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Understanding the mechanism of ice adhesion on surfaces is crucial for anti-icing surfaces, and it is

not clear if superhydrophobic surfaces could reduce ice adhesion. Here, we investigate ice adhesion

on model surfaces with different wettabilities. The results show that the superhydrophobic surface

cannot reduce the ice adhesion, and the ice adhesion strength on the superhydrophilic surface and the

superhydrophobic one is almost the same. This can be rationalized by the mechanical interlocking

between the ice and the surface texture. Moreover, we find that the ice adhesion strength increases

linearly with the area fraction of air in contact with liquid. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4752436]

Accumulated ice on exposed surfaces leads to opera-

tional difficulties and high maintenance efforts for power

transmission lines, antennas, aircrafts, ships, and ground

transportation vehicles.1–6 Over the last several decades, a

large number of investigations have been carried out focus-

ing on anti-icing surfaces via preventing ice formation or

reducing ice adhesion.7–16 Ice formation is inevitable when

the temperature is lowered sufficiently.17 Therefore, ideal

anti-icing surfaces would be that the ice adhesion on these

surfaces is so small that ice formed on them could be shed

off merely due to its own weight or a natural wind action.

Thus reducing the ice adhesion on surfaces is the key for

fighting against icing on surfaces, which requires a thorough

understanding of the mechanism of ice adhesion on surfaces.

Recently, it has been reported that superhydrophobic surfa-

ces could substantially reduce the ice adhesion.18–20 Some

authors even correlated the contact angle hysteresis with the

ice adhesion.21 But this statement was questioned, for exam-

ple, Varanasi et al.17 reported that the frost formation inside

the textures of superhydrophobic surfaces could increase the

ice adhesion and thus compromised their effectiveness in

reducing the ice adhesion and Varanasi’s argument was sup-

ported by other research groups, who reported that the ice

adhesion increased with the surface roughness.22,23

To address this controversy, we investigated the ice

adhesion on a series of model surfaces with distinct wett-

abilities. We found that superhydrophobic surfaces could

not reduce the ice adhesion and the ice adhesion on super-

hydrophobic surfaces was almost the same as that on the

superhydrophilic surfaces. This could be explained when

the mechanical interlocking between the ice and the surface

texture was considered. Moreover, a correlation between

the ice adhesion and the area fraction of air in contact with

liquid was established. These studies provide valuable

insights into the mechanisms of the ice adhesion on surfaces

and will be beneficial for the rational design of anti-icing

surfaces.

Thirteen silicon wafer surfaces with wettability ranging

from superhydrophilic to superhydrophobic were designed

and fabricated to study the influence of the surface morphol-

ogy and chemistry on the ice adhesion. The textured silicon

wafer surfaces with groove and pore arrays (two micro-

grooved surfaces with distinct wettabilities, i.e., superhydro-

philic and superhydrophobic, have the same morphology but

different surface chemistry. Four hydrophilic pore array

surfaces and four hydrophobic pore array surfaces have the

same pore size, but different distance between neighboring

pores and surface chemistry.) were prepared by a photolitho-

graphic process and detailed information of tested sample

surfaces are summarized in Table I.

The setup for measuring the ice adhesion is similar to

the one used by Varanasi et al.24 as sketched in Figure S1. In

detail, the setup consists of an XY motion stage, a force

transducer (Imada ZP-500N), a home built cooling stage,

and water-filled cuvettes that are frozen onto the tested surfa-

ces. Then the cooling stage with the cuvettes atop of it was

placed in a closed box, which was purged with nitrogen gas

to minimize the frost formation outside of the cuvettes. The

probe of the force transducer was propelled perpendicularly

to the ice column at a speed of 0.5 mm/s, and the shear stress

required to detach each ice column from the surface was

obtained. The peak force was converted into the ice adhesion

strength via dividing it by the ice cross-sectional area (see

the supplementary material30). Our experiments showed that

the ice adhesion remained constant when the surface temper-

ature changed from �10 to �20 �C or the probe speed varied

from 0.5 to 1.5 mm/s (see Figure S2), which agreed with the

data obtained by Varanasi et al.24 Therefore, we investigated

the ice adhesion strength at surface temperature of �15 �C
and a probe speed of 0.5 mm/s. The measurement was car-

ried out after the water in the cuvette was kept at �15 �C for

5 h, which ensured that water froze completely. The ice ad-

hesion strength for each surface was averaged over 8 tests.

Figure 1 shows the ice adhesion strengths to four surfaces

(superhydrophilic, hydrophilic, hydrophobic, and superhydro-

phobic). The ice adhesion strength on the superhydrophilic

surface is the highest, i.e., 913 6 138 kPa. This could be

a)Author to whom correspondence should be addressed. Electronic mail:
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explained by considering that liquid water on this surface is at

the Wenzel state, i.e., the liquid water impregnate completely

into the surface texture. When the liquid water solidified into

ice, mechanical interlocking formed between the ice and the

surface texture. The ice adhesion strength on the flat hydro-

philic surface is 202 6 34 kPa, which is 4.5 times lower than

that on the superhydrophilic surface. This could be attributed

to the smoothness of the hydrophilic silicon wafer, on which

almost no mechanical interlocking formed. The ice adhesion

strength on the hydrophobic surface is even lower than that of

the smooth hydrophilic surface, i.e., 77 6 16 kPa. This can be

rationalized by hydrogen bonds formed between the surface

and the ice, which was believed to be an important factor

controlling the strength of ice adhesion.25 A large number

of hydrogen bonds can be formed on the hydrophilic silicon

wafer surface due to the large number of hydroxyl groups on

it. On the contrary, there is almost no hydroxyl group on

the surface when the silicon wafer surface was modified

with (heptadecafluoro-1,1,2,2-tetradecyl)-trimethoxysilane, thus

hydrogen bonds could not form between this surface and

the ice. To confirm this argument, the ice adhesion strength

on as-received flat silicon wafer (CA (water contact

angle)¼ 75.4�6 1.0�) was measured, which had a value larger

than hydrophobic silicon wafer surface (CA¼ 114.4�6 0.5�)
but smaller than hydrophilic one (CA¼ 8.5�6 1.2�), resulting

from the difference in the hydroxyl group density on these

surfaces. (see Figure S3).

Surprisingly, the ice adhesion strength on superhydro-

phobic surface is 807 6 149 kPa, which is almost the same as

that on the superhydrophilic surface. For superhydrophobic

surfaces, liquid water sits atop of the surface texture at the

room temperature, in other words, the liquid water is at the

Cassie state. The air trapped inside the surface texture

beneath the liquid water is in thermodynamically equilibrium

with the liquid water. When the temperature is lowered, water

molecules adsorb at the wall of the surface texture, which

makes the surfaces more hydrophilic. At the same time, con-

densation occurs inside the surface texture when the tempera-

ture is lowered.26–28 Then the liquid water is not at the Cassie

state anymore, i.e., it penetrates partially or even completely

into the surface texture. When the liquid water freezes, the

ice and the surface texture are mechanically interlocked and

this results in the increased ice adhesion strength.

To further elucidate the effects of the surface morphol-

ogy and chemistry on the ice adhesion, a series of hydro-

philic and hydrophobic silicon wafer surfaces composed of

pore arrays were fabricated and the ice adhesion strengths on

these surfaces were measured. The pore array surfaces con-

sist of periodic pores that are 5 lm in width and depth, and

the space between the neighboring pores varies from 5 lm to

40 lm (showed in the insets of Figure 2). Here, we define /
as the area fraction of air in contact with liquid at the liquid

substrate interface

/ ¼ a2=ðaþ bÞ2; (1)

where a is the width of the pore and b is the space between

two neighboring pores. The corresponding / is 0.25, 0.11,

0.06, and 0.04 on the textured silicon surfaces with the spac-

ing 5, 10, 20, and 40 lm, respectively. Hydrophilic and

TABLE I. Geometrical and static contact angle of representative surfaces.

Features (lm)

Sample Width Depth Spacing

Static contact

angle (�)

Groove array (superhydrophilic) 5 5 5 4.2 6 1.0

Silicon surface (hydrophilic) Smooth 8.5 6 1.2

Silicon surface (hydrophobic) Smooth 114.4 6 0.5

Groove array (superhydrophobic) 5 5 5 154.0 6 1.8

Pore array a (hydrophilic) 5 5 40 24.8 6 0.8

Pore array b (hydrophilic) 5 5 20 23.8 6 1.3

Pore array c (hydrophilic) 5 5 10 18.8 6 1.0

Pore array d (hydrophilic) 5 5 5 15.1 6 0.5

Pore array a (hydrophobic) 5 5 40 111.7 6 1.6

Pore array b (hydrophobic) 5 5 20 115.3 6 2.4

Pore array c (hydrophobic) 5 5 10 118.6 6 2.7

Pore array d (hydrophobic) 5 5 5 128.0 6 1.3

Silicon surface as-received Smooth 75.4 6 1.0

FIG. 1. Average ice adhesion strengths on four different silicon wafer surfa-

ces (superhydrophilic to superhydrophobic) measured at �15 �C with a

probe speed of 0.5 mm/s. Insets are the profiles of water droplets on the cor-

responding surfaces.

FIG. 2. Plots of the measured ice adhesion strength on the textured surfaces

as a function of / (area fraction of air in contact with liquid). The ice adhe-

sion measurements on textured surfaces were measured at �15 �C with a

probe speed of 0.5 mm/s. The ice adhesion strength increases with the /
value. The solid lines show the linear fit to the data with coefficient

R2¼ 0.98 and R2¼ 0.97 for hydrophilic and hydrophobic surfaces, respec-

tively. The Y-intercepts (extrapolated using a dashed line) denote the adhe-

sive strength of ice on the smooth surfaces. Insets [(a)-(d)] are top-view

SEM images of pore array surfaces with different spacing (40, 20, 10, and

5 lm, respectively) between neighboring pores. Scale bar is 50 lm.
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hydrophobic sample surfaces composed of pore array were

prepared by treating textured silicon surfaces with piranha

solution and (heptadecafluoro-1,1,2,2-tetradecyl)-trimethox-

ysilane, respectively. The static water contact angles for

hydrophilic pore array surfaces are ranging from 15� to 25�,
and for hydrophobic surfaces, the static water contact angles

are in the range of 111� to 128�.
Figure 2 plots the ice adhesion strength of the textured

surfaces as a function of the area fraction of air in contact

with liquid, which clearly reveals a strong linear function

with correlation coefficient of R2¼ 0.98 and R2¼ 0.97 for

hydrophilic and hydrophobic surfaces, respectively. Then the

adhesive strength between the ice and the substrates can be

extrapolated from the fitting lines when the area fraction of

air in contact with liquid approaches zero. It equals 186 kPa

for the hydrophilic surface and 63 kPa for hydrophobic sur-

face. These extrapolated values are close to the experimental

values shown in Figure 1, which are 202 kPa and 77 kPa for

the flat hydrophilic and hydrophobic surfaces, respectively.

Similarly, the cohesive strength can be calculated when the

area fraction of air in contact with liquid equals one, which

is 1916 kPa and 1970 kPa for hydrophilic and hydrophobic

surface, respectively. A similar result was reported by Jelli-

nek for snow-ice frozen to polished steel plates, in which the

cohesive strength was about 1600 kPa.29 Removal of the ice

from the textured surfaces need to overcome the adhesive

strength between the ice and substrate as well as the cohesive

strength due to the mechanical interlocking as schematically

shown in Figure 3.

More cohesive failure is required when the area fraction

of air in contact with liquid increases and this leads to a

larger ice adhesion strength because the cohesive strength is

much bigger than the adhesive strength. So the ice adhesion

strength can be expressed as following:

F ¼ Fcoh � /þ Fadh � ð1� /Þ: (2)

After rearranging, the equation becomes

F ¼ Fadh þ /� ðFcoh � FadhÞ; (3)

where F is the ice adhesion strength, Fcoh is the cohesive

strength, and Fadh is the adhesive strength. Since there is no

mechanical interlocking effect on the smooth surface, the ice

adhesion strength on smooth silicon substrates is much

smaller than that of textured surfaces. Equation (3) shows

that the surface chemistry difference results in the slight

slope difference of two fitted lines in Figure 2, because Fcoh

is one order of magnitude larger than Fadh. Therefore, the ice

adhesion strength on the superhydrophobic surface and

superhydrophilic surface is almost the same and much bigger

than that of the smooth surfaces.

In conclusion, we systematically investigated the influ-

ence of surface morphology and chemistry on the ice adhe-

sion strength. Textured surfaces show higher ice adhesion

strength than smooth surfaces, resulting from the mechanical

interlocking formed between the ice and the surface texture.

These results show that superhydrophobic surfaces cannot

reduce ice adhesion. Furthermore, a correlation between the

ice adhesion strength and the area fraction of air in contact

with liquid was established. The ice adhesion strength

increases linearly with the increase of the area fraction of air

in contact with liquid. This finding deepens our understand-

ing of the mechanism of ice adhesion on surfaces and pro-

vides guidance for the design of anti-icing surfaces.
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