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ABSTRACT: Understanding the ice adhesion mechanism is vital for
efficient anti-icing. However, previous studies focused on the adhesion of
already sintered ice-solid contacts. Here, we study the adhesion
mechanism between preformed ice and solid surfaces. In particular, we
investigate the initial stages of ice adhesion. We find that capillary bridges
formed by the quasi-liquid layer on the ice surface enhance ice adhesion.
The adhesion force showed a maximum around —2 °C. Our model
indicates that the nano-scaled curvature of the capillary bridge gives rise
to strong adhesion forces in the temperatures between —5 and 0 °C. The
capillary bridge expands and consolidates over time, causing an increase
of adhesion force. These findings provide new physical insights into the
ice adhesion mechanism with strong implications to the development of
water-repellent superhydrophobic coatings for efficient anti-icing of solid
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B INTRODUCTION

Concerns related to ice adhesion are rising nowadays amid the
rapid development of outdoor infrastructures. The adhesion of
snow and/or ice on aircrafts leads to severe impacts on the
safety and efficiency of aviation activities. Meanwhile, ongoing
massive installations of wind turbines and solar panels, which
amount to 1—2% of land areas in some countries,l_3 are
putting vast volumes of equipment surfaces into winter
conditions and worsening the ice adhesion problems.*® In all
sectors, ice adhesion leads not only to reduced efficiency,
imbalanced structures, power loss, and major disruptions in
operations but also to significant risks of incidents.” For this
reason, the adhesion of ice has been studied intensely,é_9 even
though previous studies dealt with the adhesion caused by
freezing or frosting of water directly on solid substrates.*”>"
Frozen water binds to the solid substrates through an
equilibrated ice-solid contact whose size and shape do not
change with time. The adhesion force associated with such an
equilibrated ice-solid interface was found to increase
monotonically against lowering of the temperature.'>'***
However, the ice adhesion in real-world systems can
originate from the interactions between preformed ice
particles, such as snow or hail, and solid surfaces. In this
case, the preformed ice particles come to contact and interact
with the solid substrate such as wind turbines, power lines,
aircrafts, and so forth. The ice-solid contact may change with
time owing to viscoelastic properties of the ice due to
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interfacial premelting and the formation of a quasi-liquid layer
(QLL) on ice.”*** Hence, it is crucial to understand how the
ice-solid contact changes after attachment and how it affects
the adhesion force. Surprisingly, knowledge about the ice
adhesion related to such a nonequilibrated ice-solid contact is
elusive despite its scientific and practical significance.

Here, we explore the mechanism of the adhesion between
ice and a solid surface concerning a nonequilibrium ice-solid
contact regime. We measured and modeled the adhesion force
between an ice surface and a solid sphere (radius, R = 0.8 mm)
after they form a contact. The real-world ice adhesion usually
involves ice particles interacting with solid surfaces. Here, we
use the reverse model, solid particles interacting with an ice
surface, because it is experimentally easier and the underlying
physics is the same. It is challenging to prepare spherical ice
particles, while silica spheres are commercially available. We
demonstrate that the adhesion forces in these two models are
mathematically identical (see Supporting Information). Hence,
using the solid sphere—ice surface model makes the experi-
ments more feasible, while ensuring the relevance of the
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findings to the real-world ice adhesion problems. We focus on
the initial phase within 10 min after ice-solid attachment to
gain insights into dynamic ice-solid interactions, in particular,
to answer the following questions: Can the ice-solid contact
area change with time? What are the relevant length and time
scales involved in such a change? Also, how does such dynamic
nature of ice-solid contact affect ice adhesion? Our work
reveals a new ice adhesion mechanism. The measured adhesion
force shows a bell-shaped dependence on the temperature with
a maximum force at a few minus degrees centigrade. This
observation is interpreted using a model considering a
microscopic capillary bridge formed by the QLL on the ice
surface with the solid sphere. We demonstrate the dynamic
feature of the ice-solid contact, showing that the contact is
sustained by a microscopic capillary bridge between the ice and
the solid sphere, which expands and consolidates in a time
scale of minutes. This dynamic change of the ice-solid contact
area is responsible for the increase of the adhesion force with
time. By demonstrating that the ice adhesion is governed by
capillary attraction, our findings and model provide the
foundation for the development of water-repellent topologi-
cally rough hydrophobic coatings of surfaces for efficient anti-
icing.

B MATERIALS AND METHODS

Coatings of Silica Spheres. We used silica spheres of radius, R =
0.8 mm with a contact angle (0) around 10° with water. To change
wettability, different coatings were applied. Polymethyl methacrylate
(PMMA) coating: Silica spheres were dip-coated in a solution of 1.0
wt % PMMA in tetrahydrofuran solvent (Sigma-Aldrich) for 1 min.
After removing the sphere from the solution, it was annealed at 80 °C
for 12 h in a vacuum oven to dry the PMMA film. The thickness of
the PMMA film was 20 nm as measured by our profiler technique
(KLA-Tencor Stylus-Profiler model P7). Teflon coating: Due to its
low surface energy, Teflon is expected to have low adhesion.” Silica
spheres were dip-coated in a solution of 4.0 wt % Teflon AF1600 in
FC-43 solvent (Sigma-Aldrich) for 1 min. Then, the sphere with a
film of Teflon was annealed at 160 °C for 12 h in a vacuum oven to
dry the Teflon film. The thickness of the Teflon film was 400 nm as
measured by our profiler technique.

Rough Hydrophobic Coating. A rough hydrophobic particle
surface was created by coating silica microspheres to the 0.8 mm silica
sphere. First, silica microspheres (mean diameter 10 yum, Bangs
Laboratories Inc.) were dispersed in the aforementioned Teflon
solution up to S wt % concentration (mass of microspheres per total
mass of the suspension) by shaking and 30-min sonication. Then, the
coating was implemented through the same dip-coating procedure as
described for Teflon coating (Figure 1). A silica sphere (radius of 0.8
mm) was submerged into this suspension for 1 min. Upon slowly
removing the silica sphere out from the suspension, a layer of
microspheres remained on the surface. This coating layer was
consolidated upon the evaporation of the solvent. The sample was
annealed at 160 °C for 12 h to remove the solvent and improve the
mechanical strength of the Teflon film. In this way, the macrosphere
was coated with a more or less dense layer of microspheres (Figure 1).

Assessment of Surface Wettability. Since it is problematic to
measure contact angles on the sphere, we measured the contact angles
of water on glass slides that had coatings similar to each type of the
aforementioned spheres. Using a commercial goniometer (Data-
Physics), the contact angles for sessile drops were determined to be
70°, 115°, and 140° for PMMA coating, Teflon coating, and rough
hydrophobic coating, respectively.

Measurements of Normal Adhesion Forces. We built a setup for
measuring the normal adhesion force between an ice surface and a
solid s;here. Details of this setup have been described in our previous
paper.”® Briefly, glass microcapillaries were used as mechanical force
sensors (Figure SZ).27’28

Silica microspheres

Teflon film
Heating

160°C, 12h L ¢

Figure 1. (a) Ilustration of the dip-coating method for the
preparation of the rough hydrophobic sphere. Teflon-coated micro-
spheres were coated on the surface of the large sphere as micro
hydrophobic protrusions to make the surface superhydrophobic-like.
Optical microscopy images (b,c) and scanning electron microscopy

image (d).

Each sphere was glued to the center of a capillary using epoxy glue
(Figure 2). Having the sphere in the center position while allowing
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Figure 2. Experimental setup for measuring the normal adhesion
force between a solid sphere and an ice surface. Adapted with
permission from ref 26. Copyright, 2021, American Chemical Society.

both sides of the force sensor moving freely in a horizontal direction
avoids any sliding motion of the sphere relatively to the ice surface.
This improved feature provides a better accuracy of the measurement
of the normal adhesion force®® and is the key factor to detect the high
adhesion force in the premelting region that might have been
overlooked in previous studies. To prepare the ice surface, a volume
(around 0.2 mL) of deionized water was confined in between two
parallel slides, one was made of plastic and the other was made of
glass. The water was then frozen. Then, the plastic slide was removed,
leaving an ice slab with a thickness of 1 mm on the glass slide, which
was used for the adhesion force measurement (Figure 2).

The x,y-translation makes it possible to measure the adhesion at
different locations on the ice surface. A motorized z-translation stage
engages the ice surface toward the sphere until it gently touches the
sphere. After a defined contact time, the surface is withdrawn at a
speed of 0.07 mm s™'. The sphere sticks to the ice surface until the
restoring force exerted by the force sensor overcomes the normal
adhesion force. The normal adhesion force is determined in
accordance with Hooke’s law: F = k X Ax. Stiff force sensors with
spring constants (k) from 0.45 to 1.2 N m™" were used for the original
silica spheres and the PMMA-coated spheres. The minimal detectable
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force was 3.5 uN. Softer force sensors (k= 0.026—0.110 N m™") were
used for the Teflon-coated spheres and the rough hydrophobic
spheres to better detect weak adhesion forces; the lowest detectable
force in this case was 0.7 uN. For a given sensor, the spring constant
could be changed by adjusting the distance between the two holders.
Spring constants were measured by applying reference weights to the
center point of the force sensors. The deflection of the force sensor in
the center, Ax, was measured using a side-view camera.
Experiments were performed in a homebuilt “cold box” having an
interior volume of 2 m* (Figure 2), which was created by modification
of a big commercial freezer (GGM Gastro International). The sample
and setup were handled with gastight gloves fixed to the transparent
front side of the cold box. The temperature (T) and relative humidity
(RH) were constantly monitored (KLIMALOGG Pro, TFA, accuracy
of 0.1 °C and + 1%). The temperature is confirmed by a parallel
measurement with a thermocouple (+0.1 °C) and a multimeter
(EXS05, Extech Instruments). For probing the contact area, a 0.3 mm
thin ice slab was used for better transparency. The ice surface is
brought to contact the sphere and the time-dependent contact area is
captured by video microscopy (Olympus), as shown in Figure 2.

B RESULTS

Adhesion Force versus Temperature. The normal
adhesion forces between a pristine silica sphere (R = 0.8
mm) and an ice surface were measured against a stepwise
increase of the temperature. For better comparison, we report
a normalized adhesion force, which is the adhesion force
divided by the radius of the sphere. The measured forces
showed a “bell’-shaped dependence on the temperature
(Figure 3). Three distinct temperature regimes can be

4
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Figure 3. Bell shape of the force-versus-temperature curve measured
for the normalized adhesion, F/R, between a pristine silica sphere and
an ice surface. The adhesion force follows three distinct temperature-
dependent regimes with a maximum in the premelting region. The
silica sphere has a contact angle of around 10° with water. The
contact time was 30 s.

distinguished. For temperatures below —6 °C, weak adhesion
forces of roughly 0.05 N/m were observed. Between —6 and 0
°C, the adhesion forces increased by orders of magnitude
before showing a sharp decrease. The maximum normalized
force at —1 °C was typically 3 N/m. For temperatures >0 °C,
the ice was melted, and the weak adhesion force was actually
given by liquid water due to capillary attraction. This bell-
shaped force versus temperature curve is specific for the
adhesion involved non-equilibrated ice-solid contact since
previous results on the equilibrated ice-solid interface showed a
monotonic increase of adhesion force when lowering the
temperature.B'M’22

We attribute the increase in adhesion force in the region
between —6 and 0 °C to the occurrence of a QLL on the ice
surface and the resulting capillary forces. The existence of a few

nanometer-thick quasi-liquid or a liquid-like layer on ice is well
established.”***~** The temperature window for which such
a QLL occurs significantly on ice coincides with the
temperature range between —6 and 0 °C where we observed
strong adhesion forces. For the temperatures lower than this
range, the QLL might be discontinuous and does not have
practical effects on the adhesion forces. For this reason, the
temperature range between —6 and 0 °C is named here
“premelting region.” Van der Waals force is always present.

Van der Waals force for a sphere interacting with a plane is
described by E,gy = 4*R/¢p2, where R is the particle radius
and D is the distance between the sphere and the surface.’
When they are in contact, D corresponds to 0.16 nm. With A
approximately equal to 3 X 1072° J, we calculate Fgy = 156
UN. The force normalized by particle radius is 0.2 N/m. This
value is an upper limit because solid surfaces are never
perfectly smooth. Typically, adhesion is dominated by
asperities with a much lower radius of curvature. Hence, we
neglected the contribution of van der Waals forces. The share
of electrostatic forces in the premelting region is very small
because the normalized forces are small at temperatures < —6
°C, where capillary forces are absent (Figure 3). Electrostatic
forces do not depend on temperature. Therefore, in the
premelting region, van der Waals and electrostatic forces are
negligibly weak compared to capillary forces.

Elucidating Adhesion Mechanism. To explain the bell
shape of the force-versus-temperature curves, we model the ice
surface as having a nanometer-thick QLL on the top of a rigid
solid ice (Figure 4a), similar to a thin liquid film on a solid
substrate.””*> We assume that initially, the approaching sphere
jumps through the QLL and displaces a volume of quasi-liquid
equal to the volume of a spherical cap of height 6. Here, 6 is
the thickness of the QLL. The displaced liquid produces a
microscopic meniscus in the form of a capillary bridge that
induces a capillary force (F,,) acting between the sphere and

(@ R (c) 22
0 Modeled force (F,,/R)
g 2 O Experiment [-6 — 0°C]
E 3 S ; 54 =
vi© L f w2 g N
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. Silicalice adhesion
capillary force

Figure 4. (a) Concepts of capillary bridge formation between a silica
sphere and an ice surface upon contact. The QLL has a thickness &
forming a contact angle 6 with the sphere. (b) Illustration of capillary
force induced by the capillary bridge. (c) Comparison of the

calculated capillary force with the averaged measured force. The

normalized capillary force (li‘;l; Nm™") was calculated for R = 0.8

mm, § = 10 nm, & = 10°, and y = 0.072 N m™" based on eq 1. The
experimental force is the average value of measured forces in the
premelting region (between —6 and 0 °C) taken from the
measurements shown in Figure 3, with a contact time of 30 s.
Drawings are not to scales. (a) is adapted with permission from ref 26.
Copyright, 2021, American Chemical Society.
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the ice surface (Figure 4a,b). This force is the sum of the
integral of the surface tension around the neck (Fy) and the
contribution of the Laplace pressure acting over the contact
area (Fap),™

Fa = Fy + Fpp = —2mly — nt’zyG - %) M

Here, the minus sign indicates an attractive force. y is the

surface tension of the QLL. The radii of curvature

1 1

(AP = —y (— — E) and r, Figure 4a) can be expressed as
r

a function of the contact angle 8 of the quasi-liquid with the

sphere.”

. R(1 — cosp) — &
1 + cos(f + 6) + sinB X sinf 2)
£ = Rsinf — r(1 — sinf) (3)

We use 6 = 10 nm as a typical value for temperatures of
several minus degrees centigrade.24’29’37 The surface tension ¥
of quasi-liquid is considered identical to that of water (0.072 N
m™"). The contact angle is 6§ = 10° for the silica surface. The
filling angle f describes the position of the contact line, which
can be determined by considering the volume of the quasi-
liquid displaced by the spherical cap (V)) is equal to the
volume of the capillary neck (V,).2® For the aforementioned
conditions, we obtained f = 0.4°. Substituting these
parameters in eqs 1—3 enables the calculation of the capillary
force (F.,). The calculated capillary force was normalized (IF,, |
/R) and plotted together with the experimental force that is
obtained by averaging the measured adhesion forces in the
premelting region in Figure 3. The calculated capillary force
(1.8 N m™) falls in the range of the averaged experimental
force (1.5 + 0.3 N m™") (Figure 4c). Hence, our model
provides a good prediction of the normal adhesion force
between the ice surface and the silica sphere.

Role of Surface Hydrophobicity. Applying our model to
different contact angles enables the assessment of the effect of
the surface hydrophobicity of the solid. The calculation shows
that the adhesion force depends strongly on the contact angle
0 of the QLL layer and the surface (Figure 5). The normalized
capillary force decreases substantially upon the increase of the
contact angle € (the hydrophobicity) of the sphere from 1.79

2
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Figure S. Normalized capillary force (”;‘:l

1 for R = 0.8 mm, § = 10 nm, and y = 0.072 N m™ and different
contact angle values 6. Experimental forces were the average forces
measured in the premelting region between —6 and 0 °C for the
respective spheres, which were uncoated silica (10°), PMMA-coated
(62°), Teflon-coated (115°), and rough hydrophobically coated
sphere (140°). The contact time is 30 s.

; Nm™") calculated from eq

N m™ for a hydrophilic sphere with # = 10° to 0.21 N m™" for
a superhydrophobic sphere with 6 = 140° (Figure S—blue
curve). In order to experimentally verify our model, we tuned
the surface hydrophobicity of the sphere by coating the original
silica sphere. The measured adhesion forces follow the
predicted trend (Figure S—red data points). For the first
three spheres including uncoated silica (10°), PMMA-coated
(62°), and Teflon-coated (115°) ones, the differences between
measured and calculated forces fall in the range of experimental
errors (Figure S).

Only the rough hydrophobically coated sphere (140°)
showed an apparent discrepancy between the calculated (0.209
N m™) and measured (0.033 N m™") forces. This discrepancy
is due to a fact that the modeled force (0.209 N m™!) was
based on a smooth hydrophobic sphere having a 0.8 mm radius
and 140° contact angle, while the experimental force was
measured using a rough hydrophobic sphere coated by 10 ym
particles with an apparent contact angle of 140° (Figure 1).
These microspheres as surface protrusions prevented the silica
sphere from getting closer to the ice and reduced the contact
area between the ice and the silica sphere and led to a reduced
capillary attraction.

Now, we consider the contact area of the rough hydrophobic
sphere with the ice sample to elucidate the origin of the
reduced adhesion. This contact area is formed by only a few of
the protruding microspheres. Therefore, the expected capillary
force acting on the rough hydrophobic sphere can be
calculated by applying our model in Figure 4a to individual
microspheres contacting the QLL. The summed capillary force,
normalized by the radius of the silica sphere (0.8 mm), varies
in a range from 0.006 to 0.024 N m™', depending on the
coverage (i.e., density) of the microspheres coated on the silica
sphere. The details of this calculation are described in Figure
S3. These calculated forces are in the same order of the
measured force (0.033 N m™"). Hence, the model agrees well
with the experimental forces for both smooth and rough
spheres and provides a universal description of the adhesion
force between a solid sphere and an ice surface. In particular, a
low adhesion force between ice and a rough hydrophobically
coated surface would lead to the ice coming off the solid
surface due to the gravity, vibration, wind, and/or hydro-
dynamic forces and enable anti-ice-adhesion performances.’

The “Bell-Shape Theory” of Ice Adhesion. The good
agreement between experimental adhesion forces and model-
ing results indicates that capillary attraction by a QLL-induced
capillary bridge dominates the interaction between the sphere
and ice surface. For temperatures below the premelting region,
the ice surface behaves similar to a typical solid. Hence, the ice
adhesion at low temperatures is governed by van der Waals
forces, leading to weak adhesion forces (Figure 3). For
temperatures in the premelting region, the occurrence of the
QLL leads to capillary attraction and the adhesion force
increases accordingly. However, it is not straightforward to
understand the reason behind the decrease of the adhesion
force when the temperature increases further, yielding a bell
shape of the force curve (Figure 3). In principle, the increase of
the temperature would result in more quasi-liquid water on the
ice surface.””*”™* The fact that the adhesion force decreases
amid the increasing presence of quasi-liquid water is counter-
intuitive.

We further analyze our model to explore the origin of the
bell shape of the measured force-versus-temperature curves by
decomposing the overall capillary force (F.,) into a surface
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Figure 6. (a) Total capillary force (F,,) is decomposed into Laplace pressure force (Fpp) and surface tension force (F,) to reveal the dominating
role of the Fjp in ice adhesion. (b) Radius (r) of curvature is nano-scaled, whereas the neck radius () is micron-scaled. These parameters were
calculated using eqs 1—3. The plots of F, and £ are scaled accordingly to fit the graphs.
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Figure 7. Time-dependent adhesion forces between an ice surface and the (a) silica and (b) rough hydrophobic spheres. The adhesion forces in
(b) are orders of magnitude lower than that in (a), which demonstrates the effectiveness of rough hydrophobic coatings for the mitigation of ice

adhesion.

tension force (F},) and a Laplace pressure force (Fnp) in
accordance with eq 1. We found that the Laplace pressure
force far surpasses the surface tension force over the full range
of contact angles and becomes a determining factor of the
capillary attraction at the ice surface (Figure 6a). In addition,
Fjp is sensitive to the hydrophobicity of the solid surface; it
decreases from 1.79 N m™' at § = 10° to 026 N m™' at § =
140°. In contrast, F, is not sensitive to the solid surface; it
decreases slightly from 3.2 X 10> Nm ™" t0 3.1 X 107 N m™
corresponding to an increase of € from 10° to 140°. Moreover,
the radius r of curvature is nano-scaled and sensitive to the
contact angle (Figure 6b). This radius increases strongly from
S nm at € = 10° to 43 nm at § = 140°. In contrast, the neck
radius £ is micron-scaled and not sensitive to the contact angle,
showing a slight decrease from 5.6 ym at = 10° to 5.5 um at
0 = 140°. Figure 6a,b indicates that the increase of the radius r
gives rise to a huge drop of Laplace pressure force. Thus, the
nano-scaled radius (r) of curvature is the actual determining
factor of the capillary force at the ice surface.

Now, the bell shape (Figure 3) can be fully explained. The
decrease of adhesion force for the temperature range
approaching the melting point of ice is due to a rapid
thickening of the QLL.*** Thicker QLL results in a larger
radius (r) of the curvature that leads ultimately to the sharp
decrease of the adhesion force. In particular, the adhesion
forces measured in the melted region are given by a
macroscopic capillary bridge between bulk liquid water and
the respective spheres. Very large values of the radius r in this
regime are the primary reason for low adhesion forces.

Dynamic Contact Area Yielding to Time-Dependent
Adhesion Force. Experimental forces presented so far were
measured for a short contact time of 30 s. During this short
contact time, the formation of a microscopic capillary bridge
dominates, and the measured adhesion force is fully described
by the capillary force calculated by our model (Figure S). The
prerequisite for the validity of our model is the approximation
that the displaced volume by the sphere jumping to contact is
equal to the volume of the capillary meniscus, V|, & V, in
Figure 4a. However, adhesion forces increased with contact
time (Figure 7) and exceeded the capillary force predicted by
eq 1 for contact times longer than 30 s. Hence, it is important
to understand the mechanism behind the time-dependent
increase of the adhesion force.

We suggest that the increase in adhesion is caused by an
expansion of the contact area. To experimentally confirm the
time-dependent expansion of the contact area, we used optical
microscopy from underneath the ice sample. Although the ice
sample was only ~0.3 mm thickness, the scattering of light
reduces the quality of the captured images. Therefore, we
binarized the optical images in order to extract the contact
areas (Figure 8). The orange domains represent the contact
area in binary images (Figure 8). Increasing the temperature
leads to a larger contact area, which can be ascribed to the
thickening of the QLL (vertical column in Figure 8). At a given
temperature, the contact area expands with contact time
(horizontal row in Figure 8). For short contact times within 1
min, the size of the contact areas falls in the same order of the
modeled radius £ in Figure 6b.
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Microscope
camera

Figure 8. Expansion of the contact area (orange domains) between an original silica sphere (R = 0.8 mm) and an ice surface captured by a
microscope camera positioned below the sample. Left to right is the increase of contact time at constant temperatures. Top to bottom is the
decrease of the temperature at constant contact times. For low temperatures (below —5 °C), the ice surface behaves like a typical solid and no

contact area could be observed by the microscope.

Vapor diffusion
—

Vapor diffusion

Quasi-liquid flow
—

Figure 9. Model for the time-dependent expansion and consolidation (gray arrows) of the contact area between a solid sphere and an ice surface
due to the flow of quasi-liquid (red arrows) and the vapor diffusion (blue arrows). (a) Large negative Laplace pressure drives quasi-liquid into the
neck and causes the expansion of the contact area. (b) Additional formation of ice at the contact region consolidates the contact area and leads to a
growing contribution of the consolidated ice-solid adhesion to the adhesion force. Drawings are not to be scaled.

Why does the contact area expand? We suggest that it is a
transport by flow of the quasi-liquid-like layer and diffusion
through the vapor phase. Both are driven by the concave shape
of the meniscus. Both are coupled by fast condensation/
evaporation equilibrium between the water vapor in the air gap
and the quasi-liquid-like layer. In addition, the thickness of the
quasi-liquid-like layer is stabilized by a solidification/melting
equilibrium between the bulk ice and quasi-liquid-like layer.
The driving force for liquid flow and vapor condensation is the
highly concave curvature of the meniscus. The nano-scaled
radius r of curvature causes a negative Laplace pressure in the
neck. With the ranges of r and £ in Figure 6b and a surface
tension approximately close to that of water (y = 0.072 N
m™"), the theoretical Laplace pressure in the neck falls within a
range between —0.9 X 10° and —1.4 X 10’ Pa. Such large

negative pressures draw additional quasi-liquid into the neck
and cause the contact area expansion (Figure 9ab). In
addition, the curvature increases condensation because the
local vapor pressure is reduced according to the Kelvin
equation, with P/P, = HUr =D yith the Kelvin length A =
yVau/kgT. Here, P is the vapor pressure of water in equilibrium
with the curved interface, P, is the saturation vapor pressure
over a planar interface, V is the molecular volume of water,
and kg and T are Boltzmann’s constant and temperature. With
a Kelvin length of 0.53 nm for water, we find that the vapor
pressure close to the meniscus is reduced by 0.07—11%.
Therefore, the nature of the adhesion changes over time. For
short contact time (within 1 min), the adhesion force is
dominated by capillary attraction. For a longer contact time,
the adhesion force is dominated by consolidated ice-solid
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adhesion (Figure 9b). The latter leads to the time-dependent
increase of experimental adhesion forces (Figure 7).

B DISCUSSIONS

In contrast to the bell-shaped force-vs-temperature curves
found by this work, previous results reported in the literature
show that adhesion forces between ice and a solid surface
monotonically increase with the decreasing temperature.'”'***
The reason for this discrepancy is that previous studies dealt
with equilibrated ice-solid contacts where the ice specimens
were formed directly on the solid surfaces via frosting or
freezing.” >' In this case, the ice samples were already
consolidated to the solid substrates (i.e., equilibrated contacts),
and the size and shape of the contact areas do not change with
time. However, not all ice adhesion problems originate from
direct frosting or freezing of water on solid surfaces. In nature
and industry, ice adhesion can arise from the interaction
between preformed ice particles and solid surfaces, for
example, the adhesion of snowflakes or hails on the surface
of outdoor infrastructures. Our study of preformed ice samples
coming to contact the solid surfaces advances the under-
standing of ice adhesion. Clearly, we demonstrated that the
literature documented for equilibrated ice-solid contacts does
not apply to nonequilibrated ice-solid interaction considered in
this work.

The presence of QLL on the ice surface has been
reported.””*#**73>*? Therefore, one might anticipate a
contribution of capillary attraction to ice-solid adhesion.
However, it was thought to play only a minor role in ice
adhesion forces. In addition, as the amount of quasi-liquid
increases with the increase of the temperature,z"”z‘l’zg_‘%2 one
might expect that the adhesion force would increase
continuously until the ice is melted because more quasi-liquid
would favor the formation of capillary bridges. We ruled out
this prejudice by revealing the maximum forces in the
premelting region and figuring out the determining role of
the curvature radius r of the capillary bridge. Thus, we
established a “bell-shape” theory of ice adhesion. Therefore,
nano-capillary bridges are able to control ice adhesion to a
great extent. The observed force increase in the premelting
region (between —6 and 0 °C) is of high practical importance
since this temperature range is common in many countries.
High adhesion forces in this ubiquitous temperature range
favor the accretion of ice on solid surfaces.

Although our model and experiments deal with the
interaction between a silica sphere and a flat ice surface, the
findings are also relevant to the adhesion between an ice
sphere and a solid surface since we demonstrate that the
adhesion forces associated in the two models are mathemati-
cally identical (see Supporting Information). Moreover, the
findings can be extended to the adhesion between an ice
surface and a solid surface. The ice surface and the solid
surface have inevitable roughness. Therefore, they form the
contact through a number of surface asperities. At these
contact points, the capillary bridges form and control the
adhesion following the model that we have developed in Figure
4a,b.

B CONCLUSIONS

We reported a new mechanism of ice adhesion involving
preformed ice particles coming to contact with a solid surface.
We revealed a bell-shaped dependence of the normal adhesion

forces between the ice and solid substrate on the temperature
and explained this adhesion behavior by considering the nano-
capillary bridges formed between the QLL on the ice surface
and the solid substrate. The finding of a strong adhesion force
in the temperatures between —6 and 0 °C is of practical
significance as this temperature range is ubiquitous in many
countries in winter. Thus, nano-capillary bridges need to be
considered in the development of anti-icing strategies. Our
work provides new physical insights into the mechanism of ice
adhesion. The findings have important implications for
developing efficient anti-icing via adding a superhydrophobic
coating to the solid surface.
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