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ABSTRACT: Understanding the function of nanoscale structure
morphology in ice adhesion properties is important in deicing
applications. The correlation between ice adhesion and nanowire
morphology as well as the corresponding ice shear fracture mechanism
are presented for the first time. Ice adhesion on nanowires was measured
using a tangential ice-detaching instrument that was developed in-house.
Stress analysis was performed using a COMSOL software. Nanowire
surface shifted from Wenzel to Cassie transition and Cassie wetting states
when the nanowire length was increased. Tangential ice-detaching forces
were greater on the hydrophilic surface than those on the hydrophobic
surface. Ice−ice internal shear fracture occurred on the ice and force
probe contact area at the Wenzel state or on the ice and nanowire contact
area at Cassie transition and Cassie state. Different lengths of nanowires
caused different wetting states; thus, different fracture areas were formed,
which resulted in different tangential ice-detaching forces. This paper
presents a new way of tailoring surface ice adhesion via rational design of
nanowire morphology with different wetting states.
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1. INTRODUCTION

Surface icing can cause severe accidents and great economic
losses in aircrafts, power lines, roads, ships, wind turbines, oil
platforms, and telecommunication systems.1,2 Current strat-
egies for combating icing occurrence are generally resource-
intensive and often have detrimental environmental con-
sequences. A more appealing and universal strategy is to
engineer surfaces that minimize both ice formation and
adhesion. Scientists have explored the capability of super-
hydrophobic surfaces to mitigate icing problems.3−22 Reducing
ice adhesion by using superhydrophobic surfaces is of particular
interest to the scientific community.23−26 When ice adhesion is
reduced, ice may be easily cleared by human assistance or
natural forces such as wind, gravity, and vibration. A common
theme in ice adhesion research is the comparison of ice
adhesion strength and water wettability. A high contact angle
causes low adhesion force.27 Correlation exists between wetting
hysteresis and ice adhesion strength on rough surfaces with
similar chemistry components.28,29 A linear relationship

between ice adhesion strength and water wettability parameter
1+cos θRec (where θRec is the receding contact angle of water)
has been reported.30 However, the relationship of ice adhesion
and wettability is not enough to fully understand the
mechanism of ice adhesion. Cao et al.3 argued that determining
if a superhydrophobic surface is anti-icing is difficult without a
detailed knowledge of surface morphology. Meuler et al.30

suggested that further reduction in ice adhesion strength
requires textured surfaces. Meuler, McKinley, and Cohen31

pointed out the need to explore how topographical texture
impacts ice-phobicity. Several researchers have explored the
effect of texture topography on ice adhesion. Several of them
reported that rough surfaces lead to high ice adhesion
strength.32,33 Others found that micro-nano dual structures
dramatically reduce ice adhesion.34−36 Nevertheless, the
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correlation between nano structure (typically nanowires)
morphology and ice adhesion has not been reported, and the
mechanism of ice fracture on microscale structures remains
unclear.
This study aimed to identify the correlation between ice

adhesion and nanowire morphology as well as the correspond-
ing ice shear fracture mechanism. Ice adhesion on nanowires
was measured using a tangential ice-detaching instrument that
was developed in-house. Stress analysis was performed using a
COMSOL software. The relationship between nanowire
morphology and ice-detaching force and wettability was
investigated. A thorough discussion on the mechanism of
how ice detaches from a nanowire surface with different
wettabilities is presented. This study is necessary to understand
the function of nanoscale structure morphology in anti-icing/
ice-phobic properties. The study offers a new way to tailor
surface ice adhesion via nanowire morphology.

2. EXPERIMENT
Materials. The substrates used were (100)-oriented p-type silicon

wafers with a thickness of 500 μm (Shanghai Jun He Corp.). Acetone
(w% ≥ 99.5, Lian Longbowa Chemicals Corp., Tianjin, China) and
ethanol (w% ≥ 99.7, Lian Longbowa Chemicals Corp., Tianjin, China)
were used in the precleaning process. Deionized water from water
purification system in the lab (>15MΩ-cm, Chinese Electrical Design
Institution) and N2 (AR, 99.999%, Tiansheng Industrial Gas Corp.,
Xixiang, China) were used in the pre- and postcleaning process. HF (w
% ≥ 40, Longxi Chemicals Corp., Sichuan, China), AgNO3 (AR,
Hongyan Chemicals Corp., Tianjin, China), and Fe(NO3)3 (AR, Aojia
Chemicals Corp., Nanjing, China) were used in the galvanic etching
process.
Nanowire Fabrication. Silicon wafers were cleaned with acetone

(5 min), ethanol (5 min), and deionized water (2−3 times). They
were then thoroughly rinsed with a mixed solution of HF (4.6 mol/
L)/AgNO3 (0.01 mol/L) for 1 min. They were further immersed in a
mixed solution of HF (4.6 mol/L)/ Fe(NO3)3 (0.05 mol/L) at 30 °C
for 10, 20, 30, 40, 50, and 60 min. Finally, they were rinsed with
deionized water and dried by N2 flow at room temperature. A series of
nanowires with different morphologies was obtained. The fabrication
details were presented in a previous study.37

Surface Characterization. The silicon surface morphology was
observed using a scanning electron microscope (SEM, JEOL, JSM-
6309A). The apparent contact angles (CA) and contact angle
hysteresis (CAH) of the as-prepared silicon nanowire surfaces were
measured using an optical goniometer (OCA15EC, Data Physics
Company Ltd.). Deionized water droplets with a volume of 10 μL
were used in CA measurements. CAH was calculated by subtracting
the receding angle (θR) from the advancing angle (θA). Deionized
water droplets with a volume of 10 μL and increments of 1 μL were
used in the advancing and receding angle measurements. The
experiments were performed at 20 °C and 15% relative humidity.
Ice Shear Fracture Measurement. The measurement schematic

of ice shear fracture on nanowires is shown in Figure 1. Although
goniometers are widely used to measure liquid contact angles, no
analogous instruments are available to measure ice shear fracture
strength. To solve this problem, we designed an ice adhesion test
instrument to measure the shear force required to tangentially remove
ice from a test surface, as shown in Figure 2. A sample substrate was
clamped on a base plate (top), and 10 μL of deionized water was
deposited on the base plate surface by using a pipet. It was then placed
in a cryogenic box at −15 °C for 1−2 min. Ice particles were removed
from the test substrate by propelling the probe of a force transducer
(SUNDOO, SH-50) with a speed of 0.5 mm/s that was driven by a
step motor. The probe was moved 0.4 mm above the surface to avoid
touching the substrate. The maximum force at break was recorded as
the tangential ice-detaching force. The experimental details were
presented in a previous study.36

3. RESULTS AND DISCUSSION
Silicon nanowires with various morphologies were obtained via
the galvanic etching method. The SEM images of the nanowires
with different etching times are shown in Figure 3. The
nanowire length increased from 1.32 to 4.67 μm when the
etching time was increased from 10 to 60 min, while the
nanowire width was ∼200 nm in most cases. The average
length of the nanowires, CAs, CAHs, and tangential detaching
forces (−15 °C, 0.5 mm/s probe velocity) are presented in
Table 1. The mean values were calculated from three individual
measurements. Uncertainties were obtained from the standard
deviation of the measurements.
The relationship of nanowire length and tangential detaching

force is shown in Figure 4. The tangential detaching force
slightly changed when the nanowire length was less than the
threshold value. The relative error was small (εrelative = (17.36 N
− 17.04 N)/17.36 N = 1.8%). Only when the nanowire length
was greater than the threshold value did the tangential
detaching force dramatically change from 17.36 to 2.88 N,
which decreased by more than six times. When the nanowire
length was further increased, the tangential detaching forces
slightly decreased (from 2.88 to 1.28 N). In this study, the
threshold value was between 2.13 and 3.46 μm.
Further investigating the correlation between nanowire

morphology and wettability is necessary because previous
studies have shown that wettability influenced ice adhesion.
The relationship of nanowire length and CA and CAH is shown
in Figure 5. When the nanowire length was less than 2.13 μm,
the surface was hydrophilic with small CAs (17°/37.9°) and
large CAHs (9.5°/6.7°). When the nanowire length increased
to 3 μm, the surface became hydrophobic with a large CA
(109.7°) and small CAH (3.2°). When the nanowire length was
further increased from 3.46 to 4.67 μm, the surface was close to
superhydrophobic with larger CAs (140.9°/149.8°/142.2°) and
smaller CAHs (0.5°/0.3°/2.4°). In general, increasing CAs and

Figure 1. Measurement schematic of ice shear fracture on nanowires.

Figure 2. Tangential ice-detaching measuring instrument that was
developed in-house.
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decreasing CAHs were observed as the nanowire length was
increased.
The results indicated that nanowire morphology exhibited

great influence on wettability and ice adhesion. The surface
shifted from hydrophilic to hydrophobic when the nanowire

length was increased greater than the threshold value.
Tangential ice-detaching forces were greater on the hydrophilic
surface than those on the hydrophobic surface. The detaching
force did not significantly change on the hydrophilic surface,
whereas on the hydrophobic surface, forces decreased when the
CAs increased and the CAHs decreased.
Corresponding mechanisms were further investigated to

determine how nanowire morphology influences wettability,
how ice detaches from a nanowire surface with different
wettability, and why forces in different nanowire morphologies
differ.
The relationship between nanowire length and wettability

was explained by different wetting states,38−40 as shown in
Figure 6. When the nanowire length was less than the threshold
value, water completely penetrated the groove, which
demonstrated Wenzel wetting state and hydrophilic wettability,
as shown in Figure 6a. When the nanowire length was
increased, water partially penetrated the groove, which
demonstrated Cassie transition wetting state41−43 and hydro-
phobic wettability, as shown in Figure 6b. The partially

Figure 3. SEM images of the nanowires produced at different etching times from 10 to 60 min at increments of 10 min.

Table 1. Measurement Results of Nanowire Morphology, Wettability, And Tangential Detaching Force

no. etching time (min) nanowire length, h (μm) CA (deg) CAH (deg) tangential detaching force, F (N)

1 10 1.32 ± 0.01 17.0 ± 4.1 9.5 ± 3.1 17.04 ± 0.31
2 20 2.13 ± 0.04 37.9 ± 5.2 6.7 ± 2.3 17.36 ± 0.39
3 30 3.00 ± 0.06 109.7 ± 3.6 3.2 ± 2.1 2.88 ± 0.15
4 40 3.46 ± 0.19 140.9 ± 2.5 2.5 ± 0.4 2.13 ± 0.08
5 50 4.19 ± 0.07 149.8 ± 1.0 0.3 ± 0.1 1.28 ± 0.15
6 60 4.67 ± 0.08 142.2 ± 1.8 2.4 ± 0.5 1.75 ± 0.17

Figure 4. Relationship between nanowire length and tangential
detaching force.

Figure 5. Relationship of nanowire length with (a) CA and (b) CAH.
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penetrated height of water, hp, was calculated based on the
Cassie−Baxter theory (hp = 1.565 μm, this value was used in
further stress analyses).44 When the nanowire length was
increased above the threshold value, water resided on top of the
nanowires, which demonstrated Cassie wetting state and close
to superhydrophobic wettability, as shown in Figure 6c.
The wetting state transition and nano roughness effect could

be explained by energetic barrier theory.45−47 If microstructures
are built of a hydrophobic material, the energy barrier should be
surmounted for wetting transition to proceed. This energy
barrier corresponds to the surface energy variation between the
Cassie state and the Cassie transition state. When water
penetrates into micro structure, the solid−liquid interface
grows while the air−liquid interface over micro structure is
retained. Therefore, the interface free energy increases
continuously and attains its maximal value when liquid wets
the side surfaces almost completely. As for hydrophilic surfaces,
the Cassie wetting state is possible due to the “geometrical air
trapping effect”48 although wetting is always energetically
favorable. When water fills the hydrophilic slot, the energy gain
due to the wetting of the hydrophilic wall is overcompensated
by the energy increase at the expense of the growth of the high-
energetic liquid−air interface. As to the reverse transition from
the Wenzel state to the Cassie one, the energy barrier is much
larger than for the direct transition, thus the reverse transition is
irreversible.
In our experiments, the substrate is silicon which can be

regarded as hydrophobic material (In microelectronic, silicon is
often regard as hydrophobic material). The nanowire width was
nearly unchanged (w ≈ 200 nm) and the nanowire length
increased (h increase from 1.32 to 4.67 μm). Thus, the
energetic barrier separating the Cassie and Wenzel states can be
calculated using eq 146

π γ γ π γ θ= − = −W R h p R h p2 ( )/ 2 cos /2
SL SA

2
LA Y (1)

where h denotes the nanowire length, p denotes the sum of
nanowire width w and space s, R denotes the radius of the
droplet contact area, θY denotes Young contact angle or instinct
contact angle of the surface, and γSL, γSA, and γLA denote the
surface tensions at the solid−liquid, solid−air, and liquid−air
interfaces, respectively. Equation 1 apparently showed that the
energy barrier will monotonously increase when nanowire
length increase and nano wire width and space keeps stable. It
deduced that nanowires with greater length will have greater
energetic barrier, making the Cassie state more stable. On the
contrary, nanowires with less length will have less energetic
barrier which could be surmounted more easily, making Cassie
state transferred to Cassie transition state and even Wenzel
state.
The ice-detaching process on the nanowire surface with

different wetting states was also investigated. Ice detachment

refers to the internal fracture of ice layer or external fracture of
the ice−silicon interface. The question is how these fracture
occurred. Unfortunately, observing the fracture process
experimentally is difficult. An alternative strategy with the use
of computational simulation was employed to analyze the
fracture process. Computational stress analysis was performed
using a COMSOL software.
Figure 7 shows the schematic of the geometric parameters

employed for stress analysis. Ice was simplified as a segment

(part of a sphere), R denotes the radius of the segment, H
denotes the distance from the summit of the segment to the
surface, R1 denotes the radius of the projection circle of the
segment bottom on the surface, hF denotes the distance from
the external force F to the surface, R2 denotes the radius of the
cross-sectional circle located at distance hF, and θ denotes the
apparent contact angle (angle between the tangent line of the
three-phase contact point on the segment profile and the
surface).
In this experiment, ice particle volume V = 10 μL and θ were

the CA values from Table 1. Thus, the corresponding
geometric parameters were derived (details about calculation
of the geometric parameters employed for stress analysis could
be seen in the supporting materials). The model was simplified
by setting the widths (w) and spaces (s) of the silicon
nanowires at 200 nm because these parameters did not
significantly vary in the experiments. The lengths (h) of the
silicon nanowires were experimentally measured, as shown in
Table 2. All of the geometric parameters employed for stress
analysis are shown in Table 3.
Ice can be regarded as a linear elastic material at −3° to

−40°, and brittle fracture occurs on ice when the strain rate > 1
× 10−3 s−1.49 In the present study, ice particles were detached
with a displacement of 1 mm to 4 mm within 1 s. The strain
rate was larger than 1 × 10−3 s−1; thus, brittle internal fracture
caused by shear stress was expected to occur. The ice−ice shear
fracture strength (σshear−ice−ice) was set at 4 MPa based on a
previous study.49 Silicon fracture strength (σfracture−silicon) was set
at 7000 MPa and iron fracture strength (σfracture−iron) was set at
greater than 1000 MPa according to the internal material

Figure 6. Different wetting states as a result of different nanowire lengths: (a) Wenzel wetting state, (b) Cassie transition wetting state, and (c)
Cassie wetting state.

Figure 7. Schematic of the geometric parameters employed for stress
analysis.
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parameters of COMSOL. The material parameters employed
for stress analysis are listed in Table 3.
The analysis strategy we adopted is described as follows.

First, we established a global model that considered ice particles
and force probe to determine the position of the global
maximum stress area. We then established a local model that
considered ice on silicon nanowires to determine the position
of the local maximum stress area. The maximum stress was
obtained by comparing the simulation results from both the
global and local models. The specific area where fracture
occurred was located by comparing the maximum stress and
the material fracture strength. Stress analyses were based on

continuous mechanics because ice was regarded as an elastic
material and its dimensions were not in molecular scale.
Figure 8 shows the stress analysis results of a global model at

the Wenzel−Cassie transform state. Figure 8a shows a global
model considering ice particle contact with force probe. The ice
particle was simplified as a segment with geometric and
material parameters (No. 3) in Tables 2 and 3. The force probe
was simplified as an iron block contact with an ice segment.
The boundary conditions included displacement and force
conditions, which were coincident with the experiments. The
displacement condition was set such that the bottom area of the
ice segment was fixed, and the force condition was set such that
an experimental force (2.88 N) was applied on the ice-probe
contact area by an iron block. The models were meshed, and an
appropriate numerical algorithm was adopted (nonlinear
algorithm was chosen because it enabled simulation con-
vergence). The iron force probe was rigid, and no fracture
phenomenon was observed; thus, the stress on the iron force
probe was not considered. The simulation result of stress
distribution in a global model is shown in Figure 8b. The
colored bar shows the magnitude of stress in which the blue bar
denotes less stress and the red bar denotes greater stress.
Maximum stress occurred on the ice−probe contact area or
ice−silicon contact area. The enlarged images of stress
distribution on the two areas were further observed to gather
more details. Figure 8c shows the enlarged image of stress
distribution on an ice−probe contact area. The maximum stress
on this area occurred at the bottom, and the value of this stress
(σmax−probe) was =15.94 MPa. Figure 8d shows the enlarged
image of stress distribution on an ice−silicon contact area. The
maximum stress on this area occurred on the contact front area,
and the value of the maximum stress (σmax−silicon) was = 7.30

Table 2. Geometric Parameters Employed for Stress Analysis

no. w (nm) s (nm) h (nm) R (mm) H (mm) R1 (mm) R2 (mm)

1 200 200 1320 11.86 0.52 3.47 1.683
2 200 200 2130 4.24 0.9 2.61 1.997
3 200 200 3000 1.47 1.97 1.38 1.467
4 200 200 3460 1.37 2.42 0.84 1.206
5 200 200 4190 1.34 2.5 0.67 1.1014
6 200 200 4670 1.35 2.41 0.83 1.172

Table 3. Material Parameters Employed for Stress Analysis

item material
density
(kg/m3)

Young’s modulus
(GPa)

Poisson
ratio

fracture stress
(MPa)

ice 900 2.994 0.3 4 (shear
fracture)

silicon
(nanowire)

2329 170 0.28 7000

iron (force
probe)

7850 200 0.33 >1000

Figure 8. Stress analysis results of a global model at Cassie transition state: (a) global model considering ice particle contact with force probe, (b)
stress distribution in a global model, (c) enlarged image of stress distribution on the ice−probe contact area, and (d) enlarged image of stress
distribution on the ice−silicon contact area.
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MPa. The stress on the ice−probe contact area was greater than
that on the ice−silicon contact area, and both were greater than
the ice−ice shear fracture strength (σshear−ice−ice = 4 MPa). The
ice appeared to be fractured on the ice−probe contact area. A
conclusion based on these results is premature because the
results were obtained on a macro scale level. Further
investigating the maximum stress area on the ice−silicon
contact area at a microscale level and drawing the right
conclusion considering both macro- and microcale results are
necessary.
The local maximum stress on a microscale level was further

analyzed. Figure 9 shows the stress analysis results of a local
model at Cassie transition state. Figure 9a shows a local model
considering ice on the silicon nanowires. In the simplified unit,
ice particles were described as a block embedded in four
prismatic nanowires. The ice partially penetrated the silicon
nanowires because the structure demonstrated the Cassie
transition wetting state (penetrated height hp = 1.565 μm). The
boundary conditions were set as follows: the displacement of
the silicon nanowire bottom was fixed and the value of unit
force applied on the ice block top was equal to maximum stress

on the ice−silicon contact area, which was obtained from the
global model (7.30 MPa). Figure 9b shows the stress
distribution in a local model. The maximum stress occurred
near the bottom areas on the side walls of the silicon nanowires.
The maximum stress (σmax−silicon) was 738.64 MPa. However,
this value was less than the silicon fracture stress (σmax−silicon <
σfracture−silicon = 7000 MPa); thus, the silicon nanowires were not
expected to fracture. The stress distribution on the different
cross-sectional areas of ice was further analyzed to determine
where the maximum ice−ice internal stress occurred. Figure 9c
shows the stress distribution on the top area of the ice and the
maximum stress on this area (σmax−ice−top) was 20.35 MPa.
Figure 9(d) shows the stress distribution on the bottom area of
the ice, and the maximum stress on this area (σmax−ice−bottom)
was 61.51 MPa. Figure 9e shows the stress distribution on the
ice and silicon nanowire contact area, and the maximum stress
on this area (σmax−ice−nanowire−contact) was 64.39 MPa. The stress
distributions on a series of the ice’s cross-sectional areas were
analyzed to investigate the variation trend of stress distribution
inside the ice, as shown in Figure 9f. The stress was greater
when the cross-sectional area was closer to the ice and silicon

Figure 9. Stress analysis results of a local model at Cassie transition state: (a) local model considering ice on silicon nanowires, (b) stress distribution
in a local model, (c) stress distribution on the top area of the ice, (d) stress distribution on the bottom area of the ice, (e) stress distribution on the
ice and silicon nanowire contact area, and (f) stress distribution on a series of ice cross-sectional areas.
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nanowire contact area. The maximum stress in the local model
occurred on the ice and silicon nanowire contact area
(σmax−ice−nanowire−contact > σmax−ice−bottom > σmax−ice−top). The
simulation results from the global model (macroscale) and
the local model (micro scale) were compared and the
maximum stress occurred on the ice and silicon nanowire
contact area (σmax−ice−nanowire−contact > σmax−probe).
Furthermore, the maximum stress was compared with the

ice−silicon interface fracture strength and the ice−ice internal
fracture strength to determine the kind of fracture that
occurred. Unfortunately, no accurate report is available on
the ice−silicon interface fracture strength. The ice−silicon
interface fracture strength may come from a molecular
interfacial force (7 × 102 MPa to 7 × 103 MPa) and a
chemical bonding force (7 × 103 MPa to 7 × 104 MPa).50

Apparently, the magnitude of maximum stress that was
obtained from simulation was lesser than that of the
combination of molecular interfacial and chemical bonding
force (σmax−ice−nanowire−contact = 64.39 MPa < 7 × 104 MPa). The
result suggests that the detachment of ice in the nanowires may
not be caused by the ice−silicon interface fracture. However,
the maximum stress was greater than the ice−ice shear fracture
strength (σmax−ice−nanowire−contact = 64.39 MPa > σshear−ice−ice = 4
MPa). The result suggests that the detachment of ice in the
nanowires can be attributed to the ice−ice internal shear
fracture. Thus, the ice shear fracture occurred on the ice and
silicon nanowire contact area when the surface showed Cassie
transition wetting state.
It is clearly seen from Figures 8 and 9 that the distribution of

stresses is nonhomogeneous, and the stresses are maximal in
the nearest vicinity of the triple line. This supports the idea that
the Cassie−Wenzel transition is expected to start from the
triple line. This theme was intensively debated in the literature;
it was supposed that wetting transition start from the center of
a droplet,51 and in contras,t it was suggested that the Cassie−
Wenzel transition starts from events occurring in the vicinity of
the triple line.52,53 It seems that the findings support the second
scenario.
All of the parameters from Tables 2 and 3 were substituted

into a corresponding simulation model. The stress analysis
results are shown in Table 4. As for simulations 1 and 2, the
Wenzel state models were used based on experiment results.
The maximum stresses on the side walls of the silicon
nanowires were lesser than the silicon fracture length
(σmax−silicon = 665.56 MPa/1053.9 MPa <σfracture−silicon = 7000
MPa); thus, the silicon nanowires were not expected to
fracture. In the global model, the maximum stress appeared in
the ice−probe contact areas (σmax−probe = 689.82 MPa/845.45
MPa > σmax−silicon = 13.80 MPa/18.53 MPa). In the local model,
the maximum stress appeared in the ice and silicon nanowire
contact areas (σmax−ice−nanowire−contact = 162.96 MPa/179.71 MPa

>σmax−ice−top = 36.3 MPa/47.7 MPa > σmax−ice−bottom = 11.56
MPa/19.4 MPa).
Comparison of the global and local model data showed that

the stress on the ice−probe contact area was greater than the
stress on any other contact zones, and it was greater than the
i c e− i c e s h e a r f r a c t u r e s t r eng th (σm a x− p r o b e >
σmax−ice−nanowire−contact > σshear−ice−ice). This result means that
the stress on the ice−probe contact area largely increased
within the same time and easily reached the value of the ice−ice
shear fracture strength; thus, ice preferentially fractured on this
area. In summary, the ice−ice shear fracture occurred on the
ice−probe contact area at Wenzel state.
As for simulations 4, 5, and 6, the Cassie state models were

used based on the experimental results. The silicon nanowires
did not fracture (σmax−silicon = 916.65 MPa/1239.4 MPa/950.31
MPa < σfracture−silicon = 7000 MPa). In the global model, the
maximum stress appeared in the ice−probe contact area in No.
4 (σmax−probe = 7.69 MPa > σmax−silicon = 4.69 MPa), whereas the
maximum stress appeared in the ice−silicon contact area in
simulations 5 and 6 (σmax−probe = 1.90 MPa/2.10 MPa <
σmax−silicon = 5.76 MPa/4.02 MPa). In the local model, the
maximum stresses appeared in the ice and silicon nanowire
contact areas (σmax−ice−nanowire−contact = 437.01 MPa/622.15
MPa/536.18 MPa > σmax−ice−top = 15.76 MPa/22.70 MPa/
16.51 MPa). The stress on the ice and silicon nanowire contact
areas was greater than that on any other contact zones and was
greater than the ice− ice shear fracture strength
(σmax−ice−nanowire−contact >σmax−probe > σshear−ice−ice). This result
indicated that the ice shear fracture occurred on the ice and
silicon nanowire contact area at the Cassie state.
There are some indirect evidence to support the computa-

tional conclusion. It is experimental observed that there is a
thin layer of residual ice on the sample surface at Wenzel state,
indicating that the ice−ice shear fracture occurred on the ice−
probe contact area at Wenzel state. There is no obvious residual
ice on the sample at Cassie state and Cassie transition state,
indicating that the ice shear fracture occurred on the ice and
silicon nanowire contact area at these two wetting state. We
expect the direct evidence in the future if new technology is
invented and ice shear process on nanowires could be observed
directly.
The stress analysis results revealed the position and kind of

ice fracture that occurred. Tangential detaching forces differed
with different nanowire lengths, as discussed further. The
tangential force F was equal to the multiplication of shear stress
(σ) and fracture area (S) (F = σS). The ice−ice shear fracture
strength (σshear−ice−ice) was identical; thus, the difference came
from the fracture area. At the Wenzel state, the fracture areas
were cross-sectional areas located at ice−probe contact area. At
the Cassie transition and Cassie state, the fracture areas were
ice and silicon nanowire contact areas. The fracture area at the
Wenzel and Cassie transition/Cassie states was calculated using

Table 4. Stress Analysis Results (MPa)

global model local model

no. wetting state σmax−probe σmax−silicon σmax−ice−top σmax−ice−bottom σmax−ice−nanowire−contact σmax−nanowire

1 Wenzel 689.82 13.80 36.30 11.56 162.96 665.56
2 Wenzel 845.45 18.53 47.70 19.4 179.71 1053.9
3 Cassie transition 15.94 7.30 20.35 61.51 64.39 738.64
4 Cassie 7.69 4.69 15.76 - 437.01 916.65
5 Cassie 1.90 5.76 22.70 - 622.15 1239.4
6 Cassie 2.10 4.02 16.51 - 536.18 950.31
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eqs 2 and 3. The parameters of theses equations are listed in
Table 2.
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The calculated fracture areas are listed in Table 5. The
relationship between fracture area and tangential detaching

force is shown in Figure 10. The result showed that the fracture
areas were greater at the Wenzel state than those at the Cassie
transition and Cassie states; thus, tangential detaching forces at
Wenzel state were correspondingly greater. The tangential
detaching forces increased with increasing fracture area at the
Cassie state. However, only a slight change in forces was
observed at the Wenzel state even if the calculated fracture area
obviously changed. The reason may be due to the spreading of
water at the Wenzel state, thereby resulting in similar fracture
areas. In summary, different nanowire lengths resulted in
different wetting states, which resulted in different fracture
areas and different tangential detaching forces.

■ CONCLUSION
This study interpreted the mechanism of ice shear fracture on
nanowires with different wetting states via experiment and
computational analyses. The results showed that the surface
transferred from the Wenzel to the Cassie transition and Cassie
wetting states when the nanowire length was increased. The
tangential ice-detaching force was greater on the hydrophilic

surface than that on the hydrophobic surface. Tangential ice-
detaching forces were similar at the Wenzel state, but they
decreased when CA increased and CAH decreased at the Cassie
state. Ice shear fracture occurred on the ice and force-probe
contact area at the Wenzel state or on the ice and silicon
nanowire contact area at the Cassie transition and Cassie states.
The different length of nanowires led to different wetting states
and fracture areas, thereby resulting in different tangential
detaching ice forces. On the basis of these results, ice adhesion
can be tailored via rational design of nanowire structures
because of various wetting states. Our findings demonstrate
their potential applications in future deicing technology.
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