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ABSTRACT

An anti-icing surface has been designed and prepared with an aluminum panel by creating an artificial lotus leaf which
is highly hydrophobic. The hydrophobicity of a solid surface can be generated by decreasing its surface tension and
increasing the roughness of the surface. On a highly hydrophobic surface, water has a high contact angle and it can eas-
ily rolls off, carrying surface dirt and debris with it. Super-cooled water or freezing rain can also run off this highly hy-
drophobic surface instead of forming ice on the surface, due to the reduction of the liquid-solid adhesion. This property
can also help a surface to get rid of the ice after the water becomes frozen. In this study, a Cassie-Baxter rough surface
was modeled, and an aluminum panel was physically and chemically modified based on the modeled structure. Good
agreement was found between predicted values and experimental results for the contact and roll-off angles of water.
Most importantly, by creating this highly hydrophobic aluminum rough surface, the anti-icing and de-icing properties of
the modified surface were drastically improved compared to the control aluminum surface, and the cost will be reduced.
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1. Introduction

The phenomenon that ice builds up on the surfaces of a
plane could cause significant problems to the aircrafts,
such as lift and drag; especially, accumulations of ice
could result in severe transportation problem due to the
imbalances of the aircrafts under a high flying speed [1].
Lynch and Khodadoust found that various types of ice
accretions on surfaces of fixed wing aircraft can affect
the aerodynamic performance, maneuverability and con-
trol degradations of an aircraft, and even a small amount
of ice accretions at critical locations could cause substan-
tial problems, such as reduction of engine performance
and its stability [2]. For a flying aircraft, freezing rain
and freezing drizzle are extremely dangerous because
they could freeze on the surface and make it rough. This
will further reduce the laminar airflow and increase tur-
bulent airflow [3]. When various components of the air-
craft, such as the propeller or engine, are damaged or
broken due to presence of ice, flight becomes impossible.

To solve this problem, anti-icing and de-icing chemi-
cals can be applied to prevent or remove the formed ice if
the freezing rain or drizzle could not get rid of the air-
craft immediately. However, various anti-icing and de-
icing chemicals were reported that they contain urea,
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betaine or potassium formate, which could corrode the
flight-critical components. Especially, when an aircraft
was exposed to chemical tests, corrosion effects and
weight losses were higher for urea than for the other
chemicals [4]. On the other hand, the application of these
chemicals could pose detrimental impacts to the envi-
ronment and presents health risks to humans, when ex-
cessive chemicals were used where larger amount of
heavy minerals were contained, or degradation happened
[5]. Eventually, the dangers would be exacerbated. Ben-
zotriazole is commonly used in anti-icing and de-icing
agents, but only limited concentrations are permissible
due to its toxicity (in water, 0.1 mg/L; in air, 10 mg/m’)
[6]. Glycol-based anti-icing agents are also used to de-ice
planes, but they are toxic when ingested, and consume
significant amounts of oxygen when released into the
environment. This oxygen consumption depletes the dis-
solved oxygen in water which is harmful to aquatic life
and could cause mass fish kills [7]. Agencies have been
seeking for different alternatives to maximum the benefit
while to minimize the drawbacks, such as anti-icer 1, 2-
propanediol. It is quite effective but very expensive, and
it includes complicated procedures and byproducts with
potential environmental concern during industry produc-
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tion [5]. Thus, there is an urgent need to find an effective
and applicable method to approach this problem for
aeronautic applications [8].

Recently, to an achieve an anti-icing surface, re-
searchers turn to study of creation of superhydrophobic
(SH) surfaces with nanostructures [9], nanoparticles [10]
or anti-icing coatings [4,11]. A hydrophobic surface re-
fers to a surface which yields a contact angle over 90° for
water, while a SH surface has a contact angle greater
than 150° with a low roll-off angle [12-16]. The mecha-
nism of producing SH surface is to reduce the adhesion
force between water/ice and the aircraft surface, and in-
crease the probability that water will be driven away be-
fore the ice forms and starts accumulating [11]. Inspired
by lotus leaf, Jiang et al. [17] designed a surface com-
posed of micro ratchets and nano hairs on a metal sub-
strate, and it was found that this surface had a very robust
icephobic/anti-icing property better than both the single
nanostructured microstructured surfaces by forming the
Cassie-Baxter states. Gao ef al. [10] created a composite
SH surface by mixing organosilane-modified silica par-
ticles and polymer binder on an aluminum plate. The
surfaces showed good anti-icing capability, which de-
pends on the nano particle size; however, the critical size
for icephobic property was significantly different from
that of superhydrophobicity, and no further correlation
was reported. The application of anti-icing chemicals,
such as organosilicate coating (poly-dimethylphenylsilo-
xanes and polydimethylsiloxane-a,w-diol), is a traditio-
nal method to prevent the formation of ice on the sur-
face of an aircraft, and the objective is to decrease the
intermolecular force between water/ice and the surface of
aplane [11].

To further understand of the wetting on an anti-icing
and de-icing surface, we would introduce the wetting
behaviors of liquid on both smooth and rough solid sur-
faces first. On a perfectly smooth surface, Young’s equa-
tion can be used to calculate the Young contact angle of a
liquid with the interfacial surface tensions between solid,
liquid, and vapor as follows [18,19]:

cosb, = Yoy “Vst. )
Vv

where 6, is the Young contact angle, ysy is the solid-va-
por surface tension, yg; is the solid-liquid surface tension,
and y;y is the liquid-vapor surface tension.

While on a rough surface, there are two predominant
models to describe the wetting behaviors: Wenzel model
and the Cassie-Baxter model. When a liquid completely
wets a rough surface, the Wenzel equation relates to the
roughness of the surface with the apparent contact angle
as [20,21] and it is called Wenzel state:

cosf" =rcosb, )
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where 6" is the apparent contact angle in the Wenzel
state, 7 is the roughness of a surface which can be ob-
tained from dividing the actual area by the projected area,
and 6, is the Young contact angle in Equation (1).

For Cassie-Baxter model, a liquid partially wets a
rough surface, where an apparent contact angle is deter-
mined by [22]:

cos 0 = f, cosb, - f, 3)

where 6 is the apparent contact angle in the Cassie-
Baxter state, f] is the area of the liquid in contact with the
solid divided by the projected area, and f; is the area of
the liquid in contact with the air divided by the projected
area. Marmur rewrote the Cassie-Baxter equation as [23]:

cos 0 = rofeosf, + f -1 “4)

where 7/ is the roughness of the total wetted area and f'is
the fraction of the projected area of the liquid in contact
with the solid surface. According to Equation (4), the
contributions of surface roughness and trapped air are
apparent when preparing a hydrophobic surface.

Given the above, even lots of study have been done on
introducing superhydrophobicity to icephobicity, few re-
searchers analyze the underlying mechanism of adhesion
between two surfaces and there are few studies about
generating anti-icing surfaces with only hydrophobic
property. In this work, a hydrophobic aluminum surface
was achieved by roughening it to make some grooves in
micro-scale, followed by modifying the whole surface
with fluorochemicals to decrease its surface tension [24,
25]. For this hydrophobic surfaces, air gaps would be
formed amongst the grooves and protuberances on top of
the surfaces when water sits on the surface (Cassie-Bax-
ter state), which renders it to be a liquid-air-solid com-
posite structure beneath the liquid. Meanwhile, compared
with a smooth surface, the adhesion force between water/
ice and solid would be decreased significantly due to the
air gaps. Therefore, with this hydrophobic and low-ad-
hesion aluminum surface, the anti-icing and de-icing pro-
perties can be achieved, and the cost will decreased,
which has potential to be applied to aircraft industry.

2. Experimental
2.1. Materials

Aluminum panels (from Air Force Research Laboratory)
were used as smooth as well as rough surfaces. Heptade-
cafluoro-1,1,2,2-tetrahydrodecyltrimethoxysilane (fluorosi-
lane, C,3H,3F;03Si, Gelest), tetramethylorthosilicate
(TMOS, C4H,04Si, Aldrich), hydrogen chloride (HCI,
Aldrich), ammonium hydroxide (NH,OH, Mallinckrodt
Chemical), acetone(C;H¢O, Aldrich), isopropyl alcohol
(C3H,0H, Fisher), and distilled water were used without
further purification.
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2.2. Grafting of Fluorosilane on a Smooth
Aluminum Surface

Surface tension of the aluminum surface can be reduced
by grafting fluorosilane onto its surface. A solution of
2% TMOS, 4% fluorosilane, and 10% 0.1 M HCI solu-
tion were mixed in isopropyl alcohol and allowed to sit
with intermittent vortexing for 20 - 30 minutes, until the
siloxanes were hydrolyzed. The aluminum panel was laid
on a hot plate set to 60°C - 80°C to encourage oxidization
and increase Al,O; formation on the aluminum surface.
A piece of cotton fabric was dipped into the prepared
solution, and the hot panels were rubbed with the cotton
fabric. The panels were rinsed with isopropyl alcohol and
dried in air to remove the residue.

2.3. Grafting of Fluorosilane on a Rough
Aluminum Surface

An aluminum panel was roughened using sand papers
with the combination of reducing the surface energy via
chemical modification to achieve a Cassie-Baxter state
for water. The roughness of the panel should be appro-
priate, since an overly roughened aluminum surface used
for aircraft exterior can increase drag during take-off and
result in unbalanced flying, while insufficient roughness
would increase the contact area between water and alu-
minum panel and make it difficult get rid of the water.
Study showed that roughness in micro-scale was effec-
tive on an aluminum panel; thus the panel was roughened
with 600 grit sand papers, followed by being washed
with water and isopropyl alcohol. The rough aluminum
panel was treated with fluorosilane just as the smooth
panels. During the process of surface modification, all
the conditions must be kept exactly the same for smooth
and rough aluminum panels.

2.4. Characterization

2.4.1. Scanning Electron Microscopy

The fluorosilane-treated aluminum panel and control
sample were observed with a scanning electron micro-
scope (SEM, JEOL, 6400F, Tokyo, Japan) operated at 10
kV and magnifications from x 500. Revolution™ (4pi
Analysis, v1.60b24) were used for image analysis of the
SEM images.

2.4.2. Water Contact Angles

The apparent contact angles of water drops on the sur-
faces of the prepared materials and the controls were
measured with a lab-designed goniometer at room tem-
perature (RT) and 65% relative humidity (RH). The volu-
me of the deposited droplets was 10 pL. The range of
contact angles was obtained from measurements taken at
a minimum of three separate locations. The images of

Copyright © 2013 SciRes.

liquid droplets on the prepared surface were taken using
a digital camera (Canon, EOS EF-S-18-55IS, Lake Suc-
cess, NY, USA) that has an optical microscopic focusing
lense (Meiji Techno, EMZ-13TR, Saitama, Japan).

2.4.3. Anti-Icing Properties

Fluorosilane-treated and untreated aluminum panels were
placed in a freezer at an average temperature of —8°C and
57% RH for 13 hours. A bottle of distilled water was
kept in the freezer at an average temperature of —8°C for
13 hours while ensuring that it did not freeze. The dis-
tilled water below its freezing point would not crystallize
or freeze if it is lack of a seed crystal or nucleus, and it is
called “super-cooled water”. Immediately after removing
both the water and the panel from the freezer, the panels
were placed on a platform inclined at 10°, and super-
cooled water was poured onto the surfaces at RT and
55% RH.

2.4.4. De-Icing Properties

A 200 uL distilled water drop was deposited onto both
the fluorosilane-treated and the untreated aluminum pan-
els. The panels along with water drops were carefully
placed in a freezer and maintained at an average tem-
perature of —13°C and 51% RH for 12 hours in order to
completely freeze the water drops. The samples with ice
crystals were removed from the freezer and laid on an
inclined platform where the tilt angle was 45°. Photo-
graphs of the melting process were taken at RT with a
digital camera.

3. Results and Discussions

To achieve anti-icing and de-icing properties from a hy-
drophobic surface, a Cassie-Baxter state should be formed
when water drops are deposited on this surface. Both
geometrical and chemical modifications can help to im-
prove the wetting behavior of a solid material to form a
Cassie-Baxter state. Increasing the surface roughness
leads to more air gaps between protuberances (geometri-
cally), while decreasing surface tension results in the
increase of the Young contact angle (chemically). There-
fore, roughening an aluminum surface followed by coat-
ing with a low-surface-tension chemical, such as fluoro-
silane, will make the surface more hydrophobic com-
pared with a smooth untreated surface. Also, it can im-
prove the anti-icing and de-icing properties of the alu-
minum surface due to the decrease of adhesion.

3.1. Chemical Modification

Fluorosilane (y;y = 12 mN/m) has been grafted on both
smooth and roughened aluminum surfaces to decrease its
surface energy as shown in Scheme 1, where —R refers to
-(CH,),(CF,)sCF;. Fluorosilane and TMOS were first
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hydrolyzed and formed crosslink in the solution, and then drophobicity. As shown in Figure

reacted with the hydroxyl groups attracted to aluminum

oxide surface due to the oxidation of aluminum. Thus, a creased the roughness at nano-scale.
thin network would be obtained and it leads to the hy- Fluorosilane-treated on aluminum

OCH, OCH;
H;CO —— Si OCH; R——Si OCH;,
OCH; OCHj;3
TMOS Fluorosilane
\
Si (¢} Si R Si (6] Si R

‘ ‘ — ALO,
e

Scheme 1. Surface modification of the aluminum panel with fluoro chemicals.

(b)

Figure 1. SEM image of rough aluminum surfaces: (a) fluorosilane-treated (x500) and (b) untreated (x500).

Copyright © 2013 SciRes.

1, the hydrolyzed

fluorosilane on the rough aluminum surface slightly in-

not only increased
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nano-scale roughness but also reduced the surface ten-
sion of the aluminum. This has been verified by compa-
reing the contact angles of water on treated and untreated
smooth surfaces. The average Young contact angle, 6,, of
water on an untreated smooth surface is (62 £ 2)°, while
on the fluorosilane-treated surface is (112 = 2)° as shown
in Figure 2. This indicates that fluorosilane altered the
hydrophilic aluminum surface to be a hydrophobic sur-
face, which can be more hydrophobic if the surface is
more roughened.

3.2. Geometrical Modification

By increasing r in Equation (2), or reducing f; and in-
creasing f, in Equation (3), a hydrophobic surface can
become more hydrophobic. As shown in Figure 1, the
sanded rough surface has a number of narrow grooves
and wide protuberances. If there are air pockets between
solid protuberances on a rough surface, Cassie-Baxter
model can be used to predict the apparent contact angle.
As shown in Figure 3, by modifying Equation (3), the
apparent contact angle on this Cassie-Baxter surface is
obtained by [24]:

R(n—@e)—i-A Rsin6, + 4
ok Sl S 2 e T
R+D+4 ‘ R+D+4
where R is the radius of the curvy part of the grooves, 2D

cos 0" =

®)

(b)

Figure 2. A 10 pL water droplet on (a) a fluorosilane-
treated smooth aluminum panel and (b) an untreated smooth
aluminum panel.
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Figure 3. A water drop sitting on top of the fluorosilane-
treated aluminum surface: a Cassie-Baxter rough surface.

is the edge-to-edge distance between two protuberances,
and 24 is the width of the flat top protuberances.

For structure of the aluminum panels, the distance
between protuberances should be designed properly to
achieve the Cassie-Baxter state. A structure with ex-
tremely large 2D will lower robustness due to the in-
crease of the sagging height at the liquid-vapor interface,
and this will eventually result in a Wenzel model.
Meanwhile, a structure with extremely small 2D is not
able to generate enough air pockets underneath the liquid,
and this will prevent the surface from being more hy-
drophobic. As mentioned, R is very small compared to
the 2D and 24, and is negligible. Since R = 0, Equation
(5) can be rewritten as:

cos 0" =

cosd, +

1 (©6)

+A4 D+A_

On the fluorosilane-treated aluminum rough surfaces,
the average 4 and D are approximately (7.21 £ 1.00) pm
and (1.26 £ 0.25) um, respectively, while 8, = (112 + 2)°
as shown in Figure 2(a). By substituting these parame-
ters into Equation (6), the average Cassie-Baxter appar-
ent contact angle of water on this fluorosilane-treated
rough surface is obtained, 8% =117.9] while the meas-
ured apparent contact angle is approximately (118.0 £ 2)°
as shown in Figure 4(a). For an untreated rough surface,
the hydrophilic surface will become more hydrophilic in
a Wenzel state. In Figure 4(b), the apparent contact an-
gle is (60 + 2)°, slightly smaller than that in Figure 2(a)
which is (62 £ 2)°. Therefore, the predicted value ob-
tained from our modeling shows a good agreement with
the experimental results.

In addition, the roll-off properties of the fluorosilane-
treated and untreated rough aluminum panels were eva-
luated. Previous research [26] discussed the relationship
among the roll-off angle, droplet size, mass, advancing
and receding contact angles on a rough surface as:

mgsina/l=y,, (cosd, —cosb,) @)

where m is the mass of the drop, g is gravitational accel-
eration, a is the roll-off angle, / is the length of the drop
on a tilting surface, 6y is receding contact angle, and 6, is
advancing contact angle.

The roll-off angle of a droplet on a solid surface de-
pends on density and volume of the liquid. Large drops
easily roll off at a small tilt angle, while small drops roll
off at a large tilt angle, and it even does not roll off. In
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(b)

Figure 4. A 10 pL. water droplet on a rough aluminum sur-
faces: (a) fluorosilane-treated and (b) untreated.

this experiment, a volume of 50 pLL water was deposited
on solid surfaces. On the fluorosilane-treated and un-
treated aluminum panels, the / are (2.39 = 0.20) and (4.81
+ 0.20) mm, the 6 are (69 =2)° and (18 £+ 2)°, and the 6,
are (123 + 2)° and (106.0 £ 2)°, respectively. When these
parameters are substituted into Equation (7), the pre-
dicted roll-off angles are obtained: a = 32.7° for the
treated aluminum, while o = 64.4° for the untreated one.
As shown in Figure 5, the measured roll-off angles for
the treated and untreated panels are (35.0 = 2)° and (64.0
+ 2)°, respectively. The predicted and measured roll-off
angles show good agreement within a small error, and
this property can be extended to the evaluation of the
anti-icing and de-icing properties of the treated rough
surfaces.

3.3. Anti-Icing Properties of Fluorosilane
Treated Aluminum Panel

The anti-icing properties were tested by pouring super-
cooled water onto a 10° inclined fluorosilane-treated and
untreated rough aluminum surfaces.

As shown in Figure 6, the super-cooled water formed
ice immediately on the untreated aluminum surface and
accumulated gradually, while it just slid down the treated
panel without nucleating or forming any ice on it. The
different wetting behaviors between treated and untreated

Copyright © 2013 SciRes.

(©)

Figure 5. Roll-off angles of 50 pL water on aluminum
panels: (a) fluorosilane-treated (35°) and (b) untreated
(64°).

rough surfaces imply that the hydrophobic rough surface,
which is a Cassie-Baxter surface, can provide sufficient
anti-icing properties by generating air gaps among the
protuberances, while the hydrophilic surface has large
water-ice-solid contact area and high surface tension,
which leads to a large adhesion force. Thus, the untreated
aluminum panel cannot prevent the super-cooled water
from rolling off the surface.

The two different behaviors largely depend on the ad-
hesion forces between the two surfaces when super-
cooled water is deposited on the aluminum surfaces
[1,27-31]. Adhesion force refers to the interactions be-
tween different molecules, and in this work, it is between
the molecules in water/ice and the molecules in alumi-
num panel. As shown in Figure 7, four different models
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(b)

Figure 6. Super-cooled water (a) running off on a fluorosi-
lane-treated aluminum surface and (b) building ice on an
untreated aluminum surface.

are designed to discuss the effects of adhesion forces on
anti-icing properties. In Figure 7(a), a small sessile wa-
ter drop sits on a perfectly smooth surface in thermody-
namic equilibrium. In horizontal direction, Equation (1)
depicts the relationships between three interfacial ener-
gies; in perpendicular direction, the adhesion force bal-
ances the partial liquid-vapor interfacial energy if gravity
is negligible:

F:z = nraZPa - }/LV Sin 06 ’ znra (8)

where F, refers to the adhesion force for the case in Fig-
ure 7(a), r, refers to the radius of liquid-solid contact
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© (d

Figure 7. Adhesion forces between water and aluminum
surfaces for different wetting states. (a) A sessile water drop
sits on a flat and perfectly smooth aluminum surface; (b) a
sessile water drop sits on a flat but rough aluminum surface;
(c) a water drop sits on a tilt and smooth aluminum surface;
and (d) a water drop sits on a tilt but rough aluminum
surface.

area, and P, refers to the Laplace pressure. When the
solid surface has been changed into a rough surface, the
contact angle and liquid-solid contact area will change
accordingly. The adhesion force will be:

F, = nrbsz — 7y sin HrCB -2mr, A ©))

where F), refers to the adhesion force for the case in Fig-
ure 7(b), r, refers to the radius of liquid-solid contact
area, P, refers to the Laplace pressure, and 4 refers to
corrective coefficient since the liquid-vapor-solid contact
line is discontinuous on a rough surface (0 < 4 < 1).
Combining Equation (9) with Equation (4), the forces
can be obtained both for Wenzel and Cassie-Baxter states.
Under the same conditions, for a liquid with infinite
volume, the adhesion force is always smaller on a
smooth surface than that of a liquid on a rough surface in
Wengzel state, while it is larger than the force when it is in
Cassie-Baxter state, due to the change of liquid-solid
contact areas. While for a liquid with fixed volume on a
rough surface, it depends on the dominant component.
When Laplace pressure and the change of liquid-solid
contact area are dominant, similar conclusion can be
made with the infinite volume; when the change of ap-
parent contact angle and contact line length are dominant,
the adhesion force will increase if the surface is hydro-
philic, or decrease if the surface is hydrophobic. Above
all, the adhesion force between water/ice and the alumi-
num will become smaller if a Cassie-Baxter state exists.
When a drop is deposited on a tilt the surface, the ad-
hesion force will be different as shown in Figures 7(c)
and (d). There are the advancing (8,) and receding (6r)
contact angles at the two ends of the drops, which indi-
cates at each point of the liquid-vapor-solid contact line,
the contact angle will be different and in a range of 6y to
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6,4. Therefore, in case (C), if the liquid-vapor-solid con-
tact line is divided into N segments, the total adhesion
force will be:

“ . 60,-6 2mr

F, :nrczfz—;yu, Sm(QRJr;V——lR.i]. Nc (10)
where F, refers to the adhesion force for the case in Fig-
ure 7(c), r. refers to the radius of liquid-solid contact
area since an assumption is made that the contact area is
a circle, and P, refers to the Laplace pressure. While on a
rough surface, the adhesion force can be achieved simi-
larly by introducing the corrective coefficient:

“ . 60,-0 2mr

F,=mr, P, _12:1:7“ s1n(0R + ;V—IR l] ;}d A (11)
where F. refers to the adhesion force for the case in Fig-
ure 7(d), r. refers to the radius of liquid-solid contact
area, P, refers to the Laplace pressure, and A refers to
corrective coefficient since the liquid-vapor-solid contact
line is discontinuous on a rough surface (0 < A < 1).
Comparing Equations (10) and (11), the contact angle
hysteresis (A8 = 8, — 6y), the radius of liquid-vapor-solid
contact area and Laplace pressure have a major impact
on the adhesion force. In our study, the surface is de-
signed by increasing the roughness and decreasing the
surface tension, which can increase the static contact
angle and contribute a lot to the decrease of the adhesion
force. For the untreated and treated rough aluminum sur-
face, the contact angle hystereses are (98 + 2)° and (44 +
2)°, and the contact line lengths are (4.81 = 0.20) mm and
(2.39 £ 0.20) mm. When N = 20 and 4 = 0.85, it is ob-
served that that the adhesion forces due to surface tension
for untreated and treated surfaces are 1.70 mN and 0.84
mN; the adhesion forces due to Laplace pressure are not
straightforward but they should be approximately the
same, since on the flat surfaces, the Laplace pressure for
the untreated and treated surfaces are quite close, which
are 1.46 mN and 1.71 mN, respectively. Therefore, ap-
proximately we can obtain F.> F;. It is apparent that the
adhesion force has been decreased significantly, which
implies that for the same liquid, weak adhesion leads to
poor wetting and good anti-icing property.

3.4. De-Icing Properties of Fluorosilane Treated
Aluminum Panel

The de-icing properties of the fluorosilane-treated and
untreated rough aluminum surfaces were also evaluated
as shown in Figure 8. A 200 puL distilled water drop was
deposited on each treated and untreated aluminum panel,
and the panels with water were stored in a freezer for 12
hours. As soon as panels were moved to a 45° inclined
mount, the melting process had been observed to evalu-
ate the de-icing properties of the surfaces. The droplet

Copyright © 2013 SciRes.

(b)

Figure 8. Deicing properties of (a) fluorosilane-treated
aluminum panel and (b) untreated aluminum panel at 45°
tilt angle. While ice cleanly melt and slide down from the
treated surface, ice slide down leaving trails behind while
sliding down.

rolled off from the fluorosilane-treated aluminum surface
after 35 seconds, while on the untreated surface the water
drop melted at the same rate but could not roll off. It took
43 seconds for the drop to reach the edge of the untreated
panel, but the drop stayed at the edge for 7 seconds be-
fore sliding off. In addition, there was almost no residue
on the treated surface after water rolled off, but water left
its trail while sliding off the untreated panel. This is
caused by the difference of f}, f>, and the apparent contact
angles between two panels. According to our models, the
treated rough surface has less fj, more f5, a larger appar-
ent contact angle, and less direct contact with water than
the untreated one has. To quickly remove the ice from
the aluminum surfaces, thermal energy is required to
melt the ice where directly contacts with the aluminum
surface. Therefore, a larger contact area will require
more energy to melt the ice and completely remove water
from the aluminum surface. This can be explained by the
differential form of Fourier’s law of thermal conduction,
q = —kA(dT/dx), where ¢q is heat flow, k is thermal con-
ductivity, 4 is the total area of the material, dT is the
temperature deference between two ends, and dx is the
distance between two end. According to Fourier’s law,
when the aluminum panel with ice is taken out from the
freezer and exposed to the room temperature (RT), the
heat energy in the air rarely contributes to the de-icing
process even if the 4 of ice is equal to the 4 of aluminum
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since the & of air, 0.025 W/m-K, is significantly smaller,
if not negligible, than that of aluminum, 205 W/m-'K,
while the £ of water is 0.596 W/m-K. For the treated
aluminum, 10.7 kJ is required to make the ice slide off;
while for the untreated aluminum, 25.7 kJ is needed to
melt the ice contacting with the panel. In addition, the
amount of thermal energy required to change the tem-
perature of a material, specific heat capacity, of water is
approximately four times greater than that of aluminum,
e.g. c,(water) = 4.181 J/g-K while c,(aluminum) = 0.897
J/g'K at RT. Meanwhile, Fourier’s law of thermal con-
duction is a form integrated by time, and therefore the
temperature of aluminum changes faster than ice does
when both materials are exposed to the same thermal
energy. Once the temperature of aluminum reaches RT,
the total ¢ required for de-icing largely depends on the A4,
i.e. the lower f; in the Cassie-Baxter model the lower ¢
for de-icing. It is clear that a Cassie-Baxter surface have
better anti-icing and de-icing properties than a smooth
surface or a Wenzel surface does.

4. Conclusions

An anti-icing and de-icing aluminum surface was de-
signed and developed by modifying the physical topog-
raphy and decreasing its surface energy. Grafting fluoro-
silane onto the smooth aluminum surface altered the wet-
ting behavior of the material, and the hydrophilic surface
became hydrophobic. By adding micro-scale roughness
to the fluorosilane-treated surface, the apparent contact
angle increased up to 118° and became a Cassie-Baxter
surface; by adding the same roughness to the untreated
surface, the contact angle decreased and became a Wen-
zel surface. In addition, a water drop on a fluorosilane-
treated surface can roll off at a significantly smaller roll-
off angle than that deposited on an untreated surface due
to the different f; and f; between modified and unmodi-
fied surfaces.

The differences in anti-icing properties of the fluoro-
silane-treated aluminum rough surface and the control
are obvious when super-cooled water was poured onto
the surfaces. In the process, ice built up on the untreated
rough surface, but the super-cooled water completely slid
off leaving no residue behind on the treated rough sur-
face. The de-icing properties of the same materials have
been evaluated as well. The ice on the treated surface can
be removed easily from the surface while the ice built up
on the untreated surface leaves a significant amount of
trail behind after barely sliding off. Therefore, it is veri-
fied that the chemical and physical modifications of a
solid surface can improve its anti-icing and de-icing
properties with only hydrophobic property, which might
be applied to the modification of aircraft exterior to pre-
vent the formation of ice and to assist with the melting of
ice on the aluminum surface. Meanwhile, the cost will be

Copyright © 2013 SciRes.

reduced compared with the creation of SH surface to
achieve an anti-icing and de-icing surface.
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