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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 utilised 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.

Keywords: icephobicity; anti-icing; ice adhesion strength; wettability; water contact angle; molecular
dynamics

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 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:
(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
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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.

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 and wettability of a surface.

In this study, the correlation between water contact angle and ice adhesion was 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 water–solid and ice–solid interactions. By addressing 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 measures 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 shown 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.

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].
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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 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 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
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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). (6)

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 trend is of interest. The
theoretical relation between the ice adhesion strength and the water contact angle thus becomes

τ = C0(1 + cos θ). (7)

This relation is illustrated in Figure 2.
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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;(a) Normalised ice adhesion strength as function of the cosine
of the contact angle (1 + cos θ); (b) Normalised ice adhesion strength as function of the cosine of the
contact angle (1 + cos θ). The relation is described by Equation (7).

The relation from Equation (7) and Figure 2 has been extensively studied for experimental
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). (8)

The same reasoning may be applied to Equation (8) as applied to Equation (3) to derive
Equation (7), 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 shown in Figure 3. It can be seen
that the relation from Equation (7) 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 shown in
Figure 3c.
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Figure 3. Experimental results on the relation between receding contact angle and ice adhesion
strength for a collection of surfaces; (a) Results from Meuler et al. [22], with 22 samples. Adapted with
permission [22], 2010 American Chemical Society; (b) Results from He et al. [18], with 24 samples;
(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. The relation from
Equation (7) and Figure 2b is clearest for (a), and can be seen for higher ice adhesion strengths in (b).
The relation cannot be seen in (c). The definition of the receding contact angle is shown in (d).

Ideally, the relation from Equation (7) 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 known, and might be due to mechanical deformation or the varying structure
of ice, among others. Thus far, investigations have only 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 (7) 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.
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In this study, only the water contact angle was 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 272.2 K, and is suitable for
investigating the detachment of ice from a solid substrate as is the aim of this study. We chose here to
use the same water model for ice and water for the sake of simplicity in comparing results, despite the
possibility that other water models, for instance TIP4P, could provide better results of liquid water
dynamics at room temperature. We leave the subject of systematic investigation of different water
models for wetting and ice adhesion to future studies. Although the surface tension of water using
the TIP4P/ICE model had been previously studied [44,45], the surface interaction energy of ice using
TIP4P/ICE still needs to be further explored by extensive future studies. It is not the scope of this work
to investigate the surface properties of the TIP4P/ICE model. For the graphene surface, parameters
from the OPLS force field [46,47] were applied, as discussed below.

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 [48], 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 [49,50].
However, due to the highly complex situation of Coulombic interactions and the possible surface
oxidation by the water molecules [39], we chose graphene that interacts 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 [46,47], 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
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potential between the water molecules and the surface, and is a common method to investigate
wettability through changing contact angles [17,51–54]. The energy well depth, or interaction energy,
was changed as shown in Table 1. It should be noted that different contact angles were realised by
tuning the atomistic interactions between the substrate and the water molecules here. Such approach
thus focused us purely on the theoretical relationship between water contact angle and ice adhesion
strength, which lacked many details in different systems and experiments [55,56]. It is important to
keep the modeling principle in mind when utilising our results to interpret experiments.

(a)

(b)

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.
(a) Water drop at T = 275 K; (b) Ice cube at T = 180 K.

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 were simulated five times to
obtain averages.

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

In addition to the simulation system described thus 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 Figures S1 and S2.
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Table 2. Overview of the differently sized simulation systems. The different interaction energies ε in
Table 1 were applied to all four systems to investigate water contact angles.

System Number of Atoms Area of Graphene Sheet Area of Ice–Solid Contact

A 28, 376 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 58, 184 19.9 nm × 19.9 nm 14.7 nm × 13.8 nm
D 102, 568 26.3 nm × 26.1 nm 19.6 nm × 18.5 nm

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 [57] 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 Lennard–Jones
and Coulombic interactions in all the systems were truncated at cut-off distances of 1.0 and 1.5 nm,
respectively. The particle-Ewald method was applied to account for the long-range electrostatic
interactions [58] for the water and ice molecules, with 0 nm start switching distance from real to
k-space. The LINCS algorithm was applied to constrain bond vibration in order to use a longer
time step of 0.002 ps [59]. The simulation system was set in a NVT ensemble at varied temperatures
depending on whether ice or water was investigated, and use sthe Nosé–Hoover coupling method to
maintain the simulation temperature [60,61], 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 180 K were applied to test ice adhesion strength,
while temperatures of 275 K were applied to investigate the water contact angle. For the larger systems
(Systems C and D in Table 2), the temperature to test the water contact angle was increased to 300 K in
order to decrease the remnants of ice crystal in the system after equilibration. It should be noted that
lower temperature can lead to higher ice adhesion in experiments, owing to the unclear changes of
the ice–substrate interfaces at low temperature [62]. The atomistic surface model used here can not
capture this temperature effect on ice adhesion.

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 [63].

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 was, as mentioned, defined by Equation (4), and was 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 started 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 was collected every 5 ps. The ice adhesion
strength was 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, Systems 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. [64]. This algorithm calculates the contact angle along the contact line and provides an angular
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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 was the case for several of the water droplets in this study. Independent equilibrated
water droplets were adopted for contact angle analysis in each system. Snapshots of the analysis
of the water contact angles and distributions, maximum detachment force for ice adhesion strength
calculations, and ice structure root mean squared deviation (RMSD) can be found in Figures S3–S6,
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.

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 [64] to a
predicted 90–95◦ for graphene [65]. 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.

0.05
0

0.1
0

0.5
0 0

1.5
0

2.0
0

2.5
0

Interaction potential

0

45

90

135

180

C
o
n
ta

ct
 a

n
g
le

 [
d

eg
re

es
]

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.

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 was found to be 487 ± 22 MPa. This ice
adhesion strength is significantly higher than previously found for this type of system, which was
259 ± 21 MPa [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
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reported ice adhesion strengths. Furthermore, the ice adhesion strength of different system sizes and
spring constants are all consistent in value, as shown 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 (7). As can be seen in 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.
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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.
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Figure 7. Ice adhesion strength as function of contact angle, with the relation from Equation (7) fitted
to the data. It can be seen that the fit of the general relation shows a very high level of significance.

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
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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 at interaction energy of 1.5ε0, and the higher interactions
energies were 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.
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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.

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.
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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.
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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 compared to Figure 2 and
Equation (7). 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 differ 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 the Supplementary Materials.
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Figure 10. Overview of the correlation with Equation (7) 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. Data from the four individual systems is given in Figure S10.

5. Discussion

From the high level of significance seen in Figure 10, it is clear that the theoretical relation from
Equation (7) 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 indicates that the disagreement from experiments, as shown in
Figures 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], 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 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.
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The ice adhesion strengths obtained through the simulations in this study are higher than
experimental values for similar systems, as well as previously performed simulations [39]. As stated
above, 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 the majority of experimental ice adhesion tests utilising shear
force [16], the ice adhesion strength in this study was determined through tensile ice detachment. There
was evidence indicating the importance of both shear and tensile stresses to surface ice adhesion [66].
It has been shown previously that tensile failure results in much higher ice adhesion strengths than
shear failures [67], 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.

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 [68]. For systems similar to the one investigated here, it has been found that
increasing droplet sizes results in narrower contact angle distributions [64]. Furthermore, fluctuations
in the droplet shape decreases for larger droplets. Both 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 S11. 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 shown in Figure 10, the amplitude of the fitting of Equation (7) 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 [63,64,69,70]. 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 were 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–
25,71] 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 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 (7) 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 tested 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 [65,68]. 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 [72].
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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 shown 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. Furthermore, the small sizes of atomistic systems give rise to obvious fluctuations in
water contact angles. The system sizes effect on contact angle and ice adhesion also play significant
roles in the results [39,68,73], as depicted in Figures 8–10. Nonetheless, the results here shed light on
the fundamental relation between water and ice situated on a surface, and bring us one step closer to
the fundamental relation between ice adhesion and wettability.

6. Conclusions

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 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. It is important to note that there are
many other factors, for instance temperature and nanoscale topography, affecting local wetting and
ice adhesion. The full relationship between microscopic wetting and ice adhesion is far from being
understood. 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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