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In several recent papers published in ACS

Langmuir?® and other journals,”~ ' it was
suggested that surface-roughness-induced
superhydrophobicity can be used to design
icephobic or anti-icing coatings. The assump-
tion behind this suggestion was that mecha-
nisms of ice and water adhesion are similar,and
therefore, by designing a surface with low sur-
face energy (large water contact angle), one
can achieve also weak adhesion between the
surface and ice. However, the mechanisms of
water and ice adhesion are different. Water can
withstand pressure, either positive (compressive)
or negative (tensile),'*'® but it cannot sup-
port shear stress since the stress tensor 7 of
liquid is spherical in the static limit (z,, = 0).

To understand why superhydrophobic
surfaces are not necessarily icephobic, one
should investigate mechanical forces acting
on a liquid droplet and on ice. There are
certain forces applied at the triple line of a
droplet placed on a solid surface with the
contact radius r = R sin 6, where R is the
curvature radius of the droplet and 6 is the
contact angle (CA). First, the x-components
(tangential components) of interfacial ten-
sion forces ysw, ¥sa, and ywa (Where indices
S, W, and A stand for solid, water, and air) are
balanced as prescribed by the Young equa-
tion ywacos 6 + ysw = vsa (Figure 1a).
The y-component (normal component)
is balanced by the Laplace pressure
pL = 2ywa/R = 2ywa sin 60/r inside the
droplet, so that the solid substrate experi-
ences a concentrated normal force yp sin 6
(per unit length) at the triple line and distrib-
uted pressure p = 2ywa sin 6/r at the contact
area str%, which balance each other and can
deform the substrate (Figure 1b). For a two-
dimensional (2D) droplet, the Laplace pressure
is p. = ywa/R = pwa sin O/r, whereas the
contact zone is 2r, so the distributed force
of 2ywasin @ is balanced by two forces of
Ywa sin @ at the edges of the droplet.

If a shear or normal force F is ap-
plied to the droplet (e.g., droplet's weight
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We discuss mechanical forces that act upon a water droplet and a piece of ice on a rough solid

surface and the difference between dewetting and ice fracture. The force needed to detach a

water droplet depends on contact angle (CA) hysteresis and can be reduced significantly in the

case of a superhydrophobic surface. The force needed to detach a piece of ice depends on the

receding CA and the initial size of interfacial cracks. Therefore, even surfaces with very high

receding CA may have strong adhesion to ice if the size of the cracks is small.

F = pg(a/3)R*(1 — cos 6)*(2 + cos 6) for a
truncated sphere), then the droplet is de-
formed, and CA hysteresis Af = 0,4y — Orec
occurs so that the applied force is balanced
by the difference of the CAs at the advan-
cing and receding edges due to CA hyster-
esis. The balance of the x-components of
the forces applied to the droplet is given by
the tangential component of the force (ywa
cos 6,4y at the advancing edge and ywa cos
O,cc at the receding edge) multiplied by the
width of the droplet 2r'®

Fx = 2ryya(cosfrec — cosbygy) (1)

Similarly, one can argue that the y-compo-
nent is given by

Fy = 2ryywa(sinfagy + sinfrec) — r’pL (2)

The shear force also creates the gradient in
the hydrostatic pressure along the interface,
p(x) =p + pgx from the top to the bottom of
the droplet. Since the droplet is in equilib-
rium, the total moment of forces acting
upon the droplet is equal to zero. For a 2D
droplet, the moment (per unit length) is
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Figure 1. Surface tension forces at the edge of a water droplet: (a) the tangential components of y\, is balanced by the
interfacial tensions, whereas (b) the normal component is balanced by the Laplace pressure.

calculated as
M = pyywar(sinfaqy — sinbrec)

or
+ / pgxdx —fid = 0 (3)
J—r

where dis the offset at which the force
f, per unit length (analogous to F, for a
three-dimensional (3D) droplet) is ap-
plied; for example, d is the position of
the center of masses of the droplet.
For a 3D droplet, the calculation is
more complex; however, it involves
the same principle.

Mathematically, the three equa-
tions of equilibrium prescribe the
values of F,, F,, and F,d for a given
value of A@; however, physically,
the applied loads define the defor-
mation of the droplet and, there-
fore, AG. From the mechanical point
of view, a system with the number
of constraining equations greater
than the number of unknowns is
a statically indeterminate system.
To solve the paradox of the overcon-
strained system, we should realize
that, when the external load is applied,
the droplet deforms, and therefore,
the value of offset can change and the
mean curvature changes affecting the
Laplace pressure p;. As a result, the
system of three equilibrium equations
of equilibrium determines three un-
knowns: A6, p., and d.

The dewetting occurs when the
applied force results in A, which
exceeds this maximum value. Equa-
tions 1—3 can be simplified with the
use of trigonometric identities as

F = 2ryya(cosBagy — cOSOrec)

Oagv — 0
Ary\asinfosin 22— rec

= 2Ry\ya(sinBo)> A0
(4)
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where 0y = (0,qy + 01ec)/2 (for small
hysteresis, 6, = 6). For a typical
droplet with the contact radius of
R=1mm, sin? G, = 0.5, yya = 0.07
N/m, and CA hysteresis A@ =0.1 rad,
the shear force needed to move the
droplet is estimated as F =7 uN. It is
also observed that the effect of super-
hydrophobicity is two-fold: the reduc-
tion of sin 6, and the reduction of A@
because the superhydrophobicity
implies both high CA and small CA
hysteresis.

The situation changes when the
droplet freezes. Ice can support
shear load 7, and a distributed nor-
mal stress 7,,, which balances the
torque created by the shear force F,
applied at the offset d. However, ice
detachment from a solid surface
occurs through fracture, and there-
fore, it is different from the dewet-
ting mechanism. Fracture can occur
within the ice itself when the inter-
face with the substrate is strong
or at the substrate—ice interface if
defects (e.g., cracks) are present.'”
Fracture occurs in accordance with
the mode | (opening) or mode Il
(edge sliding) cracking scenarios,
which correspond to normal and
shear loading.'® The critical strength
above which the fracture occurs in
mode | is given by

EG
Tyy = E

where E is the Young modulus, G is
the surface energy of the crack, and a
is the crack length. The analysis for
mode Il crack fracture is similar. Typi-
cally, it is assumed that the surface
energy has a constant value G =ysp +
Yia — Vs, where yia and yg are
the ice—air and solid—ice interfacial

(5)

VOL.6 = NO.10 = 8488-8491 = 2012

energies. However, a more detailed
analysis shows that the value of sur-
face energy depends on whether it is
measured during the approach of
two surfaces or during their separa-
tion. This is because of the so-called
adhesion hysteresis.'® The energy
needed to separate surfaces is greater
than that gained by bringing them
together. Adhesion hysteresis is re-
lated to CA hysteresis, so that the
former is one of the underlying causes
of the latter.®®

Note the analogy with the Young
equation

G = y;a(1+cos 0) (6)

where cos 0 = (ysa — ys)/yia. If the
interfacial energies of two phases of
water are close to each other, yj4 &
ywa and ys; =~ yw, then the values of
6 for water and ice are also compar-
able and thus superhydrophobicity
corresponds to a high value of 6 for
ice. During the detachment of the
solid surfaces or opening the crack,
the energy of separation matters,
which is related to the receding
CA, as opposed to the energy of
bringing the surfaces together, which
is related to the advancing CA.
Therefore, when the crack is open-
ing, only the receding value mat-
ters, Grec = yia(1 + €0s Orel). The
critical stress is related to the reced-
ing CA as

EGrec

T
b4 na

_ Eyia(1 4 cos Orec) )

ma
From eq 7, we conclude that (i)
shear strength correlates with the
receding contact angle; (ii) super-
hydrophobic surface has low shear
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Figure 2. Normal (red) and shear (black) forces during shear loading of (a) water droplet and (b) ice frozen droplet on a flat and
(c) textured (Cassie state) surface in the regime of the tangential and normal loading.

strength because high CA, 6, —
180°, corresponds to low values of
1 + cos O,e¢; and (iii) the effect of
initial crack size is very significant.
Thus, for the values of E = 9.7 GPa,
Yia = 0.109 N/m,?" cos O, = —0.9,
and a = 100 um, the shear strength
is 7,, = 58 kPa. For an ice particle
with the contact area of 1 mm?, this
corresponds to the shear force of
58 mN, which is about 4 orders of
magnitude larger than for a droplet.
For a superhydrophobic surface
with the same properties but smal-
ler cracks of a = 1 um, the force will
be 580 mN. For hydrophilic surfaces,
roughening the surface can increase
its adhesion to ice, as water pene-
trated the cavities between the aspe-
rities. However, most superhydrophic
surfaces are in the so-called Cassie
state, with air pockets trapped be-
tween the solid and water droplet.
When water freezes, the pockets
become air voids and they can serve
as stress concentrators. While super-
hydrophobic surfaces can be benefi-
cial to prevent ice formation through
condensation of water droplets, ice
shedding should be targeted for
robust icephobicity. It is therefore
desirable to have a surface that
supports both the Cassie superhy-
drophobic regime and crack forma-
tion in ice. In addition, many super-
hydrophobic surfaces have dual tier
roughness; however, the effect of
dual tier on ice adhesion shedding
should be investigated separately.
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We conclude that the superhy-
drophobic state by itself can affect
the crack opening energy; however,
the Cassie wetting state can de-
crease the shear strength by intro-
ducing voids between the solid
surface and water/ice, which serve
as microcracks (stress concentrators)
and increase a. Although icephobic
properties correlate with high reced-
ing CA, the size of the microcracks at
the solid—ice interface is the critical
parameter that governs ice adhe-
sion to a hydrophobic solid. Conse-
quently, some superhydrophobic sur-
faces can have strong ice adhesion if
they do not provide sufficiently large
voids at the interface.
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