anti-icing products for aircraft applications.29 The experiments con-
ducted here consist of more than 120 measurements of ice adhesion
strength with a centrifugal adhesion test (CAT) and three types of
ice at the same temperature. The generation of ice will be detailed
first, before the CAT procedure is explained.

A. Generation of ice samples
The three types of ice generated in this study were precipitation

ice from simulated atmospheric precipitation, impact ice from in-
cloud icing and bulk water ice. These are denoted as ice type 1, 2
and 3, respectively, as defined in Table I. All ice was generated with
demineralized water of resistivity 18 Ω. The air temperature Tair was
kept constant at −10○C similar to other studies,17,23,30–32 while the
sample surface temperature was recorded during icing for ice type 1
and 2. Other environmental conditions, such as humidity, were kept
constant. An overview of both environmental and icing conditions
are found in the supplementary material.

All tests were conducted on bare aluminum 6061-T6 bars pol-
ished with Walter BLENDEX Drum fine 0724 M4. The bars had
length 340 mm, width 31.8 mm and thickness 6.3 mm, and icing
occurred over an area of 1100 mm2 independent of the ice type. The
accreted ice had a thickness of 7.5 ± 0.8 mm and a mass of 7 ± 2 g,
depending on the type of ice. Before icing, the bars were stored in
a cold room so the icing would start with a surface temperature of
−10○C.

The experimental protocols for Ice 1 and Ice 2 were standard-
ized at AMIL,30,33 while the protocol for generating Ice 3 was devel-
oped for this study. Ice 1 was created from a freezing drizzle and is
denoted as precipitation ice. This ice was generated in a cold room
with an air temperature of −10.0 ± 0.2○C and a relative humidity
of 80% ± 2% as described elsewhere.33 Six beams were iced simulta-
neously with water with a median volume drop diameter (MVD) of
324 µm and at an initial temperature of 4○C. As the water hit the
beams, however, it had become super-cooled due to the low ambi-
ent temperature. Water impact speed was the free fall value of the
droplets in the vertical airflow from an overhead nozzle, which was
calculated to be 5.6 ms−1. The bars were subjected to the precipita-
tion for 33 minutes, and kept in the cold room for 1 hour between
the icing and the centrifuge test to allow the ice to thermally stabilize.
The surface temperature of the aluminum during icing was mea-
sured to be−6.8± 0.1○C. A typical sample of Ice 1 is shown in Fig. 1a.
Ice 1 is similar to ice studied in several other publications,17,33,34 and
is typically found in nature after instances of super-cooled rain.

Ice 2, impact ice created from in-cloud icing, was generated by
spraying supercooled micro-droplets of water in a closed-loop icing
wind tunnel at air temperature −10○C with a wind speed of 15 ms−1,
liquid water content (LWC) of 2.5 gm−3 and MVD of 27 ± 3 µm.
The choice of these parameters was elaborated elsewhere,33 as part
of the standardized procedures at AMIL. The aluminum bars were
placed upright in the wind tunnel, with seven to nine bars in each
test. Everything except the icing area was shielded by a screen during
icing. The icing time was 8 minutes and 15 seconds for all ice gener-
ated in the wind tunnel. The surface temperature of the aluminum
during icing was measured to be −9.1 ± 0.3○C. The bars were kept in
the cold room for 1 hour of waiting time between the icing and the
centrifuge test. The resulting ice can be seen in Fig. 1b. Ice 2 is similar
to other ice generated in a wind tunnel.20,30,35–37 Such ice is typically
found after super-cooled rain coupled with high wind speeds, such
as on ships and large structures after storms.

Ice 3, or bulk water ice, was assumed similar to clear ice such
as found in ice cubes, and was generated by freezing water with
a starting temperature of 4○C in silicon molds. The silicon molds

FIG. 1. Images of the different types of ice used in this
investigation. (a) Ice 1. (b) Ice 2. (c) Ice 3.
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were created from MoldMax30 by Smooth-On,38 and the conditions
in the cold room were the same as for Ice 1. The aluminum bars
were placed at the water interface of the silicon molds at the same
time as the water insertion, and the bars had an initial tempera-
ture of −10○C. To investigate the effect of the initial temperature
difference between the inserted water and the aluminum bars, two
measurement series were performed, where both the water and the
bars had the initial temperature of 4○C at start of freezing. Each sili-
con mold contained 10 ml of water, and had the same dimensions
as the iced area of the bars. The icing time varied from 2 hours
to 3 hours and 15 minutes. The bars were spun in the centrifuge
immediately after the mold was removed. Due to the inability to
distinguish between the samples with different initial water temper-
atures and icing time, it can be concluded that these parameters do
not impact the ice adhesion strength. Six bars were iced simultane-
ously for each measurement series. Typical samples of Ice 3 is found
in Fig. 1c. Ice cubes similar to Ice 3 have been studied in several other
investigations.13,15,18,19,23,31,32,39–41 This type of ice is often found
when the temperature has dropped rapidly in an available body of
water.

Before the centrifuge test, the mass and thickness of the
accreted ice were measured. Each sample was spun individually in
the centrifuge. The mass and dimensions of each aluminum bar
were known, which made it possible to find the exact mass and
thickness of the accreted ice. The total mass of the accreted ice
and aluminum bar was measured both immediately before and after
the centrifuge test, to calculate the mass of the detached ice. The
mass was measured in grams on a digital scale. The thickness of
the accreted ice was measured with a vernier caliper right before
spinning. Because the thickness of the ice samples varies from one
end to the other as seen in Fig. 1, especially for Ice 1 in Fig. 1a,
all the thickness measurements were conducted on the thickest
part of the ice samples. This protocol gives a higher experimen-
tal uncertainty for Ice 1 than Ice 2 and Ice 3. The uncertainties
of the mass and thickness measurements are further discussed in
Section IV A.

As the centrifuge was placed inside the cold room at −10○C,
there was no thermal variation associated with the centrifuge test.
The specimen was kept in −10○C for at least one hour prior to spin-
ning, which was sufficient for the sample temperature to stabilize.
Consequently, it is reasonable to assume that there was no difference
in the temperature of the ice-solid interface between the different
samples. Moreover, the temperature of a control sample was moni-
tored with a thermocouple during the waiting time before spinning
to ensure that all latent heat from the solidification of water had left
the ice samples.

All measurements of the mass and thickness of the ice sam-
ples were taken right before the centrifuge adhesion test. The short
amount of time between the measurements of the ice samples and
the ice adhesion test lessens the effect of sublimation, which might
otherwise have resulted in a substantial error in the measurements
of the ice samples compared to the measured ice adhesion strength.

B. Centrifugal adhesion test
The ice adhesion strength is measured with centrifugal force in

a CAT apparatus, which consists of a centrifuge, the placed sample
beam, and a cover as seen in Fig. 2.33 A counterweight was applied

FIG. 2. The centrifuge adhesion test set-up with the centrifuge at position a, the
iced beam at position b and the cover with the piezoelectric cells at position c.

to the opposite end to balance the beam during spinning. The bal-
anced and iced bars were spun in the centrifuge at an accelerating
speed of 300 rpms−1 between 0 and 30 seconds until the ice was
detached by the centrifugal force. At this strain rate, calculated to be
about ε̇ = 10−6, polycrystalline ice displays brittle behavior.33 Piezo-
electric cells situated around the centrifuge cover instantly detected
the detachment of the ice. The rotation speed at the time of the ice
detachment was recorded. The ice adhesion strength corresponds to
the centrifugal shear stress at the position of the ice sample at the
moment of detachment. The ice adhesion strength τ is thus given by

τ =
F
A
=
miceω2r

A
, (1)

where F is the centrifugal force, mice is the mass of the detached ice,
ω is the angular velocity at the time of detachment, r is the radius
of the beam at the center of mass for the accreted ice and A is the
surface area of the detached ice.

The test was discarded if a cohesive break occurs. Such a cohe-
sive break is not frequent with the CAT apparatus, but can occur
under certain circumstances.33 All the samples included in this
study showed full adhesive failure, with no ice left on the bars after
removal.

The accuracy of the CAT apparatus in terms of correctly
determining the ice adhesion strength is among the most accurate
in the field.42 The piezoelectric cells ensure determination of the
exact detachment speed, which uniquely calculates the ice adhesion
strength. The error from the piezoelectric cells is negligible, and is
not separated out in the final error analysis but rather incorporated
in the standard deviation of the measurements.
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FIG. 3. Ice adhesion strength for the three ice types.

III. RESULTS
A total of 126 measurements are included in this analysis. See

supplementary material for more information on the individual
tests. The number of measurements per ice type were 30 for Ice 1,
60 for Ice 2 and 36 for ice type 3.

The ice adhesion strength is displayed in Fig. 3 for all tests. This
figure shows a significant difference in ice adhesion strength for the
three ice types. It can also be seen that the ice adhesion strength
varies considerably within all three ice types, with large standard
deviations (see supplementary material). Such variations are to be
expected, as the ice will crystallize in a random manner for each
sample. The variation is larger for Ice 2, which was generated in a
wind tunnel, indicating that this ice generation method has a larger
inherent variance than other types of ice.

The mean ice adhesion strength for the three ice types is shown
in Table II together with the standard deviation. Table II also shows
the ice adhesion strength relative to Ice 1, and it can be seen that
the ice adhesion strength for Ice 3 is less than 40% of that for Ice 1.
Although the standard deviation is up to 30%, the trend of decrease
in ice adhesion strength from Ice 1 to Ice 3 is clear.

IV. DISCUSSION
A. Effect of experimental parameters and ice density

The only relevant parameters differentiating ice adhesion
strengths between ice types is the ice formation process, i.e. the
corresponding ice types and their micro-structure.

TABLE II. Mean ice adhesion strength for the three types of ice, including the standard
deviation. The percentage of ice adhesion strength relative to Ice 1 are also shown,
with τ and τIce 1 as the ice adhesion strength of the ice type and Ice 1.

Ice Mean ice adhesion Standard
type strength [MPa] deviation [MPa (%)] τ/τIce 1

Ice 1 0.780 ±0.102 (13.1%) 100%
Ice 2 0.529 ±0.119 (22.5%) 68%
Ice 3 0.284 ±0.083 (28.2%) 36%

Under different icing conditions, the micro-structure and den-
sity of the accreted ice change. The importance of changing density
for accreted ice and ice properties has been investigated in several
publications.28,43–51 In this study, the density of the ice is approxi-
mated by the ratio of the mass to the thickness of the ice, as the area
of the aluminum bars exposed to icing is the same for all ice types
resulting in an approximately equal icing area. This approximation
of the density is denoted as apparent density.

Uncertainties in the apparent density are a combination of
the uncertainty in the mass of the detached ice and the maximum
thickness of the ice samples. However, neither the uncertainty from
the digital weight, the uncertainty from the vernier caliper, nor
the uncertainty from the varying thickness of the ice samples are
included in the error analysis of the apparent density. As the use
of the apparent density is an approximated parameter to discuss
the actual density of the ice, the added uncertainty of the appar-
ent density calculations has been omitted for simplicity. When these
observations are repeated or expanded in a later study, these uncer-
tainties must be accounted for in a systematic fashion to ensure
that the discussion includes the actual density of the different ice
types.

In Fig. 4, the mean ice adhesion strength for each ice type
is shown as a function of the mass divided by the thickness. In
this figure, the three ice types are clearly differentiated by their
apparent density. This observation is in accordance with other stud-
ies.28,44–46,48,51 It can be seen from Fig. 4 that a higher apparent
density indicates a lower ice adhesion strength.

Although the results from the large number of tests indicate a
relation between density and ice adhesion strength, the number of
tests are not sufficiently large to result in a predictive model. When
a best fit function is forced, it becomes overfitted and thus non-
predictive. However, there is a significant relationship between the
apparent density and the ice adhesion strength as shown by P-values
in supplementary material. To indicate the relation, a best-fit linear
model for the adhesion strength as function of density based on all
performed experiments became

τ = −0.0015x10−3ρ′ + 1.7811, (2)

FIG. 4. Mean ice adhesion strength per ice type as a function of mass per ice
thickness, i.e. apparent density, with standard deviations included. The linear fit-
ting is given by equation (2), and is calculated from all experimental data (see
supplementary material).
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where τ is the ice adhesion strength in MPa, and ρ′ is the ice den-
sity in kgm−3. The ice density ρ′ is calculated as the ratio of apparent
density in gmm−1 to the icing area A = 1100 mm2, which is con-
stant for all ice types. The linear relation for ice adhesion strength in
equation (2) is given as a function of the ice density ρ′ instead of
apparent density to make the relation applicable for testing by other
research groups in SI-units.

The significance of the linear relation decreases when subsets
of the experimental data points are considered compared to the lin-
ear relation in equation (2) where all observations are included (see
supplementary material). Both quadratic and exponential models
show similar or less correlation than linear models, but as the exact
relation is unknown at this time the simplest linear relation is shown.
Further research is needed to establish the exact correlation between
ice adhesion strength and density of different ice types and more
variables, such as icing conditions. It is important to remember that
such an improved relation might not be linear.

The results in this study are preliminary, and only deal with
apparent density as compared to actual density. The authors plan to
conduct further studies, which will increase the insight into the rela-
tion between the ice density and ice adhesion strength for all three
types of accreted ice.

B. Properties of the ice
The three ice types included in this study are all composed of ice

Ih, as they are all obtained by freezing water at atmospheric pressure
in a temperature above −100○C.4 Ice Ih crystallizes in a hexagonal
lattice, where the molecules are linked to each other with hydrogen
bonds.

The porosity of sea ice is a function of density, temperature and
salinity.52 For zero salinity, as in de-mineralized water, and at con-
stant temperature, the porosity of ice will depend on density alone.
For the rest of this paper, the term porosity will therefore be inversely
equivalent to the ice density.

The density of the three types of ice are all dependent on the
fraction of air volume. From Fig. 4, it is seen that Ice 1 has the lowest
density, followed by Ice 2 and then Ice 3. The opacity of the ice is also
a measure of the density of the ice, as a higher fraction of air bubbles
in the ice results in a more opaque ice.53 From Fig. 1a, it is clear that
Ice 1 has a much higher degree of air bubbles present than the other
types of ice, and that Ice 3 in Fig. 1c is almost completely free of
air bubbles. The different transparencies of the ices substantiates the
different densities of the ice types as seen in Fig. 4.

The ice type with the highest theoretical density is often
denoted as glaze ice, due to the lack of air bubbles in the ice25,45

compared to other ice types such as for instance freezing drizzle,
hail, hoarfrost, rime, and others.54 The exact definition of glaze ice
varies,25,42,54 but it can be assumed that Ice 3 displays a structure sim-
ilar to that of theoretical glaze ice due to the high transparency and
the lack of air bubbles.53 Micro-structures of the ice types might be
proposed based on the densities, and such proposed structures can
be found in the supplementary material.

The density of accreted ice depends on both temperature and
the droplet impact velocity, and has been found to increase with
the increase of impact velocity and droplet size.28 For low impact
velocity the droplets retain their spherical shapes and form an open
ice structure of low densities when freezing. At −10○C, droplets

start merging together, but are still individually discernible.28 For
higher impact velocity, the droplets start fusing together, mostly by
a spreading in liquid state over the underlying ice. Such a process
increases the density of the ice. At similar temperatures, the only dif-
ference in density will be due to the impact velocity. With respect to
the processes described, the micro-structure of Ice 1 and Ice 2 should
be similar to the proposed micro-structures.

It is worth mentioning that when the iced surface area is
assumed constant and equal to the surface area of the detached ice,
the density of the ice types fits well with the predictions of previous
studies on density of ice types,28 although slightly elevated compared
to what is expected (see supplementary material).

C. Comparison with analytical models
The ice adhesion results obtained in this investigation match

previous experiments.22,55 Several analytical models have tried to
explain the mechanisms of ice adhesion. One model explains ice
adhesion through electrostatic interactions,25 while another explains
ice adhesion through the existence of a liquid-like layer at the ice-
solid interface.34 These models are further described in supplemen-
tary material.

Both analytical models include different ice types in their equa-
tions, but when the parameters from this study are tested, the models
give predictions that are in direct contrast with the experimental
results. The electrostatic model gives a lower ice adhesion strength
for lower densities,25 which would mean that Ice 1 should have a
lower ice adhesion strength than Ice 3. For the model based on the
liquid-like layer in the ice-solid interface,34 the calculations predict
that the ice adhesion strength of Ice 2 should be higher than the
ice adhesion strength of Ice 1. It is clear from Fig. 3 that neither
trend is observed. It can be concluded that the existing models do
not take different ice types sufficiently into account. To increase
the predictability of models, new models of ice adhesion strength
should be tested with several different types of ice to be as general as
possible.

D. Possible mechanisms
So far, there is no clear explanation as to why the different ice

types behave as observed in the experiments performed in this study.
In addition, the mechanisms governing the ice detachment during
ice adhesion tests are strongly coupled. The mechanical properties
of ice are directly related to their micro-structure. In this section,
some of the factors which might influence the ice detachment of
the three different ices are described and briefly discussed. These
factors should be included in further studies to predict the ice adhe-
sion strength of different ice types and explain their detachment
mechanisms.

The micro-structure of ice is determined during the crystalliza-
tion process. Icing can generally be divided into wet icing and dry
icing,5,56 which are separated by the amount of available water dur-
ing freezing. For dry icing, such as Ice 1 and Ice 2, the density is lower
than for wet icing,5 such as Ice 3. In addition, the crystallization pro-
cess is influenced by the heat balance of the icing,57 which varies for
different icing conditions.

The stiffness and elastic modulus of ice and the ice porosity
have a negative linear relationship for a given grain size,58,59 such
that a higher density results in a higher cohesive stiffness of the ice.
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It has been suggested that hydrogen bonds greatly influence the ice
adhesion strength,40 which is consistent with the stiffening of the ice
at higher densities due to a shortening hydrogen bond.60,61 A con-
sequence of this stiffening is that Ice 3 is stiffer than the other ice
types, due to a higher density. The higher stiffness might be a factor
for the lower ice adhesion strength observed, similar to that found in
the adhesion of geckos.62

There are two relevant length scales in freshwater ice which
affects the fracture behavior, namely the grain size and the ice thick-
ness.63,64 As such, the most important factor for the detachment
behavior is likely the grain size distribution. An increase of grain
size reduces the strength of the ice.5 There are larger stress con-
centrations in front of larger crystal grains, and grain sizes influ-
ence whether the failure of ice is brittle or ductile at a given strain
rate ε̇.65–67 Furthermore, the density of micro-cracks is propor-
tional to the grain size,68 giving more faults in ices with larger grain
sizes.

Another important factor which influences the ice adhesion
strength is the temperature at the ice and surface interface. How-
ever, in this study, this factor can be excluded due to the same
air temperature for all tests and the inability to distinguish the
instances of Ice 3 where a different initial water temperature was
utilized.

Further research is required to explore the difference in ice
detachment mechanisms for the three ice types. As several of the
potential influencing factors depend on the grain sizes, it is impor-
tant to understand the role of grain size on the ice adhesion. The
relevant detachment processes could also be investigated computa-
tionally, similarly to previous simulations of ice adhesion.69–71 Such
knowledge could lead to the improvement of anti-icing surfaces by
specializing the detachment process of ice.

V. CONCLUDING REMARKS
Ice and frost cause inconvenience for daily life, and can have

potentially catastrophic consequences. One of the promising anti-
icing strategies is the reduction of ice adhesion. Unlike previ-
ous studies focusing on the development of icephobic surfaces,
this investigation is an attempt on the impact of different types
of ice on the ice adhesion properties for the same substrate and
environmental conditions. The ice types included in the investi-
gation were precipitation ice created in a cold room with water
droplets raining, in-cloud ice generated in a wind tunnel, and bulk
water ice frozen directly onto the bars with silicon molds. The ice
was frozen on identical aluminum 6061-T6 bars, and ice adhe-
sion strength was measured with the centrifuge adhesion test. A
relation was found between the mass per thickness of the gener-
ated ice and the ice adhesion strength. From this relation, it is
seen that the ice adhesion strength decreases for an increasing den-
sity of the generated ice. Ice 3, which was the ice type with the
highest density, was found to have an ice adhesion strength of
less than 40% of that of Ice 1, which was hardest to remove. It
appears that ice stiffness or porosity plays an unexpected role in
ice adhesion strength and more studies are definitely needed to
depict the effect of icing process on the resulting adhesion mecha-
nisms. If correct, these observations may inspire a new strategy in
icephobic surfaces, specifically tailored to the ice which is desired
removed.

SUPPLEMENTARY MATERIAL

Supplementary material available, including full experimen-
tal results, information about statistical analysis, proposed micro-
structures for the ice types, and comparison of results with analytical
models.
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S1. ENVIRONMENTAL AND ICING CONDITIONS

The environmental conditions for the icing is apparent in
Tab. S1. The icing conditions are apparent in Tab. S2. An-
other version of Fig. 3 is shown in Fig. S1, where the num-
ber of samples in each measurement series are included. The
measurements are in the same order as in Tab. S1 and S2.

All experimental data, observations and results are avail-
able on request.
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FIG. S1: Values of the ice adhesion strength for the three ice
types with total standard deviation for each ice type. The
number of samples tested in each measurement series is

included for comparison.

S2. EXPERIMENTAL PARAMETERS

A. Temperature

In Fig. S2, the variations in air temperature during the icing
processes for the different measurement series can be seen. It
is apparent that the air temperature was more variable for Ice
2 generated in the wind tunnel than for the icing processes
performed in the cold room. However, there is no apparent
relation between the ice adhesion strength and the air temper-
ature for any of the icing processes. Even though the Ice 3 air

a)Corresponding author. E-mail: zhiliang.zhang@ntnu.no. Telephone:
+4773592530 / +4793001979
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FIG. S2: Ice adhesion strength as function of variations in air
temperature during the icing processes for the different

measurement series.

temperature is included in this overview, the air temperature
in the cold room was not actively recorded during this icing,
as the icing time was so long and variable.

The variations in the surface temperature of the aluminum
bars during icing are seen in Fig. S3. This Fig. shows that
there is a much greater variation in the temperature of the
bars subjected to freezing drizzle than the two other icing pro-
cesses. For Ice 3, the surface temperature was not measured
beyond the initial temperature, and there is therefore no record
of the temperature surface variation.

Ice 1 has an icing time of 33 minutes, with only 8 minutes
and 15 seconds for Ice 2. Comparing these two ice types, it
seems that a higher icing time is related to an increase in both
the temperature of the surface and the temperature variation.
This increase might be a result of more latent heat released
during icing for a longer icing time. However, the release of
latent heat is dependent on the amount of ice accreted, which
might be measured in the mass of ice on the sample.

In Fig. S4, the surface temperature is given as a function
of the mass of the ice. From this Fig., it can be seen that the
three types of ice has a different ice mass. The smallest mass
of ice is found in Ice 1, which also have the largest increase
and variation in surface temperature. From the small mass, it
would seem that the latent heat released would be smaller than
for heavier ice. It therefore seems that the release of latent
heat is not the main mechanisms behind the differing surface
temperatures of the ice types. The difference will most likely
be in the crystallization process itself.
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Type of ice Tair (◦C) Wind speed (m/s) Number of samples Test series number
In-cloud icing −10.1±0.1 15 9 1
In-cloud icing −9.9±0.1 15 7 2
In-cloud icing −10.1±0.1 15 9 3
In-cloud icing −10.2±0.1 15 9 4
In-cloud icing −10.2±0.1 15 9 5
In-cloud icing −10.2±0.1 15 8 6
In-cloud icing −10.3±0.1 15 9 7
Freezing drizzle −10.0±0.0 0 6 1
Freezing drizzle −10.0±0.0 0 6 2
Freezing drizzle −10.0±0.0 0 6 3
Freezing drizzle −10.0±0.1 0 6 4
Freezing drizzle −10.0±0.0 0 6 5
Mold ice∗ −10 0 4 1
Mold ice∗ −10 0 2 2
Mold ice −10 0 6 3
Mold ice −10 0 6 4
Mold ice −10 0 6 5
Mold ice −10 0 6 6
Mold ice −10 0 6 7

TABLE S1: Overview of the environmental conditions for the different measurement series. The amount of samples in each
measurement series is also included. For measurement series marked with ∗, the thickness of ice was not measured. Their

results are not included in the density calculations.

Type of icing Tsur f ace (◦C) Icing time Waiting time before testing Number of samples
In-cloud icing −9.4±0.2 8min15sec 1h 9
In-cloud icing −9.3±0.2 8min15sec 1h 7
In-cloud icing −8.8±0.4 8min15sec 1h 9
In-cloud icing −9.2±0.2 8min15sec 1h 9
In-cloud icing −9.3±0.2 8min15sec 1h 9
In-cloud icing −8.8±0.3 8min15sec 1h 8
In-cloud icing −8.8±0.4 8min15sec 1h 9
Freezing drizzle −6.8±1.6 33min 1h 6
Freezing drizzle −6.8±1.6 33min 1h 6
Freezing drizzle −6.7±1.5 33min 1h 6
Freezing drizzle −6.7±1.5 33min 1h 6
Freezing drizzle −6.9±1.5 33min 1h 6
Mold ice∗ −10 2h30min − 4
Mold ice∗ −10 2h15min − 2
Mold ice −10 2h − 6
Mold ice −10 3h15min − 6
Mold ice −10 2h − 6
Mold ice 4 3h − 6
Mold ice 4 2h − 6

TABLE S2: Overview of the icing conditions for the different measurement series, including the amount of samples tested in
each series. For measurement series marked with ∗, the thickness of ice was not measured. Their results are not included in the

density calculations.

B. Icing time

The generation of Ice 3 was not standardized at the time
of testing, and several different icing times were utilized. In
Fig. S5, the icing time is displayed as a function of the ice
adhesion strength. The initial temperature of the aluminum
bars were either −10◦ or 4◦, and the tests performed with the

higher initial temperature are marked with a frame in Fig. S5.
It can be assumed from the lack of order in Fig. S5 that the
initial temperature of the aluminum bars does not impact the
ice adhesion strength for an icing time of two hours or more,
and that there was no relation between the icing time and ice
adhesion strength for Ice 3.
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FIG. S3: Ice adhesion strength as function of variations in
surface temperature during the icing process for the different

measurement series. For the Ice 3, only the initial
temperature was measured due to the long icing time. The

inset shows Ice 3 with initial temperature 4◦C.
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FIG. S4: Variations in surface temperature during the icing
process as function of the mass for the different measurement

series. For the Ice 3, only the initial temperature was
measured due to the long icing time. The inset shows Ice 3

with initial temperature 4◦C.

S3. STATISTICS

A. Standard deviation

The standard deviation of the ice adhesion strengths were
calculated both for all experiments as seen in Fig. 4, and for
each measurement series as given in Fig. S1. Standard devia-
tions are calculated by the formula

S =

√
∑(x− x̄)2

(n−1)
, (S1)
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FIG. S5: Ice adhesion strength as function of icing time of
Ice 3 for the different measurement series. The series with

surface temperature 4◦ are marked with an extra circle.

where S is the standard deviation, x is the ice adhesion strength
from each test, x̄ is the mean ice adhesion strength per mea-
surement series and n is the number of tests per measurement
series.

Additionally, when calculating the total standard deviation
of the ice adhesion strengths for each ice types, as shown in
Fig. S1, the calculation was given by [S1,S2,S3]

S2
total =

∑g
i=1 ni(s2

i +(x̄i− x̄tot)
2)

∑g
i=1 ni

, (S2)

where Stotal is the total standard deviation, g is the number of
measurement series, ni is the amount of tests in measurement
series i, si is the standard deviation of measurement series i, x̄i
is the mean ice adhesion strength of measurement series i and
x̄total is the mean ice adhesion strength for all measurement
series for that ice type.

B. Probability distribution

In Fig. S6, the probability distribution based on the col-
lected data of the ice adhesion strength for the different ice
types is shown. The probability is normalized, and the height
of each bar is equal to the probability of selecting an observa-
tion within that bin interval [S4].

C. Regression analysis

In total, the regression analysis included 120 measurements
of ice adhesion strengths for the three different ice types. For
five tests with Ice 3, bulk water ice, the thickness of the ice was
not measured before the ice adhesion strength was tested due
to experimental issues. These samples do not therefore have
a measure of apparent density. The five tests were from two
different measurement series, and these measurement series
were not included in the regression analysis.
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FIG. S6: Probability distribution for ice adhesion strength of
the three ice types. The ice types according to Tab. 1 are
marked for each section, and the overlap between the ice

types are darker than the surrounding sections. The different
sections are boarded with differing line styles for easier

differentiation in the overlap.
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FIG. S7: Ice adhesion strength as a function of mass per ice
thickness for all ice types with all measurements included, ,

with a best-fit linear model.

The regression analysis used in this study was performed in
Matlab [S4]. A linear model was obtained with the function
fitglm.m, which created a generalized linear model with the
ice adhesion strength as response variable fitted to the appar-
ent density. In Fig. S7 the generalized linear model is shown
for all the data points of the ice adhesion strength. In addi-
tion, both a quadratic fitting with the function polyfit.m and an
exponential fitting of the form a−bexp(cx) with the function
fit.m were performed for all the data points. The results of
these models can be seen in Fig. S8 and Fig. S9.

A measure of the goodness of fit between the ice adhesion
strength and the apparent density is found in the goodness-of-
fit parameter R2 from models, as well as in the results R and P
from the corrcoef.m-function, which was also included [S4].
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FIG. S8: Ice adhesion strength as a function of mass per ice
thickness for all ice types with all measurements included, ,

with a best-fit quadratic model.
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FIG. S9: Ice adhesion strength as a function of mass per ice
thickness for all ice types with all measurements included, ,

with a best-fit exponential model.

The results of the goodness-of-fit parameters associated with
the regression models are found in Tab. S3, while the corre-
lation in the raw data are found in Tab. S4. The acceptable
value of R2 for the fit of data to a model varies for different
applications [S2], but a value between 0.7 and 0.95 is consid-
ered "satisfactory to good" [S3]. When R2 is in this range, the
data fits well with the predicted model. When R2 is above 0.95
it is an indication of over fitting, which decreases the models
ability to predict other results [S2].

The P-values are computed from the corrcoef.m-function.
These P-values are designed for testing the hypothesis that
there is no relationship between the observed phenomena
[S4]. If P is smaller than the significance level, then the cor-
responding correlation is considered significant. The default
significance level is 0.05, and it can be seen from Tab. S4
that the P-values obtained for the relation between apparent
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density and ice adhesion strength are well below this signifi-
cance level when all experimental observations are included.
As expected, the correlation decreases when fewer data points
are included. The significant correlation of all experimental
observations clearly indicates a relation between the apparent
density of the bulk ice and the ice adhesion strength.

S4. PROPOSED MICRO-STRUCTURE

In Fig. S10, the proposed micro-structures of the three
types of ice can be seen. These three structures are based on
assumptions found in section IV B.

(a) Ice 1

(b) Ice 2

(c) Ice 3

FIG. S10: Sketch of the proposed micro-structure of the three
types of ice included in this investigation. The three types of

ice are described in Tab. I.

S5. ANALYTICAL MODELS

A. Ice adhesion based on electrostatic interactions

A theoretical model of ice adhesion has been developed
based on the electrostatic interaction as the main contribution
to the adhesive force [S5]. The model presented is based on
water behavior, substrate roughness and ice type [S5]. The ice
adheres to the surface as an effect of electrostatic attraction,
which is due to the polarization of the water molecules.

The model differentiates between different types of ice by
introducing a porosity fraction, given by

fpor = ρice/ρglaze,

where ρglaze = 917kgm−3 is the theoretical highest density
for ice. For different types of ice with a lower density than
the theoretical maximum, the porosity fraction is less than 1.
According to the model [S5], the porosity fraction is multi-
plied with the ice adhesion strength, meaning that a lowering
of the density lowers the ice adhesion strength. This trend
predicted by the model is not in accordance with our observa-
tions, where the ice adhesion strength increased for less dense
ice types.

B. Ice adhesion based on the liquid-like layer

The liquid-like layer is a layer of water situated at the sur-
face of ice. The liquid-like layer is well documented as part
of regelation phenomena [S6], and is believed to be present at
all ice-solid interfaces as well as free ice surfaces. The thick-
ness of the liquid-like layer depends on the icing conditions,
more specifically the surface temperature during icing. The
liquid-like layer is given by [S7]

H = a−b log10(Tf −Ta), (S3)

where a = 32nm and b = 21nm are constants, Tf is the fusion
temperature of ice, Ta is the ambient temperature during ic-
ing and H is the thickness of the liquid-like layer measured in
nm. In this study, the surface temperature of the aluminum is
applied instead of the air temperature, as the surface temper-
ature will be determinative for the icing conditions and varies
between the different ice types to a greater degree than the air
temperature. The thickness of the liquid-like layer increases
for higher surface temperatures [S7]. As the surface temper-
ature of the aluminum bars during generation of Ice 1 was
higher than the surface temperature of the aluminum bars dur-
ing generation of Ice 2, the liquid-like layer is assumed to be
higher for Ice 1 than for Ice 2.

A model has been developed which bases an analytical ap-
proach to ice adhesion on the assumption of a liquid-like layer
[S8]. This model is given by

τice =
2RsmRα γ(cosθi + cosθs)

MV D ·U ·H · tn
, (S4)

where τice is the ice adhesion strength, Rsm is the mean spacing
of profile irregularities, Rα is the average roughness, γ is the
surface tension of water, cosθi is the contact angle between
ice crystals and the liquid-like layer, cosθs is the contact an-
gle between the liquid-like layer and the substrate, MV D is
the median volume diameter of incoming droplets, U is the
droplet impact velocity, H is the thickness of the liquid-like
layer and tn is the average nucleation time of droplets upon
impact with the substrate.

When applying this model to explain the differences of ice
adhesion strength seen in this investigation for different types
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Type of fit Data included Model equation R2 Fig.
Linear All data points τ =−1.0764ρ ′+1.5184 0.453 S7
Quadratic All data points τ = 2.2567ρ ′2−5.0289ρ ′+3.2107 − S8
Exponential All data points τ = 220.9−219.4exp(0.005ρ ′) 0.453 S9

TABLE S3: Table of obtained model parameters through regression analysis in Matlab for the relation of ice adhesion strength,
τ , and apparent density, ρ ′.

Data included R P
All data points −0.6733 2.65 ·10−17

Mean per measurement series −0.8478 1.72 ·10−5

Mean per ice type −0.9460 0.210

TABLE S4: Table of obtained correlation coefficients from the correlation analysis of the raw data in Matlab in corrcoef.m.

of ice, the only relevant parameters are the parameters con-
nected to the icing as the surface remains constant. It is further
assumed that, as the same type of water and the same environ-
mental conditions are applied, the nucleation time tn remain
constant. The only parameters we need to check are therefore
the median volume diameter of the incoming droplets MV D
the droplet impact velocity U and the thickness of the liquid-
like layer. To compare the effect of these two parameters we
introduce the constant C given by

C = MV D ·U ·H. (S5)

This constant can be calculated for both Ice 1 and Ice 2, and
is displayed in Tab. S5. As the generation of Ice 3 does not
involve a drop impact, the ice adhesion strength for Ice 3 can-
not be modelled by this analytical model. The value of this
constant may enable us to approximately compare the ice ad-
hesion strength Ice 1 and Ice 2.

Ice 2 is investigated first. The wind speed is constant, and
set to 15ms−1, giving this value for the droplet impact veloc-
ity U2. The value of the median droplet volume diameter is
MV D2 = 27µm. From equation (S3), the liquid-like layer is
calculated to H2 = 11.9nm. These values gives the constant

CIce2 = 4.80×10−3 m2s−1. (S6)

For the calculation of C for Ice 1, the median droplet vol-
ume diameter is MV DIce1 = 324µm. From equation (S3), the
liquid-like layer is calculated to H2 = 14.5nm. The droplet
impact velocity UIce1 needs to be calculated separately. This
calculation is performed by using an equation of motion

v2
1− v2

0 = 2ags,

where v0 and v1 are the initial and final velocities respectively,
ag is the acceleration due to gravity, and s is the distance trav-
elled by the droplet. The acceleration is given by gravity, and
the distance travelled by the droplet is measured to s = 1.6m
with a tape measure. It is assumed zero initial velocity when
the droplet is released from the nozzle. The droplet impact

velocity U is given by v1, and becomes

UIce1 =
√

2ags− v2
0 = 5.60ms−1. (S7)

When this value is included in equation (S5), the constant be-
comes

CIce1 = 2.64×10−2 m2s−1. (S8)

These results show that CIce1 >CIce2.
As can be seen in equation (S4), the constant C of equation

(S5) is situated in the denominator of the fraction. This posi-
tion means that a larger value of C gives a smaller value of the
ice adhesion strength τ . According to this analysis, the value
of ice adhesion strength for Ice 1 should therefore be lower
than the ice adhesion strength for Ice 2. As can be seen from
Fig. 3 and S1, the experiments do not agree with this reason-
ing and gives the opposite result. However, the parameters in
equation (S4) which have been assumed constant are possible
sources of error.

For Ice 3, the model described by Guerin et al [S8] cannot
be directly appropriated. The model requires an impact veloc-
ity, which is not present in the generation of Ice 3 by use of
silicon molds.

The difference in ice types is not included in the analytical
model [S8]. If an additional factor of density or porosity was
included in the model, the results might be in better agreement
with our observations. There are still aspects of the liquid-like
layer and its distribution which are unknown, and this uncer-
tainty might also impact the model. In addition, the nucleation
time tn has been assumed constant in the calculation of C, and
this constancy is most likely not correct. Furthermore, nei-
ther the droplet size nor the effect of air circulation has been
included in the model.

C. Ice density models

As different types of ice has different densities, an effort has
been made to predict the density of accreted ice under various
conditions. One such model [S9] states that the ice density is
a function of the droplet size rd = 1

2 MV D, the impact speed
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Ice type T̄s MV D U H C ρc ρ̄
[◦C] [µm] [ms−1] [nm] [m2nms−1] [gcm−3] [gcm−3]

Ice 1 −6.8 324 5.60 14.5 2.64 ·10−2 4.55 0.66
Ice 2 −9.1 27 15 11.9 4.80 ·10−3 1.16 0.88
Ice 3 − − − − − − 0.94

TABLE S5: Parameters for calculating the model density together with the calculated and approximated actual density of the
ice types. T̄s is the average measured surface temperature for the icing process, MV D is the median volume diameter of

incoming water droplets, U is the droplet impact velocity, H is the thickness of the liquid-like layer calculated by equation (S3),
C =U(MV D)H is a non-physical constant, ρc is the ice density calculated from equation (S9) and ρ̄ is an approximation of the

density of the ice types, which is the mass of the ice divided by the thickness and the constant surface area A = 1100mm2.

Category Description Density ρ (average) [gcm−3]
Clear ice Virtually no air entrapped > 0.86 (0.906)
Transparent ice Moderate amounts of air entrapped in fairly large

bubbles
> 0.86 (0.906)

Milky ice Considerable amounts of air enclosed as small bubbles > 0.80 (0.876)
Opaque rime Dull and white, crumbles rather than cracks 0.40−0.90
Kernel rime Similar in appearance to kernels of corn on a cob 0.33−0.61
Feathery rime More open and fragile than kernel rime 0.08−0.40

TABLE S6: Six main classifications of accreted ice, as described by [S9,S10]. The top three ices are in the glaze family, while
the bottom three are in the rime family.

and the surface temperature, such that

ρc = 0.110
(
− rdU

T̄s

)0.76

. (S9)

To check whether this model holds for the ice generated in
this study, the density of the ice types is approximated by
dividing the apparent density on a constant surface area of
A = 1100mm2. These densities are shown in Tab. S5, to-
gether with the calculated densities from equation (S9).

As can be seen from Tab. S5, the measured densities ρ̄ of
the ices are within a reasonable range of the expected densities
of ice. In contrast, the densities predicted by equation (S9) are
much higher than anticipated, with higher densities that water.
However, the model in question was created with respect to
cloud droplets [S9], and the values of the impact velocity and
droplet radius are higher than the model accounts for.

In Tab. S6, an overview of different ice types is shown
[S9,S10]. When compared to the descriptions of the ice types,
Ice 1 might be described as kernel rime, Ice 2 might be de-
scribed as opaque rime and Ice 3 might be described as clear
ice. When comparing the measured ice densities ρ̄ with the
densities in Tab. S6, it is clear that the values are within the
predicted range for the three ice types.

A comparison of ice types similar to the one in this investi-
gation, between glaze ice, hard rime and soft rime, have been
performed by other authors as well [S11,S12]. Their defini-
tions of the three ice types are similar to those outlined in Tab.
S6, and therefore also substantiates the densities and classifi-
cations of the three ice types in the present study. However,
in this previous comparison [S11], glaze ice is described as
highly adhesive while rime ice is described as less adhesive.
These descriptions are not consistent with the findings of this

investigation, and indicates that more research is needed.
It is worth noting that the densities reported in Tab. S6 was

calculated by dividing the mass by the measured volume of
the accreted ice [S9], which is the same method used in this
study. The slightly elevated densities might be a result of the
assumed constant surface area of icing.

Neither of the models for predicting ice adhesion strength
have been in accordance with the observations in this study.
Different classifications of ice types and their densities are
more in accordance with the ices generated here, but the pre-
diction by models is still not correct. It may therefore be con-
cluded that new models should be based on more than one
type of ice to be fully predictive.
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Abstract: Low ice adhesion surfaces are a promising anti-icing strategy. However, reported ice
adhesion strengths cannot be directly compared between research groups. This study compares
results obtained from testing the ice adhesion strength on two types of surfaces at two different
laboratories, testing two different types of ice with different ice adhesion test methods at temperatures
of −10 and −18 ◦C. One laboratory used the centrifuge adhesion test and tested precipitation ice
and bulk water ice, while the other laboratory used a vertical shear test and tested only bulk water
ice. The surfaces tested were bare aluminum and a commercial icephobic coating, with all samples
prepared in the same manner. The results showed comparability in the general trends, surprisingly,
with the greatest differences for bare aluminum surfaces at −10 ◦C. For bulk water ice, the vertical
shear test resulted in systematically higher ice adhesion strength than the centrifugal adhesion test.
The standard deviation depends on the surface type and seems to scale with the absolute value of the
ice adhesion strength. The experiments capture the overall trends in which the ice adhesion strength
surprisingly decreases from −10 to −18 ◦C for aluminum and is almost independent of temperature
for a commercial icephobic coating. In addition, the study captures similar trends in the effect of
ice type on ice adhesion strength as previously reported and substantiates that ice formation is a
key parameter for ice adhesion mechanisms. Repeatability should be considered a key parameter in
determining the ideal ice adhesion test method.

Keywords: ice adhesion; interlaboratory; ice removal; ice type; anti-icing; icephobic

1. Introduction

Anti-icing surfaces, or icephobic surfaces, are a promising technique for passive ice removal and
may help mitigate and avoid dangerous situations and unwanted icing in our daily life [1–4]. The most
promising strategy for anti-icing surfaces is low ice adhesion surfaces, where the ice automatically
detaches from the surface by its own weight or natural forces [5–7]. However, although the amount of
research on low ice adhesion surfaces has steadily increased over the past few years [8] and record low
ice adhesion strengths of below 1 kPa have been reported [9–11], each research group develops its own
custom-built set-up for measuring ice adhesion strength [9,12–15]. As a result, reported ice adhesion
strength measurements cannot be directly compared [7,8,16,17].

In this experimental study, the research groups at the Anti-icing International Materials Laboratory
(AMIL) at the University of Québec in Chicoutimi and the Nanomechanical Lab at the Norwegian
University of Science and Technology (NTNU) collaborated to compare obtained ice adhesion strength
measurements from two commonly available surfaces. Both have custom-built laboratory facilities able

Coatings 2019, 9, 678; doi:10.3390/coatings9100678 www.mdpi.com/journal/coatings
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to measure internally comparable ice adhesion strength in controlled environments. The ice adhesion
strength was measured with a centrifuge adhesion test (CAT) at AMIL, and with a vertical shear test
(VST) at NTNU. The centrifuge test is one of the most repeatable ice adhesion tests, although it cannot
produce stress–strain curves [8,17,18]. For larger facilities, the CAT is a common way to measure
ice adhesion strength, often for impact ice types produced with a freezing drizzle or in-flight icing
simulation [19–31]. The VST is very common due to its simple and economical set-up and performance,
although the location of the force probe impacts the ice adhesion strength greatly [32], and the stress
distribution may not be completely uniform [8,17,18]. The VST is commonly in use by several research
groups [7,11,32–39], and has been suggested as a standard for ice adhesion measurement utilizing only
commercially available instruments [14].

When comparing reported ice adhesion strengths, it is also necessary to include the type of ice
tested. Measured ice adhesion strength is highly dependent on the ice tested [40], and it is essential
to test ice adhesion strength with a realistic ice type for low ice adhesion surfaces with a specific
application in mind. In this study, both ice from freezing precipitation and ice from bulk water samples
were tested (see Figure 1). These ice types are analogous to those presented elsewhere [40], and while
precipitation ice (PI) is a form of ice from impacting freezing supercooled droplets (Figure 1a), bulk
water ice (BWI) is a static, non-impact type of ice (Figure 1b,c). BWI is the most common ice for
testing of ice adhesion strength [5,9,10,12,33,34,41–50], although PI has also been studied [19,24,51,52].
For most practical applications, PI is more realistic than BWI [8,17].
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Nanomechanical Lab at the Norwegian University of Science and Technology (NTNU) (Tair = −18 °C). 

The comparison of ice adhesion strength measured at the AMIL and NTNU for the two types of 
ice showed that all results are comparable within the general trends between the NTNU and AMIL, 
with the greatest differences for bare aluminum surfaces at −10 °C. However, there are considerable 
differences between different laboratories. The study provides further evidence that ice formation is 
a key parameter in predicting the ice adhesion on different surfaces. 

2. Materials and Methods  

The ice adhesion strength of two surfaces were tested by both the AMIL and NTNU in their 
respective facilities. The surfaces tested were bare aluminum 6061-T6, and aluminum covered with 
EC-3100, a two component, water-based, icephobic, non-stick coating from Ecological Coating, LLC 
(New York, NY, USA) [53]. The testing of this icephobic coating has been reported previously [52,54]. 
The bare aluminum samples were polished with Walter BLENDEX Drum fine 0724 M4 (Windsor, 
CT, USA). To ensure similar surfaces, all the tested surfaces were prepared at AMIL facilities and 
transported to NTNU for testing. Each surface was tested only once to discount the durability aspect 
of the surfaces. All ice was generated with demineralized water of resistivity 18 MΩ cm. Both 
temperatures of −10 °C and −18 °C were tested with six different samples from each configuration to 
generate average ice adhesion strength. Full experimental protocol is available as part of the 
supplementary materials.  

Figure 1. Pictures of the ice types tested in the study. (a) Illustration of precipitation ice (PI) created
at the Anti-icing International Materials Laboratory (AMIL) (Tair = −18 ◦C); (b) illustration of bulk
water ice (BWI) created at AMIL (Tair = −18 ◦C); (c) illustration of bulk water ice created at the
Nanomechanical Lab at the Norwegian University of Science and Technology (NTNU) (Tair = −18 ◦C).

The comparison of ice adhesion strength measured at the AMIL and NTNU for the two types of
ice showed that all results are comparable within the general trends between the NTNU and AMIL,
with the greatest differences for bare aluminum surfaces at −10 ◦C. However, there are considerable
differences between different laboratories. The study provides further evidence that ice formation is a
key parameter in predicting the ice adhesion on different surfaces.

2. Materials and Methods

The ice adhesion strength of two surfaces were tested by both the AMIL and NTNU in their
respective facilities. The surfaces tested were bare aluminum 6061-T6, and aluminum covered with
EC-3100, a two component, water-based, icephobic, non-stick coating from Ecological Coating, LLC
(New York, NY, USA) [53]. The testing of this icephobic coating has been reported previously [52,54].
The bare aluminum samples were polished with Walter BLENDEX Drum fine 0724 M4 (Windsor,
CT, USA). To ensure similar surfaces, all the tested surfaces were prepared at AMIL facilities and
transported to NTNU for testing. Each surface was tested only once to discount the durability aspect
of the surfaces. All ice was generated with demineralized water of resistivity 18 MΩ cm. Both
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temperatures of −10 ◦C and −18 ◦C were tested with six different samples from each configuration
to generate average ice adhesion strength. Full experimental protocol is available as part of the
Supplementary Materials.

2.1. AMIL Facility

The samples tested at AMIL were in the form of bars fit to the CAT apparatus, with the iced area
on one side and a counterweight on the other. The bars had a length of 340 mm and thickness of
6.3 mm, with icing occurring over an area of about 1100 mm2. This area was measured more precisely
after the ice adhesion test in order to have the exact ice-surface detached surfaces.

PI was created through a freezing drizzle in a cold room of constant temperature and a relative
humidity of 80% ± 2%. Six samples were iced simultaneously, with water of a median volume
drop diameter (MVD) of 324 µm and an initial temperature of 4 ◦C at the exit of the sprayer nozzle.
The surfaces had initial temperatures of the testing temperature, meaning either −10 ◦C or −18 ◦C. As
the water hit the sample surface, it supercooled and froze on contact. Water impact speed is due to
gravity as the water droplets fall from the nozzle; it is estimated to about 5 ms−1. The samples were
iced for 33 min and kept in a cold room for 1 h between icing and the ice adhesion test to allow the ice
to thermally stabilize.

BWI was created in the same cold room by freezing water in silicon molds from MoldMax30 by
Smooth-On (Macungie, PA, USA) [55]. The silicon molds had the same dimensions as the area iced
during the freezing drizzle to generate ice samples as similar as possible to the PI. The molds were
filled full of water, with the samples placed on top of the molds in contact with the water for freezing
to occur. The surfaces and water were at room temperature at the start of the icing. Freezing time was
3 h, after which the molds were removed. The ice adhesion test was conducted after 15 min, in which
the samples were weighed and measured.

The ice adhesion strength was measured with the CAT apparatus developed at AMIL [52] (see
Figure 2). The CAT apparatus consists of a centrifuge, a placed sample beam, a counterweight to
stabilize the bar with the ice sample, and a cover. The apparatus was placed within a cold room,
ensuring in situ measurements of the ice adhesion strength for PI and BWI. The balanced and iced
sample bars were spun in the centrifuge at an accelerating speed of 300 rpms−1 until the ice was
detached by the centrifugal force. Piezoelectric cells situated around the cover instantly detected the
detachment of the ice, giving a detachment angular velocity. The ice adhesion strength was calculated
as the centrifugal shear stress at the position of the center of mass of the ice sample at detachment
divided by the ice-solid contact area [52].
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2.2. NTNU Facility

The surfaces tested at NTNU were approximately square surfaces with a width of 7.3 cm, height
of 7.2 cm, and thickness of 25 mm. The ice sample was frozen in the middle of the surface for testing.
Both water and surfaces where initially at room temperature for the testing at NTNU.

The ice tested at NTNU was BWI. For the temperature of −18 ◦C, the ice samples were frozen in
a freezer, while for the temperature of −10 ◦C, the ice was frozen in a cold room situated at a slight
distance from the ice adhesion test. For both temperatures, the ice was frozen ex situ, and required
transportation through room temperature to the testing rig where the samples were again placed in the
original temperature for ice adhesion tests. For −18 ◦C, the transport time was about one min and 30 s,
while for −10 ◦C, the transport time was about three min. To account for the transport from the cold
room, the samples were transported in a box made of expanded polystyrene with freezer elements.
Both the box and freezer elements were placed in the cold room for thermal equilibration before and
after the transportation. After the transportation, the ice samples were placed in the ice adhesion test
chamber for 15 min before testing to achieve thermal stability.

The BWI samples were frozen on the tested surfaces in a polypropylene centrifuge tube mold
with a wall thickness of 1 mm and inner diameter of 27.5 mm. Silicone grease [56] was used to fasten
the tube mold to the tested surface to avoid leakage during water insertion. Then, 5 mL of deionized
water was inserted into the mold with a syringe to avoid air at the ice-solid interface, and pressure
from a 200 g metal cylinder was placed on top of the tube to avoid water leakage during freezing.
The water was frozen for 3 h before it was moved to the testing apparatus.

The ice adhesion test was performed with a VST and a custom-built set-up as modeled from other
facilities [14] (see Figure 3). The detachment force was measured with an Instron machine (model
5944, Norwood, MA, USA) with load cell capacity of 2 kN (2530 Series static load cells), equipped
with a home-built cooling system and chamber. The force probe fixed to the load cell was 5 mm in
diameter and imposed an increasing force on the tube-encased ice samples with an impact velocity of
0.01 mms−1. The placement of the probe was at the same point on the sample each test, situated 3 mm
away from the tested surface during loading. The loading curve was recorded, and the peak value
of the shear force was divided by the contact area to obtain the ice adhesion strength. As the probe
distance is small and the measured ice adhesion strength is above 10 kPa for all tests, gravity can be
discarded as negligible [8].
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3. Results

The measured ice adhesion strengths are shown in Figure 4. It can be seen that all results are
comparable to a degree, with the greatest differences for bare aluminum surfaces at −10 ◦C. Table 1
presents an overview of all the ice adhesion strengths obtained from both laboratories. To obtain an
average value, six different samples were tested at AMIL, except for BWI on bare aluminum at −10 ◦C
where only four samples could be tested. At NTNU, averages were created from five samples. All the
data are given in the supplementary materials.

Coatings 2019, 9, x FOR PEER REVIEW 5 of 12 

 

3. Results 

The measured ice adhesion strengths are shown in Figure 4. It can be seen that all results are 
comparable to a degree, with the greatest differences for bare aluminum surfaces at −10 °C. Table 1 
presents an overview of all the ice adhesion strengths obtained from both laboratories. To obtain an 
average value, six different samples were tested at AMIL, except for BWI on bare aluminum at −10 °C 
where only four samples could be tested. At NTNU, averages were created from five samples. All 
the data are given in the supplementary materials.  

 
Figure 4. Measured ice adhesion strengths. Aluminum surfaces are denoted as Al, while the surfaces 
with icephobic coating are denoted as IC. All three ice types created are shown for each surface-
temperature combination. Data displayed in Table 1.  

Table 1. Overview of mean values and standard deviations of ice adhesion strength. Data illustrated 
in Figure 4, with all data available in the supplementary information. 

Surface/Temperature 
Ice Adhesion Strength (kPa ± SD (%)) 

AMIL PI AMIL BWI NTNU BWI 
Aluminum/−10 °C 734 ± 75 (10%) 326 ± 30 (9%) 509 ± 185 (36%) 
Aluminum/−18 °C 340 ± 44 (13%) 285 ± 49 (17%) 393 ± 124 (32%) 

Coating/−10 °C 83 ± 3 (4%) 96 ± 34 (35%) 111 ± 19 (17%) 
Coating/−18 °C 78 ± 14 (18%) 85 ± 49 (58%) 135 ± 38 (28%) 

From Figure 4, it can be seen that for BWI, the NTNU VST method systematically yields higher 
ice adhesion strength than the AMIL CAT method for both aluminum surfaces and the icephobic 
coating. However, the standard deviation depends on the surface type. For bare aluminum, the 
deviation for VST is higher than CAT, while for the icephobic coating, the opposite trend is observed. 

The original measurements for the ice adhesion tests are displayed in Figure 5 for the CAT and 
Figure 6 for the VST. For CAT at AMIL, the original measurements consisted of rounds per minute 
(RPM) vs. time, including the constantly increasing RPM in the centrifuge combined with the 
piezoelectric signal indicating the RPM at ice detachment. For VST at NTNU, the original 
measurements were of force per time.  

Figure 4. Measured ice adhesion strengths. Aluminum surfaces are denoted as Al, while the
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Table 1. Overview of mean values and standard deviations of ice adhesion strength. Data illustrated in
Figure 4, with all data available in the supplementary information.

Surface/Temperature
Ice Adhesion Strength (kPa ± SD (%))

AMIL PI AMIL BWI NTNU BWI

Aluminum/−10 ◦C 734 ± 75 (10%) 326 ± 30 (9%) 509 ± 185 (36%)
Aluminum/−18 ◦C 340 ± 44 (13%) 285 ± 49 (17%) 393 ± 124 (32%)

Coating/−10 ◦C 83 ± 3 (4%) 96 ± 34 (35%) 111 ± 19 (17%)
Coating/−18 ◦C 78 ± 14 (18%) 85 ± 49 (58%) 135 ± 38 (28%)

From Figure 4, it can be seen that for BWI, the NTNU VST method systematically yields higher ice
adhesion strength than the AMIL CAT method for both aluminum surfaces and the icephobic coating.
However, the standard deviation depends on the surface type. For bare aluminum, the deviation for
VST is higher than CAT, while for the icephobic coating, the opposite trend is observed.

The original measurements for the ice adhesion tests are displayed in Figure 5 for the CAT and
Figure 6 for the VST. For CAT at AMIL, the original measurements consisted of rounds per minute (RPM)
vs. time, including the constantly increasing RPM in the centrifuge combined with the piezoelectric
signal indicating the RPM at ice detachment. For VST at NTNU, the original measurements were of
force per time.
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Figure 5. Rounds per minute (RPM)-time curves for CAT measured at AMIL for both ice types. The left
axis denotes the RPM, which increases with constant acceleration, and the right axis displays the
voltage measured by the piezoelectric cells. The end RPM was utilized to calculate the ice adhesion
strength as described elsewhere [52], and can be deduced by the placement of the piezoelectric signal
for each sample. All six samples for each surface and temperature are indicated, for (a) PI and (b) BWI.
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Figure 6. Force–time curves for VST ice adhesion measurements performed at NTNU. The maximum
force was divided by the contact area of the ice sample to calculate the ice adhesion strength. All five
samples for each surface and temperature are indicated.

4. Discussion

When comparing the two surface types for all ice types, all tests showed larger error bars for
aluminum than for the icephobic coating. This high standard deviation is in accordance with other
studies of ice adhesion strength and may be an inherent property of the ice removal mechanisms [8,56].
The ice adhesion strengths for the icephobic coating from both laboratories are close to each other,
but show larger variations for BWI up to 58%, compared to only 18% for PI.

The fluctuating standard deviations can be partially explained by the original measurements in
Figures 5 and 6. In Table 1, the instances with a standard deviation above 30% are bare aluminum
surfaces tested at NTNU and the icephobic coating with bulk water ice at AMIL. For all these instances,
it can be seen in the original measurements that there are significant outliers. In other words, some
samples for these cases display significantly changing behavior concerning ice adhesion strength,
which greatly impacts the mean value and standard deviation. The standard deviation for the
icephobic coating is generally lower than for bare aluminum, because there are fewer outlines in these
measurements, with the exception of bulk water ice on icephobic coating tested at AMIL in Figure 5b.
The standard deviations should be investigated further by expanding on this interlaboratory study
with more samples and more tests, in addition to including more laboratory facilities.

The most commonly utilized configuration when testing ice adhesion strength is a shear test
analogous to VST with bulk water ice at −10 ◦C [8]. As seen in Figure 6, this configuration includes
a high standard deviation for bare aluminum and is where the greatest difference between the two
laboratories and ice types are found. However, when the outlier from NTNU is removed, the mean ice
adhesion strength becomes 441 MPa, with a standard deviation of 17%. These values are much closer
to what would be expected based on the rest of the tests and configurations. However, a goal of this
interlaboratory study was to perform the tests in the default manner of the two laboratories. Although
the outlier for bare aluminum at −10 ◦C at NTNU displayed partly cohesive failure, as seen when
comparing Figures S10 and S12 in the supplementary materials, the failure was not clearly cohesive
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and as such would not have been excluded from the study. If it is assumed that the tendency for
outliers is possible for all ice adhesion tests, it might indicate why the standard deviation is generally
high for ice adhesion measurements for all test methods.

The effect of decreasing temperature varied for the tested surfaces. At AMIL, there was a marked
decrease of ice adhesion strength for PI on bare aluminum, and a lesser decrease for the icephobic
coating as well. This decrease is due to the increased occurrence of cohesive failures. Between −10 and
−18 ◦C, there is a transition from adhesive failures to more cohesive failures for aluminum and PI,
as shown previously [24]. The same transition can be seen for the icephobic coating (see supplementary
materials). At NTNU on the other hand, there was only one occurrence of partial cohesive failure
for bare aluminum surfaces, which occurred at −10 ◦C when using the VST. These observations
indicate that the transition to cohesive failures and the occurrence and impact of non-adhesive failures
depends on the ice adhesion test method and ice type. Furthermore, the occurrence of cohesive failure
displays no relation to the standard deviations in Table 1 and outliers in Figures 5 and 6. For the
BWI on the icephobic coating tested at NTNU, there is a slight increase of ice adhesion strength
with temperature. The varying effect of temperature on the ice adhesion strength for the different
configurations substantiate the difficulty in predicting the dependence of ice adhesion strength on
temperature, as reported previously [17].

In general terms, this study shows that there are large differences between different laboratories,
and that the differences do not seem to be systematic. It seems that for higher ice adhesion strengths,
the difference between different ice adhesion tests and ice types increases. It follows that more tests
with a larger range of ice adhesion values are needed to explore this relation more fully.

As two different ice types were tested at AMIL, a similar trend from Rønneberg et al. [40] can
be seen in that BWI has a lower ice adhesion strength than PI for bare aluminum. However, for the
icephobic coating, the ice adhesion strength for both ice types is very similar. As a result, it may be that
the difference in ice adhesion strength between different types of ice depends on whether the tested
surface is defined as a low adhesion surface.

When comparing the results from AMIL and NTNU, some general comments about different ice
adhesion measurement set-ups can be made. At low ice adhesion, the two test methods gave similar
results, while the VST seemed to give larger deviations than the CAT methodology. However, the VST
was easier to implement, and had a slightly lower standard deviation for low ice adhesion surfaces
with BWI. An alternative might be the lap shear test, as studied recently [57], although no comparison
can be made between this new test method and the ones presented in this study. As the outliers that
differed in ice adhesion strength from their peers greatly impacted the standard deviation for the ice
adhesion strength tests, repeatability should be a key factor in determining the ideal ice adhesion test.

Lastly, some additional sources of error present in the experiments reported here must be
mentioned. For the tests performed at NTNU, the ice adhesion tests were performed ex situ and the
ice samples and tested surfaces were moved between the freezer to the testing apparatus. Especially
the tests performed at −10 ◦C were subject to a long transport between two different laboratories,
and to account for this thermal variation, a polystyrene container was used. The effect of this container
compared to the shorter transport at room temperature for the tests performed at −18 ◦C cannot be
determined exactly. However, despite the transport which was assumed detrimental for ice adhesion,
the NTNU VST method yielded higher ice adhesion for both coatings, compared to AMIL results
where the experiments were performed in situ. This observation may indicate that the transportation
did not significantly affect the ice adhesion.

The ice sample size differed between AMIL and NTNU, with an iced area of about 1100 mm2 at
AMIL and only 594 mm2 at NTNU. While at AMIL, the ice samples covered the entire tested surface as
seen in Figure 1a,b; at NTNU the ice sample was situated at a part of the tested surface only, as seen
in Figure 3. The fact that the ice sample at NTNU was smaller compared to the surface structure,
especially for aluminum, may be a factor in the much higher standard deviation seen for the aluminum
samples from NTNU than the icephobic coating.
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5. Conclusions

In this study, the ice adhesion strength of two different surfaces were tested at two laboratories with
different ice adhesion test methods and two types of accreted ice. Despite the differences between the
laboratories, the experiments capture the overall trends in which the ice adhesion strength surprisingly
decreased from −10 ◦C to −18 ◦C for bare aluminum and was almost independent of temperature for
a commercial icephobic coating. For BWI, the NTNU VST method systematically yielded higher ice
adhesion strength than the AMIL CAT method. The standard deviations were approximately constant
when testing PI at AMIL and seem to scale with the absolute value of ice adhesion at NTNU. The VST
had higher deviations than CAT methodology for high ice adhesion values but were more similar
when testing low ice adhesion surfaces. For configurations with standard deviation above 30%, the ice
adhesion tests showed more significant outliers that differed from the other tests for that configuration
than those with a smaller standard deviation.

The experiments in this study were performed with a focus on keeping the conditions similar,
both within each lab and between AMIL and NTNU. However, the results still show significant
differences and variations for all configurations. As a result, more data from several more laboratory
facilities are needed, as well as more tests within each laboratory facility. Furthermore, the study
provides further evidence that the ice formation is a key parameter in predicting the ice adhesion
on different surfaces, as well as for the investigation of the mechanism of the ice detachment from
different surfaces and the occurrence of cohesive failures during ice adhesion testing. To determine the
ideal ice adhesion strength test, repeatability is a key factor to minimize the number of experimental
outliers which greatly impact the standard deviation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/9/10/678/s1;
Table S1: Experimental protocol, Table S2: All experimental results, Figure S1: Formation BWI at AMIL,
Figure S2 and S3: Formation BWI at NTNU, Figure S4 and S5: Typical adhesive failure at AMIL, Figure S6–S9:
Typical cohesive failure at AMIL, Figure S10 and S11: Typical adhesive failure at NTNU, Figure S12: Cohesive
failure at NTNU, Figure S13: Adhesion reduction factor (ARF).
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Nomenclature

AMIL Anti-icing Materials International Laboratory
ARF Adhesion reduction factor
BWI Bulk water ice
CAT Centrifuge adhesion test
F Centrifugal force
IC Icephobic coating
MVD Median volume drop diameter
NTNU Norwegian University of Science and Technology
PI Precipitation ice
RPM Rounds per minute
VST Vertical shear test
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S1. Experimental protocol 
Table S1 Experimental protocol used for the interlaboratory study. See Experimental section for more info on procedures. 

Facility Ice type Surface # Temperature Repetitions Icing 
time 

Waiting 
time 

AMIL Precipitation ice Aluminum -10 6 33min 1h 

AMIL Precipitation ice Coating -10 6 33min 1h 

AMIL Precipitation ice Aluminum -18 6 33min 1h 

AMIL Precipitation ice Coating -18 6 33min 1h 

AMIL Bulk water ice Aluminum -10 6 3h 15min 

AMIL Bulk water ice Coating -10 6 3h 15min 

AMIL Bulk water ice Aluminum -18 6 3h 15min 

AMIL Bulk water ice Coating -18 6 3h 15min 

NTNU Bulk water ice Aluminum -10 5 3h 15min 

NTNU Bulk water ice Coating -10 5 3h 15min 

NTNU Bulk water ice Aluminum -18 5 3h 15min 

NTNU Bulk water ice Coating -18 5 3h 15min 

 

Notes 

- Temperature relates to both freezing temperature and testing temperature 

- Initial temperature of both surfaces and water was room temperature for bulk water ice 

- All surfaces were only tested once 
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S2. All experimental results 
Table S2 Experimental results from the ice adhesion tests for all 66 samples. 

Surface Aluminum Aluminum Coating Coating 

Temperature Tair = -10oC Tair = -18oC Tair = -10oC Tair = -18oC 

AMIL, precipitation 
ice 

1 727 265 81 62 

2 741 320 79 81 

3 782 387 84 90 

4 788 346 85 59 

5 774 344 81 83 

6 589 380 86 90 

Mean 734 340 83 78 

SD 75 44 3 14 

10 % 13 % 4 % 18 % 

AMIL, bulk water ice 1 343 269 118 139 

2 346 315 70 119 

3 281 318 39 39 

4 332 193 113 17 

5  294 127 121 

6  318 106 72 

Mean 326 285 96 85 

SD 30 49 34 49 

9 % 17 % 36 % 58 % 

NTNU, bulk water ice 1 375 338 118 182 

2 543 467 96 158 

3 405 257 134 143 

4 819 569 119 97 

5 402 332 88 96 

Mean 509 393 111 135 

SD 185 124 19 38 

36 % 32 % 17 % 28 % 

 

 

  



 

3 
 

S3. Ice formation 
The formation of bulk water ice is illustrated in Figures 1, 2 and 3 for AMIL and NTNU, respectively. 

For the generation of precipitation ice, we refer to other publications [1, 2].  

 

Figure S1 Formation of bulk water ice at AMIL, same procedure for both temperatures. 

 

Figure S2 Formation of bulk water ice on aluminum surface at NTNU. For Tair = -18oC, the water was added in room 
temperature and moved to the freezer. For -10oC, the water insertion was performed in a cold room, otherwise with the 
same procedure. 



 

4 
 

 

Figure S3 Formation of bulk water ice on icephobic coating at NTNU, similar to Figure 2. 
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S4. Typical failure modes 
Typical failure modes when testing ice adhesion strength can be seen in Figures 4-12. For bulk water 

ice, the failures were adhesive. For precipitation ice at AMIL, the failures were mostly adhesive at Tair 

= -10oC and cohesive at Tair = -18oC. 

 

Figure S4 Typical adhesive failure observed at AMIL for bulk water ice at both temperatures, here for aluminum surface. 

 

Figure S5 Typical adhesive failure observed at AMIL for bulk water ice at both temperatures, here for the icephobic coating. 



 

6 
 

 

Figure S6 Adhesive failure observed at AMIL for precipitation ice at Tair = -10oC, here for aluminum surface. 

 

Figure S7 Cohesive failure observed at AMIL for precipitation ice at Tair = -18oC, here for aluminum surface. 
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Figure S8 Adhesive failure observed at AMIL for precipitation ice at Tair = -10oC, here for icephobic coating. 

 

Figure S9 Cohesive failure observed at AMIL for precipitation ice at Tair = -18oC, here for icephobic coating. 
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Figure S10 Typical adhesive failure at ice detachment for tests performed at NTNU. Here for aluminum surface tested at Tair 
= -18oC. 

 

Figure S11 Typical adhesive failure at ice detachment for tests performed at NTNU. Here for icephobic surface tested at Tair 
= -18oC. 
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Figure S12 Picture of the only cohesive failure observed for tests at NTNU. This failure occurred for aluminum surface at Tair 
= -10oC. 
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S5. Adhesion reduction factor (ARF) 
The Adhesion reduction factor (ARF) is defined as the ratio of the ice adhesion strength of a 

reference material, often aluminum, to the ice adhesion strength of the coating being tested [3]. If 

the ARF is above 1, the coating has an improved anti-icing behavior. The ARF for the coating tested 

in this study is shown in Figure 13 for all configurations of ice type and laboratory. The discussion of 

the ARF is left for a later publication. 

 

Figure S13 Overview of ARF for the three ice types for both temperatures. 
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Abstract

Surfaces with low ice adhesion represent a promising strategy to achieve passive anti-icing

performance. However, as a successful and robust low ice adhesion surface must be tested under

realistic conditions at low temperatures and for several types of ice, the initial screening of potential

low ice adhesion surfaces requires large resources. A theoretical relation between ice adhesion and

water wettability in the form of water contact angle exists, but there is disagreement on whether

this relation holds for experiments. In this study, we utilise molecular dynamics simulations to

examine the fundamental relations between ice adhesion and water contact angle on an ideal

graphene surface. The results show a significant correlation according to the theoretic predictions,

indicating that the theoretical relation holds for the ice and water when discarding surface material

deformations and other experimental factors. The reproduction of the thermodynamic theory

at the nanoscale is important due to the gap between experimental observations and theoretical

models. The results in this study represent a step forward towards understanding the fundamental

mechanisms of water-solid and ice-solid interactions, and the relationship between them.

1 Introduction

Unwanted icing and ice accretion are potentially hazardous and can impact daily life [1].

Dangerous situations occur for instance within wind energy, aircrafts, power lines, and

*Corresponding author. E-mail: zhiliang.zhang@ntnu.no. Telephone: +4773592530 / +4793001979
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industries in Arctic environments [2]. Passive anti-icing surfaces where the accreted ice

is automatically removed is a possible solution [3]. There are three main pathways to

such passive anti-icing, or icephobic surfaces, namely 1) the removal of water before it is

allowed to freeze, 2) the delay of ice nucleation, and 3) the lowering of ice adhesion so

that formed ice does not stick to the surface [1, 3–6]. Due to the nature of icing, and that it

is impossible to fully avoid icing, the lowering of ice adhesion strength is considered as

the most promising strategy for anti-icing surfaces [7–10].

The development of low ice adhesion surfaces has been in focus for several years. The

aim for these surfaces are to reach ice adhesion strength below 20 kPa [9, 11], which

is considered as the limit to remove accreted ice naturally by wind or gravity due to

its own weight. Surfaces with ice adhesion strength below 10 kPa are often denoted as

super-low, or ultra-low, ice adhesion surfaces (SLIAS) [6]. In the past years, examples

of surfaces reaching below 1 kPa have also been reported [12–14]. However, the field of

low ice adhesion materials research has been known to operate by continuum theory or a

trial-and-error strategy, where the focus has been on developing new surfaces and coatings

without fully understanding the underlying mechanisms [15–17]. One reason for this lack

of understanding is the amount of resources required to properly test anti-icing surfaces in

realistic conditions. It is important to use realistic ice samples and temperatures to test ice

adhesion surfaces for a given application [16]. However, to test surfaces in cold rooms of

temperatures below −20◦C, or the construction of realistic ice types for surface testing,

which may need icing wind tunnels, require both energy and infrastructure. As a result, an

ideal solution would be to screen a potential low ice adhesion surface with water at room

temperature before testing the ice adhesion strength.

In order to facilitate the screening of potentially low ice adhesion surfaces, the possible

relationships between room temperature characteristics related to surface wettability and

ice adhesion strength of a given surface has been investigated [18]. Several studies showed

a correlation between water contact angle and ice adhesion, both for the static contact

angle [7, 8, 19, 20] and for the receding contact angle [20–26], while other studies discard

such correlations [18, 27–30]. In short, the experimental results differ greatly, and there is

little agreement on whether there exist experimental correlations between the ice adhesion
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and wettability of a surface.

In this study, the correlation between water contact angle and ice adhesion is investi-

gated by utilising atomistic modelling and molecular dynamics simulations. By simulating

the atomistic behaviour of water molecules on an ideal surface, it is possible to investigate

the underlying physical mechanisms of water-solid and ice-solid interactions. By address-

ing the thermodynamic models governing water behaviour, which are not reproduced

clearly through experiments, the hypothesis of this study is that the simulations will show

a trend between the experimental results and the predictions made by pure theoretical

relations. Surprisingly, the results show a behaviour very close to the theoretical model.

This study thus indicates that the difference from the theoretical predictions stems from

experimental factors, and not the inherent behaviour of the water or ice. The reproduction

of the theoretic relation between wettability and ice adhesion at the nanoscale is important

as it helps to bridge the understanding between experimental observations and theoretical

models. Other measured of wettability should be similarly investigated to fully examine

simulation results compared with the experimental studies on low ice adhesion surfaces.

The application of atomistic simulations to investigate the underlying characteristics of

materials provide new insights to the fundamental mechanisms of ice adhesion strength

and ice detachment, extending the experimental limits of resolution.

2 Theoretical aspects

The contact angle is the most common measure of the wettability of a surface. The

contact angle is defined as the experimentally observed angle of a liquid droplet, as seen in

Figure 1. The general definition applies to all equilibrium and non-equilibrium situations

[31]. In this study, the ideal contact angle is studied. The ideal contact angle is the

contact angle on an ideal surface, which is a smooth surface that is rigid and chemically

homogeneous, and does not chemically bond with the liquid [31]. Such a surface is

typically not experimentally viable, due to the difficulties associated with preparing and

maintaining an ideal surface. In experimental studies, the most common measured contact

angle is the apparent contact angle [31], although so-called static and dynamic contact

angles are often discussed as well.

3



Figure 1: Illustration of the most general water contact angle θ. The surface energies γ correspond to
the parameters of Young’s equation in equation (1), where γw,s, γs and γw refer to the specific energies
of the solid/water, solid/vapour and water/vapour interfaces, respectively.

The most widely referred contact angle is the Young contact angle, which is calculated

from Young’s equation [32], as stated in equation (1), for ideal solid surfaces [28]. Young

contact angle is a thermodynamic property of a three-phase system, which corresponds to

the lowest energy state for the system [31]. For other types of surfaces, other definitions

of equilibrium contact angles have been proposed. The Wenzel equation describes contact

angle of a droplet on a surface with a given roughness [33], the Cassie equation [34]

describes the contact angle of a droplet on a heterogeneous solid surface, and the Cassie-

Baxter equation [35] describes the contact angle of a droplet on a textured surface with

trapped air underneath the droplet [28].

The theoretical relation between the water contact angle θ and ice adhesion is based

purely on thermodynamic relations. These relations are described by Makkonen [36], and

briefly reiterated here. We consider a drop of water (w) on a solid (s) with an interface

(w,s) and the corresponding surface energies γ and droplet contact angle θ. The situation

is schematically illustrated in Figure 1. We assume the Young contact angle, described by

the equation

γw,s + γw cos θ = γs, (1)

where the subscripts w denotes water and s denotes surface, respectively. It is further
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assumed that the water droplet freezes to ice on the surface. The work that is required to

remove the ice is defined as the thermodynamic work of adhesion, Wa [36]. This work of

adhesion is defined as

Wa = γs + γi − γi,s, (2)

where subscript i denotes ice, and represents the work required to break the bond between

the ice and the surface and form two new surfaces. Combining equations (1) and (2) shows

that

Wa = γi + γw cos θ + (γw,s − γi,s).

When considering the commonly accepted assumption that the surface energies of water

and ice are similar [37], and thus also the interfacial energies are similar [36], equation (2)

can be reduced to

Wa ≈ γw(1 + cos θ). (3)

The ice adhesion strength τ is commonly defined as the maximum force required to detach

the ice from the surface divided by the contact area of the ice solid surface, given by

τ =
Fmax

A
. (4)

The ice adhesion strength is thus a measure of pressure, and when considering that the

work of adhesion is a measure of energy, it can be assumed in general that the relation

between the ice adhesion strength and the work of adhesion is given by

Wa = τAδ, (5)

where A is the surface area of the ice and δ is a characteristic measure of the removal

distance between the ice and surface. Combining equations (3) and (5) thus gives

τ ≈ γw
Aδ

(1 + cos θ).

Both the surface area of the ice A, the distance δ, and the water surface tension γw are

constants, and can be combined to a general constant C0 and neglected when the general
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Figure 2: Two forms of the general relation between ice adhesion strength τ and water contact angle θ
on a generic surface with properties C0. The relation is described by equation (6).

trend is of interest. The theoretical relation between the ice adhesion strength and the

water contact angle thus becomes

τ = C0(1 + cos θ). (6)

This relation is illustrated in Figure 2.

The relation from equation (6) and Figure 2 has been extensively studied for experi-

mental screening of low ice adhesion surfaces. When the contact angle in equation (3) is

substituted with the receding contact angle θrec, which is defined as the lowest metastable

contact angle that can be measured [31], the work of adhesion is replaced with the practical

work of adhesion Wp such that [21, 22]

Wp ≈ γw(1 + cos θrec). (7)

The same reasoning may be applied to equation (7) as applied to equation (3) to derive

equation (6), with an analogous result. As such, both the contact angle and receding

contact angle may correlate with the ice adhesion strength.

Meuler et al [22] investigated the receding contact angle and its relation to the ice

adhesion strength for commercially available icephobic surfaces. Analogous experiments

were performed by He et al [18] and Golovin et al [38]. Their experimental results are
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(a) Results from Meuler et al [22], with 22 samples.
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(b) Results from He et al [18], with 24 samples.
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(c) Results from Golovin et al [38], with 108 samples.
Ice adhesion is average value.

(d) Illustration of receding contact angle compared to
the equilibrium contact angle in Figure 1.

Figure 3: Experimental results on the relation between receding contact angle and ice adhesion strength
for a collection of surfaces. The relation from (6) and Figure 2b is clearest for 3a, and can be seen for
higher ice adhesion strengths in 3b. The relation cannot be seen in 3c. The definition of the receding
contact angle is shown in 3d.

shown in Figure 3. It can be seen that the relation from equation (6) agrees with the results

from Meuler et al in Figure 3a, but only for surfaces with ice adhesion strengths above

about 160 kPa as shown by He et al in Figure 3b. The same relation is not apparent for

the large number of samples tested by Golovin et al [38], as seen in Figure 3c.

Ideally, the relation from equation (6) and Figure 2a should predict the ice adhesion

strength of a given surface based on the water contact angle, or similarly for the receding

contact angle. However, the experimental studies vary considerably, and ice adhesion

strength depends on more parameters than just wettability, such as for instance softness

of the surface, and elastic incompatibility between ice and the surface. The discrepancy

between theory and macroscale experiments with ice adhesion and wettability is well
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known, and might be due to mechanical deformation or the varying structure of ice, among

others. So far, the only investigations have been performed either at macroscale or by

theoretical analyses. In this study, molecular dynamics simulations were applied to breach

this gap and investigate the relation in equation (6) at the nanoscale.

The use of molecular dynamics enables the system to be controlled precisely, and to

investigate the underlying mechanisms of the ice adhesion related to water contact angle.

The water itself, and the water-solid and ice-solid interactions which govern the behaviour,

can be controlled and observed while changing the parameters of the water/ice interaction

with the surface. Consequently, it is possible to investigate different water contact angles

for the same water-surface system, and the associated ice adhesion strength.

In this study, only the water contact angle is investigated, and not the receding contact

angle. To perform similar investigations as presented in this study with the receding

contact angle to determine the practical work of adhesion will be part of a future project.

3 Methods

Our simulation system consisted of an ice cube situated on a graphene surface, which melts

to water when the temperature is raised. The system is similar to a previously published

system [39]. The aim of the study was to determine the relation between the ideal water

contact angle and the ice adhesion strength on an ideal graphene surface.

3.1 Atomistic modelling

The chosen water model was the all-atom TIP4P/ICE [40], both for the ice cube during ice

adhesion simulations and for the water droplet contact angle calculations. Compared to

other widely applied water models, such as SPC [41], SPC/E [42], TIP3P and TIP4P [43],

this water model was reported to reproduce appropriate properties for both ice and water,

in addition to a more correct phase transition [40]. TIP4P/ICE has a higher transition

temperature of 272.2K, and is suitable for investigating the detachment of ice from a solid

substrate as is the aim of this study. For the graphene surface, parameters from the OPLS

force field [44, 45] were applied, as discussed later.
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The ice modelled in this study was ice Ih. This ice phase was chosen because it is

the only phase of ice occurring naturally during normal conditions [46], and this ice

phase is thus the only ice phase of interest to the ice adhesion research. The ice cubes

were modelled with a hexagonal molecular arrangement. The basal face of the ice cube,

(0 0 0 1), was the face used to adhere to the surface. The ice cube had surface area

A = 8.0× 7.6 nm2, and thickness 2 nm. The size of the ice cube was thus on nanometre

scale, and might be considered as a nanoscale location of a realistic sample at microscale

and macroscale.

Both electrostatic interactions and van der Waals forces are important for ice adhesion

[47, 48]. However, due to the highly complex situation of coulombic interactions and the

possible surface oxidation by the water molecules [39], we chose graphene that interact

with water through van der Waals forces via Lennard-Jones potential.

Graphene was chosen as the surface in study for the sake of simplicity and because the

surface can be considered atomically flat and thus an ideal surface [31] when comparing to

water. The graphene surface consisted of electrically neutral carbon atoms, with a surface

area of 19.9 nm × 20.3 nm. This surface area was more than four times larger than the

contact area of the ice cube and the associated water droplet, which assured enough space

for the water molecules to migrate during the simulation. The system is illustrated in

Figure 4. The system had periodic boundary conditions in all directions, and thus the

surfaces expand to infinite surfaces during simulations.

The van der Waals parameters for the simulated graphene surface were a van der

Waals radius of σ = 0.355 nm and an energy well depth ε = 0.292 88 kJmol−1nm−2.

These parameters were borrowed from napthalene fusion carbon number 9 in the OPLS

force field [44, 45], as this atom only connects to other carbon atoms [39]. The carbon

atoms were situated in aromatic ring structures and bonded to their closest neighbours by

harmonic potentials with an equilibrium bond length and force constant of 0.14 nm and

3.924592×105 kJmol−1nm−2, respectively. More information about the graphene surface

has been published previously [39]. To simulate different water contact angles with the

same system, the energy well depth ε was changed manually. This energy well depth

determined the interaction potential between the water molecules and the surface, and is a
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(a) Water drop at T = 275K.

(b) Ice cube at T = 180K.

Figure 4: Illustrations of the simulation system in this study of water molecules on a graphene surface,
here represented by system A. This system had interaction potential ε0 = 2.9288×10−1 kJmol−1nm−2.

common method to investigate wettability through changing contact angles [17, 49–51].

The energy well depth, or interaction energy, was changed as seen in Table 1.

In addition to the simulation system described so far, three additional simulation

systems were tested. These systems were similar to the one already described, denoted as

system A, except that they had different sizes. The changes in size refer both to the size of

the graphene surface, and the size of the original ice cube. All the simulation systems are

detailed further in Table 2, and range from roughly 7000 atoms to 100 000 atoms. All four

systems are displayed in Figure S1 and Figure S2.

ε Value [kJmol−1nm−2]
0.05ε0 1.4644× 10−2

0.1ε0 2.9288× 10−2

0.5ε0 1.4644× 10−1

ε0 2.9288× 10−1

1.5ε0 4.3932× 10−1

2ε0 5.8576× 10−1

2.5ε0 7.3220× 10−1

Table 1: Overview of the energy well depths, or interaction energies, ε applied in the seven different
simulation systems to change the water contact angle. All systems was simulated five times to obtain
averages.
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System Number of atoms Area of graphene sheet Area of ice-solid contact
A 28376 19.9 nm× 20.3 nm 8.0 nm× 7.6 nm
B 7336 8.0 nm× 8.1 nm 4.9 nm× 4.6 nm
C 58184 19.9 nm× 19.9 nm 14.7 nm× 13.8 nm
D 102568 26.3 nm× 26.1 nm 19.6 nm× 18.5 nm

Table 2: Overview of the differently sized simulation systems. The different interaction energies ε
from Table 1 are applied to all four systems to investigate water contact angles.

3.2 Simulation details

Three different types of subsequent molecular dynamics (MD) simulations were performed

on the atomistic models for accessing the ice adhesion strength. These were structural

energy minimisation, ice adhesion equilibration and force-probe MD simulations. For

determining the water contact angle, the structural energy minimisation and equilibration

were applied. The MD simulation package GROMACS 5.1.2 [52] was employed to carry

out the simulations. The substrates were placed in the XY-plane of the simulation boxes,

and the Z-dimension of the simulation boxes was large enough to ensure that the atoms

did not interact with their periodic images at any time. The particle-Ewald method was

applied to account for the long-range electrostatic interactions [53] for the water and ice

molecules, and the LINCS algorithm was applied to constrain bond vibration in order to

use a longer time step of 0.002 ps [54]. The simulation system was set in a NVT ensemble

at varied temperatures depending on whether ice or water was investigated, and use the

Nosé-Hoover coupling method to maintain the simulation temperature [55, 56], with a

coupling time constant τT = 0.4 ps.

First, the steepest descent algorithm was applied to relax the atomistic structures in

the simulation system by energy minimisation. The aim of this energy minimisation was

to remove any possible close atom contacts. Then, system equilibration was performed.

With experience from a similar ice cube system on silicon and graphene [39], temperatures

of 180K were applied to test ice adhesion strength, while temperatures of 275K were

applied to investigate the water contact angle. For the larger systems (denoted C and D in

Table 2), the temperature to test the water contact angle was increased to 300K in order to

decrease the remnants of ice crystal in the system after equilibration.

The graphene surface was fixed during simulations, such that it represented an inert

wall. This fixing does not affect the contact angle, and reduces the computation time [57].
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For the ice adhesion simulations, the systems were equilibrated for 20 ns. The final

equilibrated structures were used for force-probe MD simulations to determine ice adhesion

strength. The ice adhesion strength is, as mentioned, defined by equation (4), and is

calculated by the simulation system as pulling the ice cube perpendicular to the surface,

similar to an experimental tensile test [16]. To detach the ice, the center of mass (COM)

of the ice cube was linked to a moving virtual harmonic spring with a spring constant

of 5000 kJmol−1nm−2. The spring starts at the COM of the ice cube and moved with

a constant speed of 0.5 nmns−1 perpendicular to the graphene surface. At the same

time, a counter force acted on the COM of the graphene surface. The pulling force

generated by the displacement between the spring and the ice cube COM is collected every

5 ps. The ice adhesion strength is determined by collecting the force peak value (Fmax)

from each independent simulations, and normalising by the contact area of the ice cube.

For the larger systems, denoted C and D in Table 2, the spring constant was increased

to 10 000 kJmol−1nm−2 to ensure ice detachment for the highest values of interaction

energies.

The water contact angle was calculated by applying the algorithm presented by

Khalkhali et al. [58]. This algorithm calculates the contact angle along the contact

line and provides an angular distribution, which is useful for a more thorough analysis of

the droplet. Furthermore, the algorithm does not assume a spherical droplet. Therefore,

the algorithm can be applied to droplets with less regular shapes, as is the case for several

of the water droplets in this study.

Snapshots of the analysis of the water contact angles and distributions, and maximum

detachment force for ice adhesion strength calculations can be found in Figures S3, S4

and S5, respectively. The effect of changing the box size in the z-dimension and the spring

constant in the determination of the ice adhesion strength is also shown in Figure S7. It

can be seen that neither the spring constant nor the box size has significant impact on the

calculated ice adhesion strength in the simulations.
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Figure 5: Water contact angle θ as function of the interaction potential ε for the system A. The values
of ε can be found in Table 1.

4 Results

Figure 5 shows the average water contact angle as function of the changing interaction

potential ε for system A. It can be seen that the contact angle scales almost linearly with

the chosen values of the energy well depth. For the system with the original energy well

depth ε0, the water contact angle is calculated to be 73.49± 3.44◦. The contact angle of

graphite and graphene has been studied by atomistic simulations previously, with reported

contact angles ranging from 83◦ for graphite [58] to a predicted 90 − 95◦ for graphene

[59]. Although the contact angles obtained in this study are below these values, the studies

in literature used the SPC/E forcefield, which may give different contact angle values.

Furthermore, the present system has a fixed ideal surface, and contact angle is impacted

by surface roughness and impurities. As such, the contact angles in this study are within

the range to be expected for water wettability on graphene.

The ice adhesion strength of system A is displayed in Figure 6, also as a function of the

interaction potential ε. It can be seen that the trend of the ice adhesion strength is similar

to that seen for the ideal relation between ice adhesion strength and contact angle shown in

Figure 2a. For the system with the original interaction energy ε0, the ice adhesion strength
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Figure 6: Ice adhesion strength τ as function of interaction potential ε for system A. The values of ε
can be found in Table 1.

was found to be 487 ± 22MPa. This ice adhesion strength is significantly higher than

previously found for this type of system, which was 259 ± 21MPa [39]. However, the

previous study allowed flexible graphene sheets, while the present study has fixed the

graphene sheet. It is likely this difference which have caused the disagreement in reported

ice adhesion strengths. Furthermore, the ice adhesion strength of different system sizes

and spring constants are all consistent in value, as seen in Table S1.

In Figure 7, the results of the ice adhesion strength as function of the water contact

angles are displayed. This figure displays all data points from the combination of Figures

5 and 6, and includes a fitting of the theoretical relation from equation (6). As can be

seen from Figure 7, the theoretical relation matches the simulation results with a high

significance. This similarity between simulation results and theoretical relation is in

contrast with the absence of similar trends in Figure 3.

In Figure 8, the contact angle for all system sizes can be seen for the seven different

interaction energies. It can be seen that the contact angles are relatively constant, although

there are large outliers in the extreme cases and for the largest systems tested. For system

B, which is the smallest system, the water droplets deplete to a water layer already
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Figure 7: Ice adhesion strength as function of contact angle, with the relation from equation (6) fitted
to the data. It can be seen that the fit of the general relation shows a very high level of significance.
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Figure 8: Contact angle as function of interaction energy ε for all system sizes. Separate figures can be
seen in Figure S8.
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Figure 9: Ice adhesion strength as function of interaction energy ε for all system sizes. Separate figures
can be seen in Figure S9.

at interaction energy of 1.5ε0, and the higher interactions energies are therefore not

investigated for this system. For system D, it can be seen that the contact angles are fairly

large relative to the other systems, especially for the highest interaction energies.

The ice adhesion strength as function of the interaction energies is shown in Figure

9. It can be seen that the ice adhesion strength is very similar for all systems, with the

greatest variance at the highest interaction energy. Furthermore, system D displays larger

differences of measured ice adhesion strength than for each interaction energy than the

other systems.

When combining the contact angles and ice adhesion strengths displayed in Figures 8

and 9, the ice adhesion strength as function of the contact angle can be viewed and com-

pared to Figure 2 and equation (6). In Figure 10, the correlation between this theoretical

relation and the simulation results can be seen, with the fitting and level of significance

included. All systems have significances above R2 = 0.75, with significances above

R2 = 0.95 for systems A and C. Hence, it is the smallest and largest systems which differs

the most from the theoretical relation due to the increase of outliers in the results.

Separated results from the four different systems can be found in supplementary
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Figure 10: Overview of the correlation with equation (6) for the four systems investigated in this study.
The ice adhesion strength has been normalised with respect to the mean value from the interaction
energy ε0.

materials.

5 Discussion

From the high level of significance seen in Figure 10, it is clear that the theoretical relation

from equation (6) holds for simulations at the nanoscale for water molecules situated on

an ideal surface and for adhesive perpendicular detachment of a perfect ice crystal. The

same relation is, however, not agreed upon from an experimental point of view.

The fact that the theoretical relation between the ice adhesion strength and the water

contact angle is found in atomistic simulations indicate that the disagreement from experi-

ments, as seen in Figure 2 and 3, comes from experimental factors and not from properties

of water molecules in liquid and solid form on the same surface. Such an experimental

disagreement might stem from material or substrate deformations during detachment, an

incomplete ice-solid contact [36] or the so-called nanoscale crack initiators [6], or the

difference in other surface parameters for the real surfaces during experiments compared

to the ideal surface investigated in this study. Several surface parameters which are known
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to impact the ice adhesion strength, such as material softness and elastic modulus [14],

have not been included in this study. Furthermore, real materials are often deformed

upon detachment, and work may be done in forming micro-cracks within the ice. While

a perfectly smooth and ideal surface has been studied here, a real surface will contain

defects, interlocking and other irregularities. As a result, we cannot expect to match

experimental observations with the current simulations. The work spent to detach ice

from a surface is typically much more than the work of adhesion, due to experimental

deformations and mechanisms [36]. It follows that the work of adhesion Wa might be

considered a theoretical minimal adhesion strength for a given material.

The ice adhesion strength obtained through the simulations in this study are higher

than experimental values for similar systems, as well as previously performed simulations

[39]. As stated earlier, the difference from previous simulations likely results in the fixing

of the graphene surface. For the difference to experimental results, this fixing of the

graphene surface is probably also an impacting factor. Furthermore, in contrast to most

experimental ice adhesion tests which utilises shear force [16], the ice adhesion strength

in this study was determined through tensile ice detachment. It has been shown previously

that tensile failure results in much higher ice adhesion strengths than shear failures [60],

and more often results in a cohesive fracture [16]. However, as the simulation system is

ideal and ice is detached through COM movement of the ice sample, an adhesive failure

is assured. Furthermore, as the ice adhesion strength values obtained in this study are

consistent for the different systems and configurations included, it may be concluded that

the ice adhesion strengths represent a realistic trend although the values are higher than

expected experimentally.

Out of interest, several different forms of a relation between ice adhesion and wettability

were tested on the simulation data obtained in this study. In addition to the theoretical

relation from equation (6), a linear relation, a polynomial relation and a power law relation

were tested. All these relationships showed less significance than equation (6). Lastly, a

more complicated cosine relation were tested, where the coefficient C0 from equation (6)

were assumed as a function of cosine, such that

τ = A cos(Bθ)(1 + cos θ). (8)
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The result of this fitting can be seen in Figure S11. Although equation (8) is more

complicated than equation (6), the significance between the ice adhesion strength and

water contact angle improved only marginally. As such, the theoretical relation from

equation (6) is still considered the optimal relationship for the fundamental correlation

between ice adhesion strength and water wettability.

By testing several different system sizes, as described in Table 2, the size effect of

water contact angle and ice adhesion strength may be investigated. It has been stated

previously that the droplet size impacts the contact angle [61]. For systems similar to the

one investigated here, it has been found that increasing droplet sizes results in narrower

contact angle distributions [58]. Furthermore, fluctuations in the droplet shape decreases

for larger droplets. Both of these effects are proposed to originate from from higher

sphericality in larger droplets. For the simulations performed in this study, the probability

distributions of one simulation for each system size can be seen in Figure S12. This figure

shows very similar probability distributions, except for system D. However, the higher

contact angle and non-uniform probability distribution of this system is likely caused by

an unmelted remnant of the original ice crystal.

As seen in Figure 10, the amplitude of the fitting of equation (6) seems to scale with

the size of the system. This scaling indicates that there is a size effect present. In Figure 8

and Table S2, it can be seen that the contact angle increases with increases of system sizes.

Overall however, it is thought that the contact angle decreases as the droplet size increases

[57, 58, 62, 63]. The reason for this disagreement is unclear, but as the different contact

angles obtained in this study are relatively similar and often within the range of deviation,

the size effect may be less than previously thought, and the effect of the fitting amplitude

might be due to the combined size effect of the water droplets and ice adhesion strength.

In this study, the contact angles investigated have been the so-called static contact

angle as described with Young’s equation from equation (1) and Figure 1. However, as

can be seen in the literature [22–25, 64] and Figure 3, wettability is most often referred

to as the receding contact angle, or contact angle hysteresis, when compared with the ice

adhesion strength. Due to resources and because the dynamic contact angles are more

computationally demanding than the static contact angles, only the static contact angle
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was investigated here. The next step will be to include the dynamic contact angles, such as

the advancing and receding contact angle as well as the contact angle hysteresis, and see if

equation (6) holds for these measures of the wettability as well.

Future work for continuing to probe the relation between the ice adhesion strength and

wettability of a surface thus includes investigating the dynamic contact angles, in addition

to testing other surfaces. This study tests only one type of ideal surface, and to change

to a metallic surface might change the simulation results. Furthermore, surfaces with

texture and nanostructures must be investigated for ice adhesion strength and wettability.

In addition, only contact angles obtained at the nanoscale can be investigated in atomic

simulations. Due to size-effects for nanoscale systems, the contact angles obtained in

molecular dynamics simulations are not necessarily transferable to macroscopic contact

angles [59, 61]. Further work should thus also include a comparison between wettability

measured obtained at the nanoscale and experimental results on macroscopic scale. Such

a comparison may be carried out for instance by the dry surface simulation approach [65].

An effect of probing the relation between ice adhesion strength and water contact

angle in atomistic simulations is that the system created is idealistic. In experimental

situations, the contact angle of a smooth surface, such as the surface simulated in this

study, cannot surpass 120◦. However, by tuning the interaction potential directly in the

atomistic simulations, the graphene surface can attain contact angles of more than 150◦, as

seen in Figure 8. As a result of the artificiality of the surface, the results of the molecular

dynamics simulations presented in this study cannot be directly transferred to real systems.

Nonetheless, the results here shed light on the fundamental relation between water and ice

situated on a surface, and brings us one step closer to the fundamental relation between

ice adhesion and wettability.

6 Conclusion

In this study, the correlation between water contact angle and ice adhesion was investigated

by utilising atomistic modelling and molecular dynamics simulations. By comparing the

results from ice adhesion calculations by detaching an ice sample normal to a graphene

surface and water contact angle on the same surface, the relation from thermodynamic
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theory is reproduced. This correlation indicates that the discrepancy in experimental

results stems from experimental parameters and not the properties of the ice-solid or

water-solid interactions. The reproduction of the theoretical relation between wettability

and ice adhesion at the nanoscale is important due to the gap in understanding between

experimental observations and theoretical models. The results presented here represent

a step towards a more thorough understanding of the fundamental mechanisms of ice

adhesion, and it relation to water wettability.
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Table S1 Mean value and standard deviation for ice adhesion strength of simulation systems
with different sizes and spring constants.

Table S2 Mean contact angles and standard deviations for the four different systems and the
different interaction energies.

Figure S1 The four simulation systems from Table 2 with equilibrated water droplets.

Figure S2 The four simulation systems from Table 2 with ice samples before detachment.

Figure S3 Illustration of the quickhull-algorithm for mapping the droplet [S1].

Figure S4 Illustration of the contact angle probability distribution [S1].

Figure S5 The resulting force-time curve when detaching an ice cube from the graphene surface.

Figure S6 Root mean square deviation of ice for the ice detachment process

Figure S7 Effect of changing simulation parameters on the recorded ice adhesion strength.

Figure S8 Contact angle as function of interaction potential for the four different system sizes.

Figure S9 Ice adhesion strength as function of interaction potential for the four different system
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Figure S10 Ice adhesion strength as function of contact angle with fitting from equation (6) for
the four different system sizes.

Figure S11 Overview of the fitting of the correlation from equation (8).

Figure S12 Contact angle distributions for the first simulations performed with interaction energy
for the four different system sizes.
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Type of system Mean value for ε0 [MPa] SD
System A 486.92 22.106
System B 464.78 21.529
System C 485.532 9.159
System D 452.774 37.642
kB = 500 kJmol−1nm−2 406.61 −
kB = 3000 kJmol−1nm−2 489.20 15.136
kB = 4000 kJmol−1nm−2 470.38 23.967
kB = 5000 kJmol−1nm−2 482.66 13.908
kB = 6000 kJmol−1nm−2 477.82 36.421
kB = 7000 kJmol−1nm−2 468.13 13.004
Xiao et al [S2] 259 21

Table S1: Mean value and standard deviation for ice adhesion strength of simulation systems with
different sizes and spring constants, all reported for original interaction energy ε. Systems A and B
were run with spring constants kB = 5000 kJmol−1nm−2, while systems C and D were run with spring
constants 10 000 kJmol−1nm−2. The different spring constants were tested with simulation system A.

ε System A System B System C System D
0.05ε0 121.44◦ ± 5.12◦ 117.38◦ ± 8.50◦ 134.76◦ ± 9.68◦ 125.46◦ ± 12.05◦

0.1ε0 113.74◦ ± 1.91◦ 111.37◦ ± 3.13◦ 122.95◦ ± 7.94◦ 133.22◦ ± 17.00◦

0.5ε0 91.94◦ ± 4.65◦ 89.33◦ ± 7.53◦ 93.15◦ ± 4.36◦ 96.33◦ ± 2.98◦

ε0 73.49◦ ± 3.44◦ 64.49◦ ± 2.42◦ 79.65◦ ± 4.19◦ 91.46◦ ± 6.21◦

1.5ε0 54.51◦ ± 2.01◦ 61.58◦ ± 24.15◦ 70.34◦ ± 8.47◦ 66.81◦ ± 8.25◦

2ε0 37.00◦ ± 2.23◦ − 43.39◦ ± 1.01◦ 51.39◦ ± 7.22◦

2.5ε0 21.79◦ ± 8.51◦ − 17.23◦ ± 2.47◦ 40.07◦ ± 11.07◦

Table S2: Mean contact angles and standard deviations for the four different systems and the different
interaction energies, as defined in Table 1.
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(a) System A.

(b) System B.

(c) System C.

(d) System D.

Figure S1: The four simulation systems from Table 2 with equilibrated water droplets.
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(a) System A.

(b) System B.

(c) System C.

(d) System D.

Figure S2: The four simulation systems from Table 2 with ice samples before detachment.
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Figure S3: Illustration of the quickhull-algorithm for mapping the droplet, as developed by Khalkhali
et al [S1]. The imaged droplet is for the normal sized system and original energy well depth ε0 in Table
1.
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Figure S4: Illustration of the contact angle probability distribution, as developed by Khalkhali et al
[S1], with the average value indicated. The contact angle distribution is for the droplet imaged in
Figure S3, for system A and energy well depth ε0 in Table 1.
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Figure S5: The resulting force-time curve when detaching an ice cube from the graphene surface
to calculate the ice detachment stress, which is given by the first force maxima and dividing by the
ice-solid area. The curve is for the ice cube analogous to the water droplet imaged in Figure S3, for the
normal sized system and original energy well depth ε0 in Table 1.
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Figure S6: Root mean square deviation (RMSD) of ice for the ice detachment process with force curve
in Figure S5. Even though the force from the harmonic oscillator presses the ice into the graphene
surface at the start of the simulation, as seen by the negative force, the RMSD shows that the ice is not
impacted by this pressing movement before it is pulled away from the graphene surface.
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(a) Effect of changing box size in z-dimension.
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(b) Effect of changing spring constant in pulling.

Figure S7: Effect of changing simulation parameters on the recorded ice adhesion strength. Simulations
performed for normal system. Parameters utilized in the simulations otherwise were spring constant
kB = 5000 kJmol−1nm−2 and box size 12 nm.
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(a) System A.
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(b) System B.
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(c) System C.
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(d) System D.

Figure S8: Contact angle as function of interaction potential ε for the four different system sizes.
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(a) System A.
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(b) System B.
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(c) System C.
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(d) System D.

Figure S9: Ice adhesion strength as function of interaction potential ε for the four different system
sizes.
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(a) System A.
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(b) System B.
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(c) System C.
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(d) System D.

Figure S10: Ice adhesion strength as function of contact angle with fitting from equation (6) for the
four different system sizes.
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Figure S11: Overview of the fitting of the correlation from equation (8) of a cosine dependence added
to the amplitude of the theoretical relation from equation (6) between the ice adhesion strength and
water contact angle. Compared with the levels of significance of equation (6) from Figure 10, it can be
seen that equation (8) does not offer sufficient improvement to warrant the more complicated relation.
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(a) System A.
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(b) System B.
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(c) System C.
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Figure S12: Contact angle distributions for the first simulations performed with interaction energy ε0
for the four different system sizes.
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Abstract 

Unwanted icing can lead to dangerous situations for both daily life and infrastructure, and deicing 

methods in use today are either inefficient or expensive. Passive anti-icing surfaces, or icephobic 

surfaces, ensure that no ice is formed on the surface or structure, without the need to add external 

energy to the system. The most promising pathway towards icephobic surfaces is the lowering of ice 

adhesion strength, so that the ice is self-removed from the surface due to natural wind or its own 

weight. However, the physics of ice adhesion is not fully understood yet and developed low ice 

adhesion surfaces cannot be directly compared, both due to the formation of the ice and the 

measurement of the ice adhesion strength, which are not standardized. This chapter presents the 

results of an interlaboratory study where the ice adhesion strengths of two surfaces were tested in 

two different laboratory facilities with two types of ice, ensuring comparability between analogous 

ice types. The results display the same trends with some significant differences and indicate that the 

type of ice accretion is less important when the ice adhesion is low. Similarly, the difference 

between ice adhesion tests is smaller for low ice adhesion strengths. The standard deviations seem 

to scale with the absolute value of the ice adhesion strength. To fully compare different ice adhesion 

measurements and advance the scope of low ice adhesion surfaces, a reference test basis should be 

agreed upon, and more comparative experiments should be performed. 

Keywords: ice adhesion, icephobic surfaces, adhesion tests, standard test, transferability 

1. Introduction 

Unwanted icing and ice accretion can lead to hazardous situations for both daily life and 

infrastructure [1]. Atmospheric icing may especially lead to numerous problems in 

telecommunications, road, marine, electrical distribution, and aviation transport networks [2]. It is 

well known that ice accumulation on aircraft causes loss of lift, increase in drag, faults in gauge 

readings, and great risk of stalling and potentially fatal crashes. Icing on structures can cause failure 

from static ice loads, dynamic effects, wind action, and damage caused by falling ice [3]. Icing on 

overhead power lines causes outages with serious socioeconomic impacts, as well as major damage 

to the power lines and infrastructure [4]. Examples of such aircraft accidents can be found in Table 1 

[2]. 
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Table 1 Selected fatal aircraft crashes caused by icing over the past five decades. Table  from [2], references in original 
table. 

Flight name Date Fatalities / 
Survivors 

Causes 

Surugut Aeroflot 
Antonov 

Jan 22nd, 1971 14/0 Icing due to bleed air valves being 
closed 

Turkish Airlines Flight 
301 

Jan 26th, 1974 66/7 Atmospheric icing, loss of control 

Air Florida Flight 90 Jan 13th, 1982 78/5 Faulty engine gauge readings caused 
by atmospheric icing and pilot error 

Arrow Air Flight 1285 Dec 12th, 1985 256/0 Icing conditions, weight and 
reference speed miscalculation 

Air Ontario Flight 1363 Mar 10th, 1989 24/45 Icing, improper de-icing procedures, 
pilot error 

USAir Flight 405 Mar 22nd, 1992 27/24 Icing, improper de-icing procedures, 
pilot error 

American Eagle Flight 
4184 

Oct 31st, 1994 68/0 Freezing rain 

China Eastern Airlines 
Flight 5210 

Nov 21st, 2004 55/0 Ice accumulation, no de-icing done 
before take-off 

Colgan Air Flight 3407  Feb 9th, 2009 50/4 Inadequate procedures for airspeed 
selection and management during 
approaches in icing conditions. 

Air France Flight 447 Jun 1st, 2009 228/0 Obstruction of Pitot probes by ice 
crystals during flight 

Currently, various methods are in use to remove or prevent the formation of unwanted icing. These 

techniques are categorized as thermal, mechanical or chemical methods. Thermal methods are the 

most used in both automotive and aerospace applications, where the iced elements cover relatively 

small areas [2]. The most common thermal methods apply thermal heating elements and fluids at 

high temperature. For marine applications, heating of the vessel and the application of hot water are 

commonly used methods for avoiding icing [5, 6]. The most common chemical methods utilize 

commercial fluids or salts that lower the freezing point of water, thereby reducing the icing [2, 7]. 

These methods are important for both aircraft and other transportation. Mechanical methods using 

pneumatic deicers, often called boots, piezoelectric cells and manual deicing are also widely in use 

[5].  

Although the traditional methods for ice removal are functioning, they are either inefficient or 

expensive, in addition to often being environmentally hazardous. Due to the high amount of heat 

required to melt ice, thermal ice removal requires large amount of energy and effective strategies 

for removing the resulting water. Mechanical ice removal may cause damage to the structure as well 

as pose a hazard by itself, for instance when icing on power lines are removed with helicopters. 

Chemical methods often cause risks to the environment, such as around airports or increased 

amount of salt around roads.  

The traditional ice removal methods are defined as de-icing methods, where the ice is removed after 

accretion. Anti-icing, on the other hand, is defined as ensuring that no ice accretion will take place. 

Passive anti-icing methods do not require external input of energy to induce early ice detachment or 
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to mitigate ice formation. By employing the natural forces, such as gravity, natural wind, or surface 

tension, the accreted ice never forms on the exposed surface or structure.  

This chapter aims to give an overview of the status of comparison between icephobic materials to 

date, and to outline the possibility for direct comparison of low ice adhesion surfaces at present. We 

start with defining icephobic materials in section 2 and discussing the potential of low ice adhesion 

surfaces. Then, in section 3, we discuss different types of ice and the impact of different ice 

formation processes on the ice adhesion strength. In section 4, we discuss different ways of 

measuring ice adhesion strength and the effect of changing experimental parameters. The focus of 

the discussion is in section 5, where the results of recently conducted interlaboratory ice adhesion 

experiments are detailed and discussed with respect to the possibility of direct comparison between 

low ice adhesion surfaces and materials. Finally, the main points of the chapter are summarized in 

the concluding remarks. 

2. Icephobicity and anti-icing surfaces 

Passive anti-icing surfaces are specially developed to decrease the accretion and formation of ice on 

surfaces or structures. Ideally, such anti-icing surfaces would be solid, durable, easy to apply, 

inexpensive, efficient over a wide range of icing conditions, and applicable for several anti-icing 

applications [2]. To date, no material has been identified that is efficient enough to ensure adequate 

protection against ice accumulation, nor durable enough to be economically viable.  

The term icephobic has been chosen analogously to hydrophobicity, which was introduced in the 

17th century [2]. As expected from the word phobia, Latin for fear of a specific substance, 

hydrophobic surfaces have little or no interaction with water. Analogously, icephobic surfaces have 

little or no interaction with ice by definition. However, the exact thermodynamic definition of 

icephobicity is missing in the literature [8].  

There are three different properties that are often associated with icephobic properties of a surface. 

These are 1) the prevention of water accumulation on the surface, 2) the delay in freezing of 

accumulated water, and 3) the lowering of the ice-solid adhesion so that ice can be easily removed 

[1, 8-11]. Any icephobic surface must display at least one of these properties to successfully mitigate 

hazardous icing. This chapter will focus on materials displaying the third property, called low ice 

adhesion surfaces. 

The first property, the prevention of water accumulation on the surface, is often achieved by the use 

of superhydrophobic surfaces. Such surfaces display very high water contact angles, and facilitate 

the bouncing of incoming water droplets [11, 12]. It follows that if there is no water on the surface, 

there will be no ice formation. However, although superhydrophobic surfaces and icephobic surfaces 

have several important characteristics in common, it has been concluded that they are not directly 

correlated [8, 13-15]. Furthermore, superhydrophobic surfaces for icephobic applications have been 

found to degrade in high humidity environments and at low temperatures due to mechanical 

interlocking and frost formation [16, 17].  

The second property, the delay in freezing of accumulated water, has been almost equally 

investigated as the removal of water from the surfaces. With a delay in nucleation of incoming 

water, the water may be removed with other means prior to freezing [10, 18]. This nucleation delay 
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may be achieved with superhydrophobic surfaces or other methods of surface texturing [10], or by 

the use of ice-binding molecules, which are also called anti-freeze proteins [19].  

The third property is the lowering of the ice-solid adhesion, such that the ice is removed easily from 

the surface after formation. At sufficiently low temperatures, the formation of ice is inevitable [17]. 

As a result, it might be unreliable to base an anti-icing strategy on the avoidance of ice. Following 

this uncertainty, the reduction of ice adhesion strength might therefore be the most promising anti-

icing strategy. With a sufficiently low ice adhesion, the ice accreted on a surface might shed merely 

due to its own weight or a natural wind action [14, 20].  

As previously stated, the perfect icephobic material has not been discovered yet [2]. Consequently, 

the efficiency and viability of icephobic materials must be determined with the target application in 

mind, and suitable environmental conditions. In addition, the realistic types of ice must be 

identified, and the ideal ice adhesion test set-up must be decided and built. Furthermore, economic 

demands and durability must be investigated and discussed. 

3. Ice formation and properties 

Ice plays a large part in our atmosphere, as well as for both arctic and ocean environments. Although 

the water molecule is one of the simplest in chemistry, the properties of ice are not fully understood 

[21]. There are more than 15 forms of ice [22], which differ in their crystal structure and properties. 

However, only one form of ice exists in normal conditions on Earth, namely ice Ih. Polycrystalline ice 

Ih is obtained by freezing water at atmospheric pressure or by direct condensation from water vapor 

at temperatures above -100oC [21]. For the rest of this chapter, ice will refer to polycrystalline ice Ih.  

Ice that is found naturally in the environment is a stochastic substance. The same applies to ice 

created in a laboratory setting. Due to several factors, including variable water flow before and 

during freezing, micro-scale roughness, and varying heat transfer processes, the repetition of an 

icing experiment does not produce identical ice samples [23]. Furthermore, the properties of ice are 

highly dependent on the environmental conditions, such as temperature, crystallization process, 

grain size, and cooling rate. As a result, the mechanical properties differ between various 

environmental conditions and generation methods.  

3.1 Definitions of ice 

There are many different definitions of ice. A selection of different definitions of ice has been 

collected in Table 2 which presents an overview of ice types for different application organized by 

field of application. As can be seen, there are several differing definitions for each type of ice, both 

between the application areas and even within one field of application. As each ice type has very 

different properties, such a lack of consensus might result in misunderstandings and challenge the 

comparability of research performed at different facilities.  

Table 2 presents ice type definition from different publications and fields of application. From the 

overview of ice type definitions, it appears that there is a certain level of discrepancy between 

authors. An accurate description of ice types seems to be a first key point in an ice adhesion 

research project. 
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Table 2 Overview of ice types for different applications 

Ice type Definition Field of application 
[ref] 

Atmospheric icing A general expression for any process of ice build-up 
and snow accretion on the surface of an object 
exposed to the atmosphere 

Powerline icing [4] 

Freezing rain A type of precipitation icing that falls in liquid form 
but freezes on impact to form a coating of glaze ice 
upon the ground and exposed objects. 

Powerline icing [4] 

Glaze ice A type of precipitation icing resulting in transparent 
ice accretion of density 700-900 kg/m3, sometimes 
with the presence of icicles underneath the iced 
structure or power line.  

Powerline icing [4] 

Precipitation icing A type of atmospheric icing which is caused by rain 
droplets or snowflakes that freeze or stick to the 
exposed surface or structure.  

Powerline icing [4] 

Rime icing (in-
cloud icing) 

A porous, opaque ice deposit which is formed by the 
impaction and freezing of supercooled water 
droplets on a substrate. Density from 150-700 
kg/m3. 

Powerline icing [4] 

Glaze ice Clear, high density ice Icing on structures [3] 

In-cloud icing Icing due to super-cooled water droplets in a cloud 
or fog 

Icing on structures [3] 

Precipitation icing Icing due to either freezing rain or drizzle, or 
accumulation of wet snow 

Icing on structures [3] 

Rime ice White ice with trapped air Icing on structures [3] 

Freezing drizzle Water droplets that freeze on impact with the 
ground or with objects on the earth’s surface or with 
aircraft in flight 

Sea-ice [24] 

Glaze ice A generally homogeneous and transparent deposit 
of ice formed by the freezing of supercooled drizzle 
droplets or raindrops on objects the surface 
temperature of which is below, or slightly above, 
0oC. It may also be produced by the freezing of non-
supercooled drizzle droplets or raindrops 
immediately after impact with surfaces the 
temperature of which is well below 0oC. 

Sea-ice [24] 

Hoarfrost A deposit of ice having a crystalline appearance, 
generally assuming the form of scales, needles, 
feathers, or fans; produced in a manner similar to 
dew but at temperatures below 0oC. 

Sea-ice [24] 

Rime ice A deposit of ice composed of grains more or less 
separated by trapped air, sometimes adorned with 
crystalline branches, produced by the rapid freezing 
of supercooled and very small water droplets. 

Sea-ice [24] 

Glaze ice Hard, bubble-free and clear ice, generated under 
wet growth conditions and where surface 
temperature is above 0oC 

Sea-ice [25] 
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Bulk water ice Water frozen in freezer or on a Peltier plate at 
constant temperature, which may vary from freezer 
to freezer. Results in a clear and mostly bubble-free 
ice. 

Low ice adhesion 
surfaces [26] 

Glaze ice Temperatures above -10oC, freezes from water film 
after droplets have spread out. Has the highest 
possible ice density 

Low ice adhesion 
surfaces [27] 

Glaze ice Ice frozen on silicone mold at -5oC for 24 hours, 
resulting in a smooth clear structure. Ice that does 
not freeze on impact on aircraft. 

Low ice adhesion 
surfaces [28] 

Glaze ice Ice formed under glaze conditions, where the 
impinging droplets form a liquid film that freezes to 
form the ice. Latent heat release from formation is 
not sufficient to completely freeze the water on 
impact. 

Low ice adhesion 
surfaces [29] 

In-cloud ice Spraying supercooled micro-droplets of median 
volume diameter 27 μm and liquid water content 2.5 
g/m3 in a wind tunnel of wind speed typically 15 m/s 
at temperatures of -10oC. 

Low ice adhesion 
surfaces [26] 

Precipitation ice Supercooled droplets of median volume diameter 
324 μm as precipitation in a cold room with 
temperature typically -10oC, impact velocity 
calculated to be 5.6 m/s. 

Low ice adhesion 
surfaces [26] 

For ice adhesion research, the biggest difference between ice types is between impact ice and non-

impact ice [30-32]. While non-impact ice is created from stationary water, impact ice is generated 

from water with a non-zero impact velocity. Typical impact ice types are atmospheric ice, 

precipitation ice and in-cloud ice. For unwanted icing of this sort, either the water itself has a non-

zero velocity, for instance in case of wind or freezing rain, or the structure or item which experiences 

the icing is moving with respect to a cloud or similar, such as aircraft or wind turbine blades. For 

most of anti-icing applications, and especially those of low ice adhesion surfaces, impact ice is the 

most realistic type of ice during operation. As a result, low ice adhesion surfaces intended for anti-

icing application should be tested with impact ice types to ascertain the functionality.  

Non-impact ice comes in many different forms, but is most often similar to bulk water ice in Table 2. 

This type of ice is the simplest to make, as the only needed equipment is a freezer and a syringe to 

administer water in a mold. As a result, this ice type is the most frequently used in low ice adhesion 

research. Naming of this ice varies from bulk water ice to static ice, freezer ice, refrigerated ice, and 

even glaze ice in some publications [2, 28, 32, 33].  

3.2 The effect of ice type on ice adhesion strength 

That bulk water ice is most frequently used in low ice adhesion research raises the question whether 

the reported ice adhesion strengths are realistic when applied to industrial applications. Impact ice 

types react differently from non-impact ice types,  as impacting water easily experiences a Cassie-to-

Wenzel transition on impact [34]. Following this transition, the droplet spreads out over the surface 

and penetrates the surface texture. As a result, the extent of mechanical interlocking increases 

dramatically, which also increases the measured ice adhesion strength. As the bulk water ice has a 

zero water impact velocity and thus does not experience the Cassie-to-Wenzel transition as easily as 
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impact ice types, it is not unlikely that the reported ice adhesion strengths are unnaturally low when 

tested with bulk water ice in laboratories.  

It has been hypothesized that the type of ice is directly linked to the ice adhesion strength since 

1979 [35]. This hypothesis has been strengthened recently by testing the ice adhesion strength of 

the three most common ice types with the same ice adhesion test set-up [26]. The tests were 

performed in the facilities of the Anti-icing Materials International Laboratory (AMIL), Canada, which 

is the only laboratory in the world approved by ISO 9001:2015, PRI AC3001 and PRI AC3002 to 

qualify de-icing and anti-icing fluids for aircraft applications [36]. All tests and results were further 

described in the relevant publication [26]. 

The three ice types tested correspond to bulk water ice, in-cloud ice and precipitation ice in Table 2. 

All ice types were formed on bare aluminum 6061-T6 bars polished with Walter BLENDEX Drum fine 

0724 M4. Icing occurred over an area of 1100 mm2 for all ice types. The environmental conditions 

were constant for all tests, and the temperature was -10oC. All surfaces had reached the test 

temperature before icing, and all water was deionized with resistivity 18 MΩ.cm and had initial 

temperature of 4±1oC at the beginning of icing. All ice adhesion tests were performed with the 

centrifuge adhesion test (see section 4.1, section 5.2 and Figure 13).  

Precipitation ice was created in a cold room by freezing drizzle from an overhead nozzle. The water 

droplets had median volume drop diameter of 324 μm and impact speed estimated to 6 m/s due to 

gravity alone. The surfaces were subjected to icing for 33 minutes and kept in a cold room for 1 hour 

after icing for the ice to become thermally stable. The ice adhesion test was performed in the same 

cold room. Precipitation ice is illustrated in Figure 1.  

In-cloud ice was created in a closed-loop icing wind tunnel. Here, super-cooled microdroplets of 

water with median volume drop diameter of 27 ± 3 μm were sprayed with a wind speed of 15m/s 

and liquid water content of 2.5 g/m3. The icing time was 8 minutes and 15 seconds, and the surfaces 

and ice were transferred immediately to the cold room after icing. Consequently, a systematic error 

of ex situ icing exists for this ice type. Similar to precipitation ice, the in-cloud ice samples were kept 

in the cold room for 1 hour to ensure thermal stability before ice adhesion tests were performed. In-

cloud ice is illustrated in Figure 2.  

Bulk water ice was created by freezing water in silicone molds in the cold room. The silicone molds 

were created from Smooth-On [37], under similar conditions as for precipitation ice. The molds were 

crafted to give the same icing area as the other ice types. 10 mL of water were inserted into the 

molds, and the aluminum surfaces were placed on top at the water-air interface. The icing time was 

at least 2 hours. The ice adhesion tests were performed immediately after the removal of the molds 

from the ice sample, and the test was performed in situ in the same cold room. Bulk water ice is 

illustrated in Figure 3.  
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Figure 1 Example of precipitation ice. 
Picture also published in [26]. 

 

Figure 2 Example of in-cloud ice. Picture 
also published in [26]. 

 

Figure 3 Example of bulk water ice. 
Picture also published in [26]. 

Ideally, the ice adhesion strength should be similar for all three ice types tested. If that were the 

case, there would not be any difference in testing low ice adhesion surfaces with ice created in 

different facilities, even if the ice type varied. However, this is not the cause the results show.  

In Figure 4, the ice adhesion strengths are shown for all three types of ice. The mean values are 

given in Table 3, together with the standard deviation and the number of samples. It can be seen 

that there is a significant difference when comparing the ice adhesion strengths of the three ice 

types, where precipitation ice has a higher ice adhesion strength than the other two and bulk water 

ice is the easiest to remove. Bulk water ice only displays 40 % of the adhesion of precipitation ice 

under similar conditions, and the standard deviation is quite high for all three ice types.  

The high inherent variation in measured ice adhesion strengths shown in Table 3 are in accord with 

other publication [38]. For a study intended to determine the cause of variation in ice adhesion 

strength measurements utilizing a new methodology with a lap joint shear rig, the measured 

standard deviation remained at 23 % and 33 % for two different test campaigns [29]. Similarly, a 

previous test campaign with more than 200 data points resulted in standard deviations of 13 % and 

23 % for steel and aluminum, respectively [39]. This inherent variation in measured ice adhesion 

strengths for all similar parameters might be a result of the aforementioned stochastic behavior of 

ice as a material. 

Several analytical models have been proposed to describe ice adhesion strength on a reference 

aluminum surface, among these are the one based on electrostatic interactions at the interface [27] 

and the one based on the presence of a liquid-like layer at the ice-solid interface [40]. Both models 

include factors accounting for changing ice type and predicting that an increased porosity of the ice 

leads to a decreased adhesion force as well. An increased porosity of ice is directly related to the 

amount of air bubbles in the ice sample [41], and a higher fraction of micrometer-size air bubbles 

results in a more opaque ice [42]. Therefore, the opaquer ice types have a higher porosity, and is 

expected to have a lower adhesion to a given surface.  

However, as seen from Figure 4, the ice type with the highest porosity, which is precipitation ice, 

displays the highest ice adhesion strength. This result is in opposition to the analytical models, as 

well as previously assumed relations between the different types of ice in other publications [28, 

43]. The discrepancy between previous assumptions and analytical models, and the experimental 

results in Figure 4 substantiate the lack of knowledge about ice physics as well as about the 

fundamental mechanisms of ice adhesion.  
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Table 3 Results of ice adhesion tests for the three different ice types, including the number of samples tested with each ice 
type. Data taken from [26].  

Ice type Mean ice adhesion strength 
[MPa] 

Standard deviation 
[MPa (%)] 

# samples 

Precipitation ice 0.780 ± 0.102 (13.1 %) 30 

In-cloud ice 0.590 ± 0.119 (22.5 %) 60 

Bulk water ice 0.284 ± 0.083 (28.2 %) 36 

 

 

Figure 4 Measured ice adhesion strength for each performed test for the three ice types. Adapted from [26]. 

4. Testing ice adhesion 

Ice adhesion strength is measured by detaching an ice sample from a given surface. The most 

common definition of ice adhesion strength is the maximum detachment force divided by the 

contact area of the ice, i. e., 

𝜏 =  
𝐹

𝐴
            (1)  

However, although the basic definition of ice adhesin strength is agreed upon, the testing of ice 

adhesion strength varies from facility to facility. At present, there are no applicable standards for the 

testing of ice adhesion strength. As a result, each research group develops its own custom-built 

testing rig [11, 31, 44-47]. In Table 4, the different ice adhesion tests that have been included and 
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discussed in some recent reviews can be seen. This overview illustrates the multitude of different 

available ice adhesion tests, and the many variations of each test.  

Table 4 Overview of ice adhesion tests included in recent reviews. From [38]. 

Review paper (year) [Ref] Included ice adhesion tests 

Sayward (1979) [35] Pure tensile test, pure lap shear test, flat plate 
torsion shear test, cylinder torsion shear test, 
peel test, blister test, cleavage test, cone test, 
flexed sheet test, small area tensile test, lap 
tensile-shear-test, multi flat-plate torsion-shear 
test, axial cylinder shear test, roll-peel test, and 
combined mode tests 

Kasaai and Farzaneh (2004) [48] Simple shear test, lap shear test, tensile test, 
combined shear and tensile test, peel test, 
impact test, laser spallation test, scratch test, 
atomic force microscopy (AFM) test, and 
electromagnetic tensile test 

Makkonen (2012) [5] U.S. Army Cold Regions Science and 
Engineering Laboratory (CRREL) test 
arrangement (torque test), and VTT Technical 
Research Centre of Finland test arrangement 
(horizontal shear test) 

Schulz and Sinapius (2015) [31] Tensile test, transverse shear test, bending test, 
and centrifugal test 

CIGRE TB631 (2015) [4] Pull test, centrifugal chamber test, sliding 
weight test, ice push off test, and conductor ice 
pull-off test 

Work and Lian (2018) [30] Centrifuge adhesion test, calculated centrifuge 
adhesion test, instrumented centrifuge 
adhesion test, push test, rotational shear test, 
0o cone test, lap shear test, tension test, beam 
tests, blister test, laser spallation test, and peel 
test 

4.1 Description of selected common ice adhesion tests 

Two of the most common tests to measure ice adhesion strength are the centrifugal adhesion test 

and the shear test [38]. Both test methods utilize the basic equation of ice adhesion strength, but 

they measure the peak detachment force in different manners.  
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Figure 5 Schematic overview of centrifugal adhesion test. 

 

 

Figure 6 Schematic overview of the horizontal shear test, 
also called push test. 

A schematic overview of the centrifugal adhesion test can be seen in Figure 5. This test utilizes the 

centrifugal acceleration to apply the detachment force by rotating a small ice sample with a constant 

acceleration rate. By recording the moment of detachment with piezoelectric cells, the instant 

angular velocity at detachment can be found. This angular velocity is then used to calculate the 

detachment force through the equation  

𝜏 =  
𝐹

𝐴
=  

𝑚𝑖𝑐𝑒𝜔2𝑟

𝐴
            (2) 

where 𝐹 is the centrifugal force, 𝐴 is the ice-solid contact area of the detached ice, 𝑚𝑖𝑐𝑒 is the mass 

of the detached ice, 𝜔 is the angular velocity at the time of detachment, and 𝑟 is the radius of the 

beam at the center of mass for the ice sample. Centrifugal adhesion test is simple and inexpensive 

but requires a more complex set-up than other tests. Furthermore, the centrifugal test is only 

compatible with one beam shape and may be damaging to the surface coatings as well as the ice 

sample itself [48], and the stress distribution is not uniform over the interface during testing [31]. On 

the other hand, the centrifugal adhesion test results in more repeatable measurements than many 

other methods, and has a very high probability of adhesive failure [49].  

To account for some of the disadvantages of the centrifugal adhesion test, several adaptations of the 

test method have been developed recently [30]. The calculated centrifuge adhesion test determines 

the adhesion strength based on the length of a shed piece of ice from a rotor, and is considered an 

improvement because it enables testing in situ, without handling or moving the ice sample after 

freezing. The instrumented centrifuge adhesion test is another adaptation and enables changing of 

rotors for ice detachment. With this set-up, the impact velocity can be varied by varying the speed of 

the rotor. The rotors spin at a constant velocity and impact ice grows on the spinning rotors until the 

ice is shed due to its weight. Although no centrifuge adhesion test can provide stress-strain curves 

from the ice detachment, the instrumented centrifuge adhesion test can record total interfacial 

stress as a function of time. However, the change in the stress distribution is higher for this type of 

centrifuge adhesion test, as the ice grows on the rotors while they are rotating [30].  

Shear tests constitute the most diverse group of ice adhesion tests. A shear test is defined as a test 

in which the load is distributed over the ice sample in an apparently uniform manner, meant to 

distribute the force evenly at the interface with the direction of motion parallel to the surface [30]. 

The simplest and most common shear test is the horizontal shear test, also called the push test, 

which can be seen in Figure 6. The horizontal shear test utilizes a force probe to detach the ice from 

the surface, which records the moment of ice detachment as a sudden decrease in registered force.  

Simple shear tests utilizing a force probe to either pull or push the ice sample can be found in many 

configurations. The vertical shear test, for instance, is nearly identical to the horizontal shear test in 
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Figure 6, except that the vertical shear test is oriented 90o so that the ice is pushed downwards and 

falls at the moment of detachment.  

There are several different set-ups of these types of shear tests or push tests available, and they are 

both simple and economical to perform. However, due to the effect from the force probe, the tests 

do not induce a uniform stress distribution at the ice-solid interface. As a result, finite element 

analysis should be performed to correct the measured ice adhesion strength against the stress 

distribution [31]. Furthermore, due to the set-up of the simple shear tests utilizing force probes, it is 

difficult to apply them to impact ice type [30].  

Other types of shear tests are also in common use, such as the rotational shear test, the lap shear 

test, the pull test and the 0o cone test. One example of such shear tests is the modified lap joint test 

set-up, utilized to determine the cause of the high variation in ice adhesion for impact ice [29]. In 

such a shear test, the ice sample is frozen on the surface and placed in a sandwich configuration with 

teeth fastened at the free ice surface by slight heating of Peltier elements. To detach the ice, the 

teeth are gradually displaced upwards, parallel to the surface, giving a mode II-failure of the ice at 

detachment. Other shear tests use similar principles, exemplified by the hollow cylinder and rod 

with ice in between such as in the 0o cone test.  

There are many different ice adhesion test set-ups in use daily. The centrifugal adhesion test is 

utilized by AMIL, while the 0o cone test is utilized by the Cold Regions Research and Engineering Lab 

(CRREL)  [50]. A more standard horizontal shear test is used by both VTT [5] and Meuler et al. [44], of 

which the latter set-up has been used as an inspiration for several other low ice adhesion test 

facilities [38]. Furthermore, there have been several attempts to standardize the measurement of 

ice adhesion strength. Mulherin et al. [51] proposed a standard shear test in 1998, utilizing the 0o 

cone test. In 2014, Wang et al. [45] proposed a vertical shear ice adhesion test utilizing only 

commercially available instruments. A similar attempt was made in 2019 by Irajizad et al. [47], using 

a horizontal shear test.  

4.2 Adhesion reduction factor 

It is a challenge to obtain ice adhesion values that are both reliable and precise. As seen in section 

3.2, the variation is often high, and it is difficult to compare different existing icephobic materials 

and candidates for future development. Two strategies for comparison are to compare potential 

icephobic surfaces in a single laboratory facility, or to compare icephobic surfaces tested at different 

laboratory facilities with each other. The first strategy for comparison is possible at present with the 

Adhesion Reduction Factor (ARF) which will be discussed in this section. The second strategy for 

comparison will be dealt with in section 5.  

The ARF was first introduced by AMIL in 2003, with the aim to normalize ice adhesion strength 

values between different materials and methods. The ARF is calculated as the ratio of the ice 

adhesion measured for a reference surface, often aluminum, to the ice adhesion of the icephobic 

surface. Following the tests, the icephobic performance in terms of reduced ice adhesion strength is 

evaluated such that: 

 ARF > 1:  Reduction of ice adhesion strength, higher numbers indicate more icephobic 

 ARF < 1:  Increased ice adhesion strength when compared to aluminum 
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Since 2003, 345 different coatings have been tested and evaluated at AMIL under similar conditions. 

In the context of this manuscript, the ice type tested has been precipitation ice as described in Table 

2 with temperature at -8oC, and the test method was the CAT from Figure 5 at temperatures of -

10oC. The range of ARF results is displayed in Figure 7, which includes freshly applied solid coatings, 

embedded polymeric coupons, viscous greases, and surface treatments. The tests have been 

classified by the year of the test. Every coating tested has been compared to an aluminum 6061 T6 

reference surface, with an average roughness of 0.8 µm and a water contact angle of approximately 

75o. The average bulk shear stress measured is about 0.51 MPa ± 7% [52]. The standard deviation of 

ARFs is ± 15%, based on 6 icing repeats.  

 

 

Figure 7 Adhesion Reduction Factors (ARFs) from AMIL CAT tests, where icephobic coatings were compared to aluminum 
surfaces, tested at a temperature of -10oC with precipitation ice generated at temperature of -8oC. 

Overall, the coatings tested over the years display similar performance within a wide range of ARF 

values, ranging from 0.5 to 1000. This range corresponds to stresses from about 0.8 to 0.0005 MPa. 

Most of the candidates reduce ice adhesion by a factor between 1 and 5 compared to bare 

aluminum. Only 23% of the solid coatings demonstrate significant reductions of ice adhesion 

strength with ARFs above 10. Grease-based materials have been found to be the most efficient 

because the mechanical anchorage of ice was inhibited by the viscous nature of the coatings. 

However, their use is limited because they are non-permanent, and their efficiency has been shown 

to be affected by wear. This effect of wear on the icephobic performance needs to be assessed 

before use.  
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Since 2005, many other laboratories and research groups have also expressed their results in terms 

of ARFs [2]. However, nearly every group uses different definitions or experimental protocols. 

Therefore, ARF should only be used within a specific number of criteria. ARF should be applied only 

to compare an icephobic material to its reference substrate iced under the same icing conditions, or 

to repeat the measurement with the reference substrate at each test and specify the frequency of 

reference measurements during the test campaign. The soundness of ARF results is based on that 

intrinsic experimental variations are attenuated using reference controls.  

4.3 Effect of experimental parameters 

Most publications do not include all their experimental data and details. As a result, it is difficult to 

compare reported ice adhesion strengths. Ice adhesion strengths in the literature vary with up to 

three orders of magnitude, and even ice adhesion strengths for the same surface, for instance 

aluminum or steel, vary within more than one order of magnitude [30, 38].  

In Table 5, an overview of available experimental parameters from a selection of publications can be 

seen. All these publications focus on low ice adhesion studies, testing different surfaces with the aim 

to achieve ice adhesion strength as low as possible. All the ice adhesion tests were performed with 

the simple shear test, and all ice types tested were equivalent to bulk water ice in Table 2. This table 

clearly shows how much the experimental conditions vary within the ice adhesion research 

community for one common type of ice adhesion test.  

Table 5 Overview of experimental conditions for a selection of different ice adhesion studies with bulk water ice. All studies 
utilized a shear test to measure the ice adhesion strength. Temperature and time refer to the freezing temperature and 
freezing time of the bulk water ice, respectively. Probe distance and impact speed have been included where given. 
*denotes where the icing time was unspecific. As the studies tested different low ice adhesion surfaces, the reported ice 
adhesion strengths are not directly comparable. Table from [38]. 

Shear test Temperature Freezing 
time 

Probe 
distance 

Probe 
loading 
rate 

Ice 
adhesion 
strength 

Ref.  

Vertical -15oC 3 h  2 mm 0.05 mm/s 50 kPa Wang et al. 
[53] 

Vertical -15oC 24 h 3 mm 0.1 mm/s 5-7 kPa He et al. 
[54] 

Horizontal  -10oC 15 h 2 mm 0.5 mm/s 165-510 
kPa 

Meuler et 
al. [44] 

Horizontal  -20oC 1 h 1 mm 0.8 mm/s 5-2 kPa Beemer et 
al. [20] 

Horizontal  -25oC 1 h 3 mm 0.1 mm/s 1 kPa Irajizad et 
al. [47] 

Horizontal -4oC - 1 mm 0.001 
mm/s 

2.5 kPa Mitridis et 
al. [55] 

Horizontal -10oC * 1 mm - 0.15 kPa Golovin et 
al. [56] 

Horizontal -12oC 12-14 min -  0.18 mm/s 12 kPa Upadhyay 
et al. [33] 

Horizontal  -20oC * -  -  252 kPa Hejazi et al. 
[8] 



15 

 

Horizontal  -15oC 5 h -  -  27 kPa Dou et al. 
[57] 

4.3.1 Temperature  

There is a general trend of increasing ice adhesion strength with decreasing temperature during ice 

adhesion testing and ice formation [30, 58]. However, there are not enough data for a specific 

relation to be settled. The effect of temperature on ice adhesion strength is partly due to the effect 

of temperature on the properties of the ice itself [6], and partly due to the changing interaction 

mechanisms at the interface [5]. For instance, temperature has a direct impact on the behavior of 

the liquid-like layer at the ice-solid interface [40]. For the ice itself, the temperature is a factor when 

determining what sort of icing occurs, for instance in the division between different types of impact 

ice [3]. Another important aspect of the temperature is whether the tested ice has been allowed to 

reach thermal equilibrium before testing [7], and whether the samples are created in situ, or 

handled in some way between ice formation and ice adhesion testing. For ice adhesion tests 

performed in the same cold room or in the same set-up throughout both ice formation and ice 

adhesion testing [56], the thermal conditions remain similar for the entire process. However, when 

the ice is moved between facilities, rooms or set-ups, changing thermal conditions might induce 

systematic errors. For instance, ice adhesion strength might be highly dependent on the thermal 

mismatch between the adhering surface and the ice, especially for ice samples with less than 1 hour 

freezing time [46].  

4.3.2 Ice sample size  

The effect on ice adhesion strength of ice sample size has not been systematically investigated. 

Consequently, the sample size of ice for ice adhesion testing varies from nanoscale droplets to large 

scale applications [5]. Fracture behavior of ice, and the thus the ice adhesion strength as well, is 

determined largely by the grain size and thickness of the ice [59]. However, whether the measured 

ice adhesion strength depends on the ice sample size during ice adhesion testing is not agreed upon 

[20, 31, 60]. Furthermore, not all ice adhesion publications disclose the dimensions of the ice 

samples. 

There are several ways that changes in ice sample size might impact the ice adhesion strength. In 

Figure 8, four different realistic ice samples tested in a horizontal shear test are shown together with 

a possible probe placement. The four cases illustrate different probe placements, different ice-solid 

interface areas and different ice sample heights. The effect of probe distance will be dealt with in 

section 4.3.3.  
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Figure 8 Illustrations of different realistic ice sample sizes in a horizontal shear ice adhesion test. The four examples are: a) 
typical ice sample, b) ice sample with a larger height, c) ice sample with larger height, and a greater distance between the 
force probe and surface, and d) ice sample with a longer length dimension. 

A recent study [56] tested the effect of changing the ice-solid surface contact area on the ice sample 

in the length direction, as illustrated in the difference between a) and d) in Figure 8. The study tested 

lengths from 0.5 cm up to 1 m, with the same height and width of the samples. It was found that the 

required detachment force for the ice sample increased with the length of the sample as predicted 

by equation (1), up to a critical value which depended on the surface. Above this critical value, the 

maximum detachment force remained constant even for longer ice samples.  

Although this study seems to confirm the impact of ice-solid contact area, and partly ice sample size, 

on the measured ice adhesion strength, the study has some weaknesses. It only investigates one 

type of ice with one type of ice adhesion test and does not investigate any other changing ice sample 

dimensions. As such, the dependence of ice adhesion strength on the length of the sample does not 

necessarily describe the dependence of ice adhesion strength on the ice sample size in its entirety. 

To fully ascertain the effect of ice-solid contact area on the ice adhesion strength, systematic testing 

is required, which needs to include different types of grain sizes together with different ice types and 

ice morphologies.  

Another aspect of the ice sample size is the height of the ice sample, which is particularly important 

when utilizing the vertical shear test to measure the ice adhesion strength. For this test, where the 

tested surface is placed normal to the floor, the total force on the ice sample during detachment is a 

combination of the force probe and the effect from gravity.  The effect of gravity depends wholly on 

the height of the sample, and the percentage of the detachment force due to gravity increases for 

tall ice samples on low ice adhesion surfaces [38]. For bulk water ice, and surfaces with ice adhesion 

strength higher than 20 kPa, the effect of gravity will not exceed 5% for ice samples with height 

lower than 10 cm. However, when ice sample height is above 10 cm, or the surface displays ice 

adhesion strengths below 10-20 kPa with a vertical shear test, so the effect of gravity should be 

accounted for.  

4.3.3 Force probe placement and loading rate 

It has been shown that the placement and loading rate of the force probe during simple vertical and 

horizontal shear tests greatly impact the measured ice adhesion strength [45, 53]. In Figure 9, the 

effect of the distance between the force probe and the surface can be seen. It shows the measured 

ice adhesion strength for bulk water ice on a poly(methyl methacrylate) (PMMA) surface tested with 

the vertical shear test for four different probe distances, where the force probe is situated from 1 
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mm to 4 mm away from the surface. When applying a linear fit to the data, it is seen that increasing 

the distance between the surface and the force probe by 1 mm, decreases the measured ice 

adhesion strength by 161 kPa on average. This change is illustrated in Figure 8 from b) to c). This 

decrease is a result of a mixed shear/tensile mode as the probe distance increases, inducing a 

bending moment [45].  

 

Figure 9 Dependence of ice adhesion strength on the probe distance from the surface for a vertical shear test on bulk water 
ice on a poly(methyl methacrylate) surface, data from [45] with linear best fit.  

The distance between the force probe and the surface in a horizontal shear test for a viscoelastic 

surface with ice adhesion strength around 1 kPa has also been investigated recently [47]. In this 

study, it was observed that a small distance between the probe and surface did not induce ice 

detachment, but rather pushed the ice sample around on the surface. As the ice never detached 

from the surface, ice adhesion was not measured. Rather, the test measured a form of static friction 

between the ice and surface. In this study, it was recommended to keep the distance of the force 

probe from the surface at about 3 mm, to ensure that the ice sample detaches properly from the 

surface. This recommendation only applies to elastomeric low ice adhesion surfaces. 

In addition to the placement of the force probe, with respect to both the distance from the surface 

and the induced stress distribution at the interface, the probe loading rate has been shown to 

impact the resulted ice adhesion strength when measured with the vertical shear test [53]. This 

study showed that when the probe loading rate increased, the ice adhesion increased as well. 

However, this effect was only apparent for some surfaces, as it could be seen for testing on 

Sylgard184 but not for PMMA surfaces. This differentiation on type of surface substantiates the 
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need for more research on the fundamental mechanisms of ice adhesion, and the different 

mechanisms of the available ice adhesion tests.  

Table 5 gives an overview of experimental conditions for several low ice adhesion studies. As can be 

seen, both the probe distance, probe loading rate and temperature vary greatly, and are not always 

stated in the publications. Because of the great impact of these parameters, it is very difficult to 

directly compare these different results to each other.  

5. Comparing low ice adhesion surfaces with interlaboratory tests 

In 2019, the authors of this chapter undertook in interlaboratory study of ice adhesion using 

different techniques. The results have been published recently [61], and the experiments and results 

in this section are based on this publication. Additionally, in this section we will detail the need for 

comparison and transferability in the field of low ice adhesion surface research, and our suggestion 

as to how this comparability might be achieved.  

5.1 The need for comparability 

The need for comparability and standardization in the field of low ice adhesion has been 

substantiated. The definition for icephobic surfaces is not fully agreed on, and many different types 

of accreted ice are utilized which are created in varying ways, which affects the ice adhesion 

strength. Furthermore, ice adhesion strength is measured with many different set-ups where small 

changes in experimental parameters can have large consequences for the reported ice adhesion 

strength.  

There is a general agreement that further development of low ice adhesion surfaces needs to 

include a list of criteria for comparison. As mentioned in section 4.1, several publications have 

suggested standard measurement techniques for ice adhesion strength, and four out of six 

contributions in the low ice adhesion session at the 18th International Workshop on the Atmospheric 

Icing of Structures (IWAIS), which was held in Reykjavik in June 2019, focused on the issue of 

comparability [62-65]. In short, a low ice adhesion material developed at one facility cannot be 

compared to another developed somewhere else. Similarly, while the ARF can be used to compare 

different icephobic coatings to each other by comparing to a common reference as described in 

section 4.2, the ARF cannot be used to compare icephobic materials in different laboratories, as their 

references will differ.  

The ultimate goal of research in ice adhesion, and to ensure full comparability, is to understand all 

underlying mechanisms of the adhering of ice to different surfaces. On the other hand, these 

mechanisms are different for different surfaces and under different environmental conditions, and 

thus there is not only one true value ice adhesion which all other measurements may be compared 

to. Furthermore, the ideal, or true, ice adhesion value changes from application to application. Due 

to the complex and stochastic behavior of ice, and the many changing parameters, to uncover all the 

theoretical implications of ice-solid adherence is extremely complicated. Meanwhile, the ice 

adhesion research field is result-oriented and moves continually forward, requiring a more 

empirically based method of comparison between different surfaces and research facilities.  
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A comparison for ice adhesion must be based on real-life experimental set-ups and surfaces to be 

viable. Ideally, a system for comparison and transferability can be utilized to directly compare two 

measured ice adhesion strengths when the ice adhesion test and ice type are given, as well as all 

environmental conditions. As such, a variety of test methods and ice types must be considered to 

generate such a comparability, and multiple research groups must be involved.  

The results reported in the next sections of this chapter are meant to be a beginning of such a 

process. In these experiments, one reference surface and one commercially available icephobic 

surface were tested with as similar conditions as possible in two laboratory facilities, NTNU situated 

in Trondheim, Norway, and AMIL situated in Chicoutimi, Quebec, Canada. The same ice type was 

tested, and the tests were performed at two different temperatures to compare the effect of 

changing environmental conditions.  

5.2 Interlaboratory test procedure 

The two surfaces selected for comparision in the interlaboratory test procedure were bare 

aluminum 6061-T6, and aluminum covered with EC-3100 that was a two-component, water-based, 

icephobic, non-stick coating from Ecological Coating, LLC. Both surfaces are available commercially 

and have been investigated in previous studies [49, 66, 67]. To ensure comparability, all surfaces 

were prepared at AMIL and shipped to NTNU for testing. The durability of the surfaces was not 

investigated, all water was created with demineralized water of resistivity 18 MΩ.cm, and 

temperatures of both -18oC and -10oC were tested. Several tests were performed at each 

configuration to generate averages. At AMIL, the averages are based on six different samples, except 

four samples for bulk water ice on bare aluminum at -10oC. At NTNU, the averages are for five 

different samples.  

Two different ice types were tested at AMIL, namely precipitation ice and bulk water ice as 

described in Table 2 and in section 3.2 [26]. Precipitation ice as created at a temperature of -18oC 

can be seen in Figure 10. Bulk water ice as created at AMIL at a temperature of -18oC can similarly be 

seen in Figure 11. For the bulk water ice tests, unlike those described in section 3.2, the tested 

surfaces and water were initially at room temperature. These conditions were changed to resemble 

the tests performed at NTNU as much as possible.  Similarly, all tests with bulk water ice in both 

facilities had freezing time of exactly 3 hours, to avoid discrepancies in the environmental 

conditions.  
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Figure 10 Picture of precipitation ice 
created at AMIL at test temperature 
of  -18oC. Picture also published in 
[61]. 

 

Figure 11 Picture of bulk water ice 
created at AMIL at test temperature 
of -18oC. Picture also published in 
[61]. 

 

Figure 12 Picture of bulk water ice 
created at NTNU at test temperature 
of -18oC. Picture also published in 
[61]. 

At NTNU, the laboratory facility is equipped to generate bulk water ice only, by a freezer for 

temperature of -18oC and a separate cold room for temperature of -10oC. The bulk water ice at 

NTNU was generated similarly to previous studies [54, 68] in a polypropylene cylindrical tube. The 

ice samples generated were smaller than those created at AMIL, with circular surface area about half 

of that at AMIL. For both temperatures at NTNU, the ice was frozen ex situ, and required transport 

to the test rig. The transport from the cold room was performed with the sample in a polystyrene 

container to minimize the effect of the changing temperature. Additionally, the ice samples were 

placed in the ice adhesion test chamber for 15 minutes to ensure thermal stabilization before 

testing.  

As mentioned in previous sections, the ice adhesion tests performed at AMIL are carried out with a 

centrifuge adhesion test, as described in section 4.1. The specific ice adhesion test set-up utilized is 

displayed in Figure 13. At NTNU, the ice adhesion tests were performed with a vertical shear test, as 

pictured in Figure 14. This vertical shear test is similar to the principle illustrated in Figure 6, except 

that it is rotated by 90 degrees. The specifications of both ice adhesion test set-ups are given with 

more detail in the original publication [61].  

 

Figure 13 AMIL centrifuge adhesion test apparatus. Picture 
also published in [61]. 

 

Figure 14 NTNU vertical shear test apparatus. Picture also 
published in [61]. 

5.3 Interlaboratory test results 

With comparable ice types and tested surfaces, a comparison of the results obtained from AMIL and 

NTNU with different ice adhesion tests can be performed. The results of the experiments are shown 

in Figure 15, with mean values and standard deviations detailed in Table 6. This figure shows that all 

ice adhesion strengths are comparable, with the greatest differences for aluminum surfaces at test 
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temperatures of -10oC. Furthermore, the results for the different ice types from AMIL support the 

trends for the effect of ice type on ice adhesion strength as reported in section 3.2. Although these 

experiments were performed in the same laboratory facility, they were performed by different 

persons and at different times, which lessens the probability of systematic error due to personal 

habits and inclinations.  

Table 6 Overview of mean values and standard deviations of ice adhesion strength measurements included in the 
interlaboratory study. Data from [61].  

Surface / 

Temperature 

Ice adhesion strength [kPa ± SD (%)] 

AMIL Precipitation ice AMIL Bulk water ice NTNU Bulk water ice 

Aluminum / -10oC 734 ± 75 (10%) 326 ± 30 (9%) 509 ± 185 (36%) 

Aluminum / -18oC 340± 44 (13%) 285 ± 49 (17%) 393 ± 124 (32%) 

Coating / -10oC 83 ± 3 (4%) 96 ± 34 (35%) 111 ± 19 (17%) 

Coating / -18oC 78 ± 14 (18%) 85 ± 49 (58%) 135 ± 38 (28%) 

 

Figure 15 Measured ice adhesion strength values from the interlaboratory study between AMIL and NTNU. Data from [61]. 

The interlaboratory test results in Figure 15 might act as the basis for several comparisons within ice 

adhesion research. In addition to comparing the different ice types, as in the previous paragraph, 

these can be used for comparing the ice adhesion tests for the same type of ice, as well as the 

results for the different surfaces, the standard deviations and the effect of temperature.  

When comparing the different ice adhesion tests, Figure 15 shows that for bulk water ice, the 

vertical shear test at NTNU systematically results in higher ice adhesion values for the same surface. 

However, the standard deviation depends on the type of surface. For aluminum surfaces, the 
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deviation is higher for vertical shear test than the centrifugal test, while the deviation is higher for 

the centrifugal test than for the vertical shear test. Furthermore, while the ice adhesion strengths 

are similar for the two test methods for low ice adhesion, the vertical shear test seems to give larger 

deviations than the centrifugal test. When comparing the standard deviations for the two surface 

types, Figure 15 shows that the aluminum surface yields larger deviations than the icephobic 

coating, and that the deviation seems to scale with the absolute value of the ice adhesion strength 

for the vertical shear test. For the centrifugal test, the largest deviations are found for bulk water ice 

when testing on the icephobic coating. As seen in Table 6, the standard deviations for all tests range 

between 4% and 58%, with a median value of 17%. This range of standard deviations coincides with 

other reports on the variation in ice adhesion measurements, as discussed in section 3.2. As a 

consequence, more ice adhesion tests for a larger range of values should be performed for more 

surfaces, both at several laboratories and should be repeated within each facility. 

The effect of the temperature changes from -10oC to -18oC varied for the two surfaces. For the 

icephobic coating, the effect of decreasing temperature was very small. For aluminum, however, the 

effect of changing temperature was clearly visible. At AMIL, the ice adhesion on bare aluminum 

decreased with the decrease in temperature for both precipitation ice and bulk water ice, with a 

more pronounced effect for precipitation ice. This decrease is attributed to an increased occurrence 

of cohesive failures for the precipitation ice, which became much more common at the lower 

temperature. This transition from adhesive to cohesive failure has been seen for aluminum surface 

and precipitation ice at AMIL previously as well [40]. The same trend of decreasing ice adhesion with 

decreasing temperature was seen at NTNU for bulk water ice, but all failures at NTNU were 

adhesive. This difference indicates that the transition from adhesive to cohesive failure depends on 

both the ice type and the ice adhesion test method. For bulk water ice, there was very little change 

in the ice adhesion strength with decreasing temperature. These discrepancies substantiate the 

difficulty in predicting the effect of temperature on ice adhesion strength [5, 30]. 

As stated in the previous section, the experiments at AMIL were performed in situ, while the 

experiments at NTNU were performed ex situ with transportation between the freezer or cold room 

and the ice adhesion test chamber. However, despite the transportation which was deemed 

detrimental for ice adhesion, the bulk water ice adhesion tested at NTNU is higher than those tested 

at AMIL for both surface types for bulk water ice. This observation might indicate that the 

transportation did not significantly affect the ice adhesion.  

Another source of discrepancies in the ice adhesion measurement is the size of the ice samples. The 

ice samples tested at NTNU, which had surface areas of about 590 mm2, had only half the surface 

area of the samples tested at AMIL, which had surface areas of about 1100 mm2. As seen when 

comparing the prepared samples for centrifugal test at AMIL in Figure 10 and Figure 11 with the size 

of the ice sample on the test surface at NTNU in Figure 14, there was a substantial difference in the 

ice coverage on the surface sample. This difference could lead to different placements of the ice 

sample on the tested surface, leading to possible slight changes in surface microstructure. This slight 

variation might contribute to the higher standard deviation measured at NTNU, especially for the 

bare aluminum surfaces. 

The interlaboratory experiments were conceived and performed with the intent of keeping all 

conditions and experimental parameters in both laboratories as close and constant as possible. 

However, the results still show significant differences between the measured ice adhesion strengths, 

as well as high variations. It follows that more data are needed, and a future method of comparison 
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between different ice types and ice adhesion measurement methods are crucial to ensure 

comparability.  

5.4 Requirements for a future standard and reference 

As stated, the aim of a standardization process within the ice adhesion research community is not to 

establish a common standard method of generating and testing ice, but rather to enable comparison 

of performed experiments in different facilities. Ideally, this basis for comparison includes both ice 

type and ice adhesion test method, as well as every experimental parameter. When all parameters 

are specified, then comparative values should be available for different surfaces and tests.  

Such a reference or standard needs to consider all parameters in ice adhesion measurements. A 

selection of parameters which need to be included in such a reference is displayed in Figure 16. As 

illustrated, a basis for comparison would need to account for differences in environmental 

conditions such as temperature, different variations in surface texture and chemistry, the ice 

adhesion strength test in use at different facilities, and all the different types of ice which are being 

tested for different applications. As a result, a final basis for comparison must include large amounts 

of data, collected from different facilities and compared in a similar manner as the interlaboratory 

tests from the previous section.  

 

Figure 16 Selected elements and parameters of proposed experimental protocol to develop ice adhesion standard and 
reference basis[62]. 

As all research groups base their ice adhesion strength data on custom-built ice adhesion tests and 

ice formation processes, we recommend a common set of reference data. This reference should not 

be considered as the ideal test set-up or solution, but rather as a relatively easy set-up which may be 

implemented fast. If such a set-up could be utilized as a common reference, all other tests would 

only need to be compared to the reference instead of being cross-compared to all other 

configurations. Such a comparison set-up is suggested in Figure 17. We propose a horizontal shear 
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test with defined experimental parameters for testing the ice adhesion strength of bulk water ice 

with specific ice formation properties on aluminum surface in constant environmental conditions. 

For such a reference test, all parameters from Figure 16 would need to be considered. 

 

Figure 17 Schematic drawing of the proposed reference test for increased comparability within ice adhesion research. 

There is already an agreement between several research facilities, including the authors of this 

chapter, to conduct a series of round-robins for comparing the ice adhesion strengths measured in 

different laboratories. These tests will be less extensive than the interlaboratory tests described 

here, but will include more partners, including both industry and academia. Hopefully, these round-

robins will give better insight into the most critical parameters for future comparisons of ice 

adhesion strength. 

6. Concluding remarks 

The aim of this chapter was to give an overview of the status of comparison between icephobic 

materials to date, and to outline the possibility for direct comparison of low ice adhesion surfaces at 

present. It was discussed how the definition of icephobicity differs, while the most promising path 

towards passive anti-icing seems to be to lower the ice adhesion strength. It was shown how 

different atmospheric conditions induced different ice types, and the effect of ice type on the ice 

adhesion strength was substantiated. The most applied ice adhesion test methods were mentioned, 

and the centrifugal adhesion test and simplest shear tests were described in detail. In addition, the 

effects of changing temperature, ice sample size and force probe placement and loading rate were 

discussed. Finally, recently conducted interlaboratory ice adhesion tests were described, and a 

potential future reference basis was outlined.  
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The most important conclusion in this chapter was that the type of ice for ice adhesion tests needs 

to be based on the real-life applications to achieve realistic ice adhesion results. Furthermore, it is 

important to consider the applications and experimental parameters when determining which ice 

adhesion test to utilize, especially for super-low ice adhesion surfaces where gravity might induce a 

systematic error. Furthermore, when comparing ice adhesion tests performed at AMIL with a 

centrifugal adhesion test and at NTNU with a vertical shear test, the results display the same trends 

but with significant differences. For bulk water ice, the vertical shear test systematically results in 

higher ice adhesion strengths than the centrifugal adhesion test, although the vertical shear test 

overall has a higher deviation than the centrifugal test. However, the standard deviation seems to 

scale with the absolute value of the ice adhesion.  

The interlaboratory results indicate that the type of ice accretion is less important when the ice 

adhesion is low. However, the ice formation is still a key parameter in predicting the ice adhesion on 

different surfaces, as well as for determining the underlying mechanisms of ice adhesion and ice 

detachment on different surfaces. To fully compare different ice adhesion measurements and to 

advance the field of low ice adhesion surfaces, a reference test basis should be agreed upon, and 

more comparative experiments should be performed.  
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Abstract— Low ice adhesion surfaces are a promising strategy 

to develop anti-icing surfaces. At present, however, the reported 

ice adhesion strengths are not comparable due to a multitude of 

performed ice adhesion tests and types of accreted ice. 

Furthermore, the necessary experimental details are often not 

included in the published studies. In this paper, a literature 

review for ice adhesion tests is carried out and experiments 

performed at the AMIL facility for ice types are reported to show 

the necessity of comparability. In addition, a protocol for future 

experiments to help standardize the ice adhesion research is 

presented. This protocol includes both ice adhesion tests, types of 

accreted ice, environmental conditions and surface parameters. 

A reference is proposed with standard aluminum surface and 

bulk water ice as well as horizontal shear ice adhesion test at -

10oC. The experiments might be performed in different facilities 

to avoid having to build a new, comprehensive infrastructure, 

but this cooperation requires a common basis of definitions and 

references.  

 

Keywords— Anti-icing, Ice adhesion strength, Ice adhesion test, Ice 

type, Standardization 

I. INTRODUCTION 

Ice removal is necessary to avoid both dangerous situations 

and the unwanted icing of infrastructure [1], [2]. It is essential 

to remove the ice efficiently, either with traditional de-icing 

methods such as thermal, mechanical or chemical deicing or 

with passive anti-icing surfaces. Passive methods do not 

require additional energy, but utilizes natural forces such as 

wind, gravity or surface tension to ensure ice-free surfaces [3]. 

There are three main pathways to achieve passive anti-icing 

surfaces: removing water before freezing; the delay of ice 

nucleation; and the reduction of ice adhesion strength [4]. 

Considering long-term exposure of anti-icing surfaces in the 

ambient environment in cold region, the most promising 

strategy for durable anti-icing surfaces is the lowering of ice 

adhesion strength [5].  

Low ice adhesion surfaces are often defined by an ice 

adhesion strength below 60 kPa [6]. Surfaces with ice 

adhesion strength below 20 kPa enables the ice to shed due to 

natural wind [5], and surfaces with ice adhesion below 10 kPa 

enables one cubic meter of ice to fall off by its own weight [4].  

Research on low ice adhesion surfaces has continuously 

increased over the past 15 years, and there are many promising 

coatings available [7]. However, the available literature 

reports ice adhesion strengths that span three orders of 

magnitude, and there is no general agreement about reference 

values [8]. Several standard tests have been proposed earlier 

[9], [10], and the earliest to our knowledge was presented at 

IWAIS in 1998 [11]. There have also been published several 

reviews comparing different widely used test methods [8], 

[12], [13]. However, the proposed standards do not include 

comparative discussions, and the comparisons between 

different methods do not include ice types. 

In this paper, we summarize our present work on the 

different types of ice adhesion test methods and ice types, and 

propose a future protocol for standardizing ice adhesion 

research. 

II. CURRENT STATUS OF ICE ADHESION TESTS  

Although a multitude of different ice adhesion tests are 

available, four tests are most widely in use [14]. These are the 

horizontal shear test, the vertical shear test, the tensile test, and 

the centrifugal adhesion test, see Figure 1. For all tests, the ice 

adhesion strength is defined as the ratio of peak removal force 

to the interface area of ice, such that 𝜏 = 𝐹
𝐴⁄ . As there is no 

standard today, most research groups develop its own testing 

set-up [15], [16]. As a result, experimental results originating 

from different research groups are not comparable today.    

 

Fig. 1 Schematic illustration of the four most widely used tests 

methods for ice adhesion strength measurements: a) Centrifugal 

adhesion test (counterweight is red) b) Vertical shear test c) 

Horizontal shear test d) Tensile test. 

Most publications do not include all their experimental 

details, such as strain rate and freezing time for ice. In Table 

I, it can be seen how ice adhesion measurements on a reference 

aluminum surface differ both within and between the ice 

adhesion tests. This variation substantiates the great difference 

between the different tests available, and the importance of a 
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detailed experimental section describing the experiments to 

ensure reproducibility. An example of the impact of 

experimental details on the results is the distance between the 

force probe and the surface for the horizontal shear tests, 

where a change of 3 mm alters the ice adhesion strength with 

almost 70% [9]. When several studies do not include this 

measure in their manuscripts, the results can clearly not be 

directly compared. 

Table I Selection of Reported Ice Adhesion Strengths for a 

Reference Aluminum Surface. 

Test 

Method 

Ice Adhesion 

Strength [MPa] 

Reference 

Vertical 

shear test 

0.49 He et al [6] 

Horizontal 

shear test 

0.80 Dou et al [17] 

Horizontal 

shear test 

0.11 Hejazi et al [18] 

Horizontal 

shear test 

0.7-1.0 Lou et al [19] 

Centrifugal 

adhesion test 

0.28-0.78 Rønneberg et al 

[20] 

Centrifugal 

adhesion test 

0.19-0.76 Guerin et al [21] 

Centrifugal 

adhesion test 

0.32 Laforte and 

Beisswenger [22] 

 

Experimental details with impact on the same line as probe 

distance is the probe impact speed for horizontal shear tests 

[23], temperature [21], ice sample size [24], and stress 

concentrations [8], [24], among others.  In Table II, eight low 

ice adhesion studies with bulk water ice are shown with their 

experimental details. As can be seen, the experimental details 

vary on several accounts, and although the ice adhesion tests 

were performed with similar ice adhesion tests and with ice 

frozen in a mold giving bulk water ice, the reported ice 

adhesion strengths are still not comparable. 

Similar to the differences in ice adhesion test methods, the 

type of accreted ice affects the ice adhesion strength. The 

properties of ice are highly dependent on the environmental 

and mechanical conditions, such as temperature, cooling rate, 

grain size, and crystallization process [26]. The generation 

process of the ice thus determines the properties of the ice, 

including ice adhesion strength.  

So far, no systematic investigation has been performed to 

test the effect of different ice adhesion test methods on similar 

ice types under similar conditions. However, the authors in 

cooperation with the Anti-icing Materials International 

Laboratory (AMIL) have performed a comparison of three 

different accreted ice types at the same temperature. 

 

III. TESTING ICE TYPES 

To test the effect of different types of accreted ice on the 

ice adhesion strength, three types of accreted ice widely used 

in ice adhesion research were tested at the AMIL facility [22]. 

More than 120 experiments were performed, and the ice 

adhesion strength was measured with the centrifugal adhesion 

test [20], [22]. The centrifugal adhesion test is illustrated in 

Figure 1d, and utilizes centripetal acceleration as a small ice 

sample on a beam is rotated with an increasing acceleration. 

The moment of ice detachment is recorded with piezoelectric 

cells, and the detachment force is further calculated from the 

detachment angular velocity. Centrifugal adhesion tests 

results in more repeatable measurements and has a high 

probability of adhesive failure, although it can only 

accommodate one beam shape and can damage surface 

coatings [8], [14].  

The three ice types tested were precipitation ice, in-cloud 

ice or impact ice, and bulk water ice. Precipitation ice was 

generated with a freezing drizzle in a cold room, as explained 

elsewhere [21]. Impact ice was generated in a wind tunnel of 

wind speed 15 m/s in a standardized procedure at AMIL [22]. 

Bulk water ice was generated by freezing water in a silicone 

mold with the aluminum bars placed on top [20]. Bulk water 

ice is most common on ice adhesion tests, but is not 

representative for several application such as aircraft icing [8], 

[15]. All the experiments were performed at -10oC.  

The results of the ice adhesion measurements can be seen 

in Figure 2. The three different ice types clearly differ in their 

ice adhesion strength even under same environmental 

conditions and with the same ice adhesion test. Figure 2 

clearly indicates that simply stating the ice adhesion strength 

of different low ice adhesion surfaces without considering the 

ice type gives inaccurate and flawed comparisons. 

 

Fig. 2 Results of ice adhesion tests performed at AMIL for three 

different ice types, together with their standard deviation and 

number of tests performed [20]. 

IV. PROPOSAL FOR STANDARDIZING PROTOCOL 

So far, we have shown that reported ice adhesion strengths 

cannot be directly compared due to differences in both ice 

generation methods and ice adhesion testing set-ups, even 

though the environmental conditions are similar. The goal of 

the low ice adhesion research is to obtain the optimal anti-

icing surface with lowest possible ice adhesion strength to 

mitigate icing on structures. However, before the required 

comparisons can be made, the research community must agree 

upon a standard by which to perform ice adhesion strength 

calculations on different surfaces. Such a standard must be 

developed by means of international cooperation to ensure 

that it is applicable for all purposes. 
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Table II Experimental Conditions for a Selection of Low Ice Adhesion Studies with Bulk Water Ice. 

Shear test Temperature Freezing 

time 

Probe 

distance 

Probe impact 

speed 

Ice adhesion 

strength 

Ref.  

Vertical -15oC 3 h  2 mm 0.05 mm/s 50 kPa Wang et al [23] 

Vertical -15oC 24 h 3 mm 0.1 mm/s 5-7 kPa He et al [6] 

Horizontal  -10oC 15 h 2 mm 0.5 mm/s 165-510 kPa Meuler et al [15] 

Horizontal  -20oC 1 h 1 mm 0.8 mm/s 5-2 kPa Beemer et al [25] 

Horizontal  -25oC 1 h 3 mm 0.1 mm/s 1 kPa Irajizad et al [10] 

Horizontal -10oC - 1 mm - 0.15 kPa Golovin et al [7] 

Horizontal  -20oC -  -  -  252 kPa Hejazi et al [18] 

Horizontal  -15oC 5 h -  -  27 kPa Dou et al [17] 

 

 

Fig. 3 Selected elements of the proposed experimental protocol to develop an ice adhesion standard.

In this paper, we propose an experimental protocol to help 

investigate the different parameters that must be accounted for 

in a standard ice adhesion measurement. Such a standard 

should be easy to implement, comparable for different types 

of ice and applicable for many anti-icing applications. Figure 

3 shows an example of different parameters that will need to 

be included in such experiments to determine each of their 

impact on the ice adhesion strength. To properly explore a 

fitting ice adhesion standard, each parameter in Figure 3 must 

be tested and accounted for. The effect of each of the 

parameters must be tested against a reference. Based on the 

previous tests performed, the most commonly utilized test and 

ice type is the horizontal shear test with bulk water ice. This 

set-up is also easiest to adapt and expand upon in different 

laboratories and conditions. As a consequence, we propose a 

reference of standard aluminum surface with bulk water ice of 

a specific size and horizontal shear ice adhesion test with 

probe distance 1 mm and probe impact speed 0.5 mm/s. The 

temperature should be -10oC during the whole process, and the 

freezing time should be 2 hours. Based on this reference, all 

parameters in Figure 3 must be systematically changed and its 

effect recorded.  For statistical accuracy, each set of 

parameters must be recorded and tested at least 5 times. 

For ice adhesion test methods, all available tests should be 

performed, and all variable parameters must be checked. 

These parameters will be different for each measurement 

technique, for instance will the probe behavior be essential to 

test for shear tests but not applicable for centrifugal tests. 

However, for all test methods, it is important to investigate 

stress distribution and strain rate to fully understand the 

mechanisms of ice detachment, which will be different for 

various tests [8], [14], [24]. Also the size of the ice sample 

might impact the ice adhesion strength, especially for the 

vertical shear test where gravity affects the results. This effect 

is particularly important for low ice adhesion surfaces [14]. 

Furthermore, the failure mode is important to distinguish in 

the different ice adhesion tests. It is vital that failure during ice 

adhesion tests are adhesive failures instead of cohesive failure, 

and such a failure mode is more common for some tests, for 

instance the centrifugal adhesion test, than others such as the 

tensile test [14].  

For types of accreted ice, bulk water ice is chosen as the 

reference because it is most widely used and it has the fewest 

controllable parameters [14]. However, bulk water ice does 

not occur in many realistic applications of low ice adhesion 
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surfaces, such as aircraft or power lines application. As a 

result, all types of ice must be tested with both horizontal shear 

test, to compare with reference, and with the other tests as well 

to see if all ice types are affected in the same way by the 

different ice adhesion tests. As grain size and ice density are 

thought to impact the ice adhesion strength [20], different ice 

generation methods must be specified to create several 

versions of the same accreted ice. For instance the water 

median volume drop diameter (MVD) will impact both the 

density and grain size of the ice, and must be varied. In 

addition, all ice types generated should be investigated 

specifically to determine grain size distribution and ice density, 

to improve our understanding of the ice adhesion mechanism.  

For the environmental conditions, the same procedure must 

be followed of changing one parameter at a time and 

comparing to the reference test. It is at present unclear what 

environmental conditions affects the ice adhesion strength. An 

example can be seen in Figure 2, where the ice adhesion 

strength within each type of generated ice varies with up to 

25 % in spite of the exact similar experimental procedures [20]. 

At present, it is unclear where this variation comes from, but 

a hypothesis is that the weather conditions outside impacted 

the ice generation inside the cold room. As a result, such 

parameters must also be included in the recording of the 

experiments.  

Last, for the surface parameters, properties such as surface 

roughness and impurities impacts the ice adhesion strength 

[21]. Furthermore, different materials and metals display 

varying ice adhesion strengths, and the effect of such 

variations should be compared to both the reference tests and 

the different tests and ices. Low ice adhesion surfaces have 

their own challenges that must be solved [14], and those 

challenges might be illuminated by testing multiple surfaces.  

No laboratory facility today includes the necessary 

infrastructure and equipment to perform the required tests and 

parameter checks included in this proposed protocol. It might 

be possible to perform the different tests at various facilities, 

but these scattered experiments must have a common 

reference basis as well as a common language. In addition to 

agreeing on the parameters of the experiments, the name and 

definition of ice types and tests must be homogeneous. At 

present this agreement is lacking, as can be seen by the many 

definitions of the term “glaze ice” [27]-[29]. 

 

 

V. SUMMARY 

This paper has dealt with the lack of standards within ice 

adhesion research, both with respect to ice adhesion strength 

measurements and types of accreted ice tested. Several 

examples have been described which shows how direct 

comparison between reported values of ice adhesion strengths 

is impossible today. Furthermore, a protocol to test the 

requirements of a new ice adhesion standard has been 

described. This protocol includes tests on ice adhesion test 

methods, type of ice tested, environmental conditions and 

surface parameters. The experiments might be performed in 

different facilities to avoid having to build a new, 

comprehensive infrastructure, but this cooperation requires a 

common basis of definitions and references.  
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Future work
The future work included in this appendix is divided in two main sections, namely
experimental investigations and atomistic investigations. The different projects
are detailed as much as possible at the present time. All the projects are briefly
mentioned in Table G.1, while more details are given in the following sections of
the appendix.

Table G.1: Overview of projects for future work to uncover further fundamental
mechanisms of ice adhesion strength, divided in experimental and atomistic studies.

Experimental studies
1. Standardisation experiments and protocol
2. Density of ice and measurement
3. Effect of grain size impact on ice detachment
4. Inclined plane and friction for anti-ice and solar cell applica-

tions

Atomistic studies
5. Equilibrium study of ice and water
6. Ice adhesion and wettability continues, including advancing

and receding contact angles, contact angle hysteresis and
macroscopic contact angles

7. Impact of surface structure on ice adhesion strength
8. Theoretical minimal ice adhesion strength for a given surface
9. Effect of ice density and ice grain size on ice adhesion

strength
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Experimental studies

1. Standardisation experiments
As stated in Section 3.3, a standard test to measure ice adhesion strength is not
realistic to achieve. Instead, a realistic approach is to agree upon a common
reference test which may be a ground for comparison across different test set-ups.
A proposed reference test for this purpose is illustrated in Figure 3.7. However, for
such a grounds for comparison to be valid and efficient, a database of recorded ice
adhesion strength values for varying parameters should accompany the reference.
A suggestion of such varying parameters are illustrated in Figure 3.6.

On the next page is an itemised list including the different elements of the
proposed reference test from Figure 3.7, which is the horizontal shear test with bulk
water ice on aluminium surface in specific environmental conditions. In order to
create a database for changing parameters during ice adhesion testing, the different
parameters must be tested against each other in a controlled environment. In other
words, the relevant parameters of the reference should be tested in one facility.
Each parameter should be tested individually, with at least 10 repetitions for each
configuration due to the high variability of ice. For the parameters in the below
list, this demand means that for instance the probe distance and the suggested
values require 60 ice adhesion tests to measure the effect of probe distance on ice
adhesion strength for the reference database. With 12 different parameters to test,
the amount of individual ice adhesion tests that should be performed is more than
500. However, such a reference database would be invaluable when working to
compare different ice adhesion test methods, and thus also develop state-of-the-art
low ice adhesion surfaces.

When a reference database is present, other laboratory facilities may be in-
cluded to add to the database utilising their own equipment. As long as the
parameters are specifically given, they may be compared to the reference test. Such
comparisons may also be performed retroactively, adding already published results
to the database.

At NTNU, the current ice adhesion measurements are performed with the
vertical shear test. As long as the effect of gravity is negligible (see Figure 3.2), this
test method should be equivalent to the horizontal shear test and may be utilised
for development of the reference database. However, the equality with a defined
horizontal shear test would need to be assessed as part of the process.
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• Horizontal shear test

– Probe distance
0.5 mm, 1 mm, 2 mm, 3 mm, 4 mm, 5 mm

– Probe loading rate
0.01 mms−1, 0.025 mms−1, 0.05 mms−1, 0.1 mms−1, 0.2 mms−1, 0.3 mms−1,
0.5 mms−1

– Probe size
Depends on the available equipment

• Bulk water ice

– Ice formation temperature
−5◦C, −8◦C, −10◦C, −15◦C, −20◦C,−25◦C, −30◦C, −40◦C, −50◦C

– Ice sample size
Includes both contact area and ice sample height, depends on the
available laboratory facility

– Water quality
Measured in resistivity, might include tap water, rain water, de-mineralised
water, among others.

– Ice freezing time
1h, 2h, 3h, 5h, 12h, 24h

• Environmental conditions

– Ambient temperature
−5◦C, −8◦C, −10◦C, −15◦C, −20◦C,−25◦C, −30◦C, −40◦C, −50◦C
Depends on available resources and infrastructure

– Relative humidity
Depends on available resources and infrastructure

• Surfaces

– Aluminium
Treated with a standard process, for instance aluminium 6061-T6 pol-
ished with Walter BLENDEX Drum fine 0724 M4.

– Sylgard 184 or similar untreated and standardised PDMS surface

– Commercial icephobic surface, for instance EC-3100 from Ecological
Coatings [137].
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2. Ice density

There is much information on the density of ice, also for different ice types. Several
overviews of ice types categorise the different ice types by density, see Tables 3.4,
3.5 and 3.6. The density of pure ice crystals change very little from their reference
value of 0.917 gcm−3 except in the presence of air pockets [95]. As such, it is the
amount of air in the ice structure that determines the density of the ice, and often
also the type of the ice.

In Appendix A, it can be seen that density might be a method for predicting the
ice adhesion strength of a given type of ice. However, as the study only dealt with
the ratio of ice mass to the ice thickness, i.e. apparent density, the trend is loose at
best and cannot be fully determined.

Ice density is often calculated by measuring the dimensions of the ice with
varying precision, and dividing the measured detached ice by the approximated
ice volume [17, 97, 142]. A formula developed by empiric results is also often
used to calculate the ice density of atmospheric ice types [91, 145], and lately a
method have been developed to measure the density of ice with x-ray micrography
[95, 98]. However, these methods to determine the ice density may only be applied
to specific types of ice, and cannot measure the correct ice density in the field.

To enable an investigation of the effect of ice density on the ice adhesion
strength, a new method for determining the ice density for typical ice samples
applied to ice adhesion tests must be developed. Such a method can be developed
at NTNU in cooperation with researchers at the department of civil engineering,
where they apply X-ray microtomography to investigate the structure of sea ice
[156]. With such a cooperation, the ice types created at AMIL as a part of the first
paper of this thesis, see Appendix A, might be reproduced and further examined
on at NTNU.

3. Effect of ice grain size

This future work is a continuation on the investigating density of the ice, as the
grain size of the ice crystal is connected to the macroscopic density of the ice.
Furthermore, the effect of grain size on mechanical properties of ice is substantial.
As discussed in the first paper of this thesis (Appendix A), the observation of the
grain sizes of different types of ice would enable a more thorough investigation of
the mechanical properties of different ice types such as bulk water ice, in-cloud ice
and precipitation ice.

As the detachment mechanisms of different ice types differ, and is often im-
possible to visualise, the effect of grain size is extremely interesting. The grain
size helps determine whether the ice in question behaves as brittle or ductile under
failure, what the elastic modulus of the ice is, and much more [107]. If the grain
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size of ice was determined, the detachment mechanisms of the different types of
ice could be predicted based on density. Consequently, this study could shed light
on the fundamental characteristics of ice adhesion on different surfaces and for
varying conditions.

4. Inclined plane and friction

As mentioned in Section 5.1, the application of tilted surfaces to determine ice
adhesion strength is already under development [155], as well as similar test set-ups
for snow adhesion [157]. There are several interesting dilemmas in the relation
between ice adhesion strength and friction, as well as immediate advantages for
instance within solar cell applications.

To characterise low ice adhesion surfaces by the tilting angle of the surfaces is
ideal for solar cell applications. Solar cells and building integrated photovoltaic
surfaces are impacted by accreted snow and ice, which reduces the efficiency
of the photovoltaic cells [158]. If the solar cells were covered with a surface
coating enabling low ice adhesion at the angle of the surface, any accreted ice and
snow would slip off the surface before impacting the efficiency of the solar cells.
Furthermore, as the tilting angle of many solar cells is adjustable to be able to
follow the optimal path of the sun throughout the day, the surface coating could be
optimally designed for the required ice adhesion strength for passive ice removal
at a given angle. As a consequence, if the ice adhesion might be increased but still
retain its efficacy, there is more flexibility to optimise other factors in the surface
design.

Interesting items in a study focused on the ice adhesion on an inclined plane
for solar cell applications is the relation between ice adhesion and friction, as well
as a relation between the required ice adhesion for passive detachment of accreted
ice of a given ice type and density as function of the tilted angle of the surface.
Such a study would result in a list of necessary requirements for a low ice adhesion
surface for solar cell applications where the surface has a given angle of tilt, and
could even examine if such surface exist today or how they could be manufactured.

Atomistic studies

5. Equilibrium study of ice and water

While water and ice have both been extensively studies with atomistic simulations
and molecular dynamics simulations, a study concerning the differences and simi-
larities of water and ice have not yet been conducted. Such a comparison might
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Figure G.1: Example of a system where the equilibrium properties of water and ice
might be investigated, here by a water layer on an ideal graphene surface.

be performed by examining the equilibrium conditions of ice and water, and to
investigate whether this information yields similarities or differences.

Atomistic simulations of water and ice at equilibrium might be performed on
a relatively simple system, such as the one presented in Figure G.1. The system
consists of simply a layer of water of ice on a simple surface, here represented
by an ideal graphene surface. By investigating such simple systems with some
modifications, fundamental similarities and differences between water and ice
might be examined. Several methodologies might be utilised to investigate such
differences and similarities.

The first method that can be included is a force interaction study. The force
interaction gives the difference in interaction forces between the surface and water,
and surface and ice. This analysis can also be expanded to include a layer-by-layer
analysis of the system, looking at the interfacial energies and interfacial forces
between the surface and the different layers of water molecules in both ice and
water. This way, an overview of the range of the forces can be found.

Another type of analysis that can be included concerns the vibrational modes.
By calculating the auto-correlation function followed by a Fourier transform on
the results, the vibrational modes and phonons at the interface can be found. For
different configurations of the system for both ice and water, this approach might
yield water-ice similarities and differences.

In addition, the analyses should be performed for different systems and con-
ditions. Parameters which could change are temperatures for both water and ice;
the surface structure, for instance both graphene and layers of graphite, silicone or
gold; the amount of water molecules in the system; the amount of vacuum above
the water molecules; and the type of boundary conditions. Most of these different
parameters have been checked by other publications, but this study could collect
them in one study and apply the results to ice adhesion mechanisms.

This project also comes with possibilities for international cooperation. The
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idea was developed in cooperation with professor Niall English at University
College Dublin, who is interested in continuing the collaboration with this study.
He is well versed in the application and study of molecular dynamics, and the
equilibrium study of water and ice fits nicely into his ongoing work. A visit or
exchange to his research group in Dublin has been encouraged.

6. Ice adhesion and wettability continued
This study is intended to be a direct continuation of the fourth paper of this thesis
(Appendix D). Where the included paper includes only the contact angle and
systems with different sizes, this future study should include several types of
contact angles including advancing and receding contact angles, contact angle
hysteresis and macroscopic contact angles.

The advancing and receding contact angles, often called dynamic contact
angles, may be approached with similar simulations as the already performed study,
with the sole difference that the surface is tilted to allow for droplet motion during
the simulation time. When the dynamic contact angles have been calculated, the
contact angle hysteresis can be calculated from their difference. By substituting
the contact angle for the receding contact angle, the work of adhesion is substituted
with the practical work of adhesion, which is by many hypothesised to correlate
stronger with the ice adhesion strength.

Furthermore, the contact angle for a surface at nanoscale likely differs from
the macroscopic and experimentally measurable contact angle. To simulate the
macroscopic contact angle in atomistic simulations will give further insight into
the size effect of water wettability and the relation with ice adhesion strength.
One method to calculate the macroscopic water contact angle from atomistic
simulations is by applying the dry surface approach [159], which utilises free
energy calculations and the work of adhesion to calculate the contact angle.

7. Impact of surface structure for ice adhesion strength
This study is a further continuation of the final paper of the thesis together with the
previous suggested future work. So far, the only surface investigated has been an
ideal graphene surface. However, ideal surfaces are not experimentally viable, and
different scales of roughness and surface texture has been found to greatly impact
the ice adhesion strength [25, 33]. For this reason, an atomistic study investigating
different surface structures for ice adhesion strength calculations could be useful,
both incorporating different types of surfaces and different surface structures.

Several similar studies have been performed previously by members of our
research group to discover the ice adhesion detachment mechanisms on given
surfaces. In 2016, the effect of a liquid-like layer on graphene and silicon surfaces
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with both pulling and shearing detachment of the ice [103]. In 2018, a similar
study of atomistic dewetting mechanics at Wenzel and Cassie-Baxter state of
wetting on a structured surface was performed [153]. By combining and expanding
the procedure in these two study, it is possible to examine the effect of surface
structures on different modes of ice adhesion strength.

By investigating the effect of ice adhesion through both shear and tensile de-
tachment on multiple types of surfaces with varying surface structures, valuable
information could be gained on the detachment mechanisms of ice on different
types of surfaces. These mechanisms might shed light on the macroscopic detach-
ment processes that we have not been able to determine or visualise.

8. Theoretical lowest ice adhesion strength
In Sections 2.2 and 5.1, it is described how the lowest possible ice adhesion is
achieved when the electrostatic forces in the ice-solid interaction are minimised
and only the van der Waals force is present. These van der Waals forces are
possible to simulate with atomistic simulations based on the different atoms and
their interactions. It follows that atomistic interactions may be able to predict the
lowest possible ice adhesion strength for any given surface.

An interesting future study might therefore be a structured investigation of
different surfaces, including metallic surfaces, polymers or structured surfaces, and
their theoretical lowest ice adhesion strength. As the goal for many applied research
projects is to lower the ice adhesion strength as much as possible, it is important to
achieve a lower limit to how low ice adhesion strength can theoretically become.

9. Effect of ice density and grain size
The final suggested future project is a continuation of the experimental study
on the effect of ice type on ice adhesion strength (Appendix A). This atomistic
investigation complements the experimental project of determining the density
and grain structure of the ice types experimentally by simulating similar structures
and testing the ice adhesion strength of the different ice types. By creating the ice
samples at nanoscale in a simulation, it is possible to observe the internal process
during the ice detachment, and connect the process ice failure to experimental
results.
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