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ABSTRACT
Freezing rain is a vital problem in which super-cooled droplets from the atmosphere
cause atmospheric icing. This causes various losses in material properties as well as in human
lives due to issues in artificial structures found both on the ground and in the air. The
accumulation of ice in man-made structures can limit the performance of various equipment and
also can cause their destruction in major industries such as aviation, automotive transportation,
telecommunication, and many others. The National Aeronautics and Space Administration
Aviation Safety Reporting System reported 299 incidents between the years 1978 and 2005 due
to icing. Furthermore, from the years 2006 to 2010, 228 icing-related accidents and 30 inflightrelated incidents were reported. The removal of formed ice includes by way of chemicals using
various techniques which might be costly, time-consuming, and risky.
This thesis basically explains how a surface can be prepared so that ice that has formed
on it can be removed easily from the outset without applying anything after it has developed. In
this research, a coating was sprayed on pre-impregnated fiber reinforcements by hand, and a
composite was prepared. This was followed by another coating and heat treatment. The process
helped the coating to remain durable. Results showed that the contact angle of the composite was
consistent after every test, and de-icing in the composite was attained. Research in this field for
superhydrophobic material is mainly found on open cell structure such as a pillar-like structure, a
bumpy structure, etc. In the research in this thesis, the properties of superhydrophobic coatings
on carbon composite materials were analyzed, and experiments were carried out to determine if
the coating could be a promising factor in de-icing.
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CHAPTER 1
INTRODUCTION
1.1

Icing Problems and Their Solution
In nature, icing occurs by a super-cooled droplet from the atmosphere, which is also

referred to as “freezing rain.” Icing is generally characterized by the size of the droplets, water
content, and temperature. Icing might trigger damage to equipment, loss of property, and harm to
human lives. Icing can badly affect many industries, such as aviation, telecommunication,
hydropower, electrical appliance, and transportation [1-4].
The aviation industry is one of the industries most affected by icing. Factors such as size
of the droplets, water content, and temperature can highly affect aircraft as they make contact
with supercooled water droplets both on the ground and in the air. Taking proper care of the
icing problem is necessary for the aviation industry because ice that forms inhibits different parts
of the aircraft, such as propellers, wings, antennas, vents, etc., from performing to their fullest.
Aircraft designers, flight engineers, and the pilot must be very knowledgeable about liquid water
content and drop size during the formation of ice, which can help in excluding the damages that
can occur. While flying in harsh conditions, pilot judgment also plays a crucial role in avoiding
dangerous accidents.
The dangers of icing depend on both the amount of ice and type of aircraft. When ice
contamination is detected on the wings of an aircraft, the aircraft can stall at a lower temperature
and also at higher speed. Likewise, the accumulation of ice increases the weight of an aircraft,
decreases its thrust and lift, and hence could increase its drag, as shown in Figure 1. The crash of
the Colgan Air Flight 3407 on February 12, 2009, occurred because of decreased lift due to icing
on the aircraft [5]. Likewise, American Aircraft Flight 4184 crashed on October 31, 1994, after
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the pilot lost control of the plane due to a rapid build-up of ice on the plane, according to the
Aviation Safety Network.

Figure 1. Accumulated effect of ice on airplane
Therefore, icing is one of the major problems in the aviation industry, and many types of
research to find a feasible solution for removal of its accumulation or delaying its formation time
are being conducted. To combat the icing issue while the aircraft is on the ground, the aviation
industry has been using mechanical means such as cleaning the ice or snow using a broom,
employing deicing fluid, and putting the aircraft in a heated hanger until the ice or snow melts.
While in the air, some aircraft have a “deicing boot,” which helps in dispersing the ice fluid, and
some aircraft have a “weeping wing,” which releases anti-icing fluid. Also employed for de-icing
are thermal systems that divert hot air from the compressor stage of the turbine to heat the
leading edges. Other systems involve electrical conductive resistance heating elements on the
leading edges or the propeller of the aircraft. However, these type of systems are only useful
when sufficient wattage can be supplied to raise the temperature of the airfoil surface above the
freezing point at typical aircraft speeds in an icing condition [6]. Although these systems are
available, they are costly, hazardous to the environment, and need frequent reapplication because
they involve chemical, mechanical, or thermal techniques [7]. An alternative to the current de2

icing techniques would be to create a permanent surface that would eliminate or reduce the
formation of ice on the surface itself. Superhydrophobic (SH) surfaces are a promising solution
to current de-icing problems.
1.2

Motivation
Aluminum, one of the primary materials in the construction of aircraft since the early

1900s, comprises approximately 65–70% of an aircraft’s total weight. However, composite
material, such as carbon fiber, is a better replacement for aluminum because of its outstanding
lightweight and high strength properties. Almost 50% of all aircraft are now made from
composite materials. Figure 2 shows the composite components of the Airbus A380 aircraft.

Figure 2. Airbus A380 composite components
Developing a technically simple and economically feasible alternative solution to the
global issue of aircraft accidents due to icing is of major importance to the aviation industry.

3

1.3

Research Objective
The main objective of this thesis was to use superhydrophobic coatings on carbon

composites and study their de-icing properties. The secondary objective was to conduct various
tests under various conditions and determine if the coatings still maintain the required contact
angle (CA).
In this research, ice was prepared on composite material and its removal was measured
by the sliding angle, using vibration and blowing air. The primary goal of this thesis was to
create a durable superhydrophobic coating.
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CHAPTER 2
LITERATURE REVIEW
2.1

Meteorological Aspects of Atmospheric Icing

2.1.1 Atmospheric Icing
Atmospheric icing is a phenomenon that usually occurs when supercooled water droplets
in the atmosphere come in contact with the outer surface of a structure and freeze. Ice formation
on an aircraft is dangerous because the ice affects the aerodynamic system of the aircraft.
Hydrogen bonding, very large role in icing. Icing is mainly divided into two categories based on
factors such as water, the diameter of water, the speed of the wind, temperature, and surface
where the ice is occurring. Precipitation icing occurs when rain or snow comes in contact with a
surface, and in-cloud icing is the result of cloud or water vapor deposition [8].
2.1.2 In-Cloud Icing
In-cloud icing occurs within a cloud that consists of supercooled droplets, i.e., droplets
that remain liquid below 0°C. Here, water droplets in the air freeze on the surface of a structure
that is considered to be inside the clouds. Rime ice, which is the most common type of in-cloud
icing, forms an ice vane on the windward side of a structure. Several factors affect the intensity
and duration of in-cloud icing: wind speed, liquid water content in the cloud, air temperature,
drop size distribution, height above cloud base, and dimensions of exposed object.
Hard rime, soft rime, and glaze are variations of in-cloud icing. In-cloud icing forms on
aircraft or equipment found at high altitude [9]. Dry icing occurs when the water droplet flux is
less than that of the freezing rate, that is, when a water droplet freezes before other droplets fall
in the same place. Therefore, when the flux of a water droplet increases, the droplet does not
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freeze, even when another droplet impinges upon it. This causes wet ice formation. Dry ice
forms rimes containing air bubbles, while wet ice creates a clear glaze.
TABLE 1
CHARACTERIZATION OF TYPES OF ICE
Ice Type

Density
(kg/m)

Adhesion and
Cohesion

Color

Glaze

900

Strong

Transparent

Hard Rime

600–900

Strong

Opaque

Soft Rime

200–600

Strong to
Medium

White

Shape
Evenly
Distributed
Eccentric,
Pointing
Windward
Eccentric,
Pointing
Windward

2.1.3 Precipitation Icing
Precipitation icing occurs as freezing rain/drizzle or wet snow accumulation. Glaze ice is
the most common type of precipitation icing. Important parameters used to describe precipitation
icing are wind speed and direction, the rate of precipitation, the liquid water content of
snowflakes, air temperature, relative humidity, and visibility. Precipitation icing occurs if water
droplets are large enough to fall from the atmosphere at an accelerating rate. This type of icing
can occur anywhere, regardless of altitude [10].
2.2

Classification of Surfaces

2.2.1 Hydrophilic Surfaces
Based on a Massachusetts Institute of Technology (MIT) news article by David L.
Chandler published in July of 2013, the classification of a surface is based on the geometry of
water on a surface, whereby the angle between the edge of the water droplet and the surface on
which it rests is measured. Hydrophilic surfaces are those in which a water droplet spreads across
the surface, thereby increasing its contact with the surface. In this case, the contact angle is
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always less than 90 degrees, as shown in Figure 3. Since the water droplet covers the maximum
surface, it is referred to as a water-loving surface [11].

Figure 3. Hydrophilic surface
2.2.2 Hydrophobic Surfaces
Based on the previously mentioned MIT news article, hydrophobic surfaces are known as
water-fearing surfaces since water droplet forms a spherical shape on the surface, thereby
minimizing its contact with the surface. This leads to a greater than 90-degree contact angle, as
shown in Figure 4. If the angle tends to be more than 120 degrees and up to 150 degrees, then the
surface is referred to as an over hydrophobic surface [3].

Figure 4. Hydrophobic surface
2.2.3 Superhydrophobic Surface
A superhydrophobic surface is also categorized by the geometry of the water droplet on
which it rests. Due to its nanoscale roughness, this type of surface is difficult to wet and has a
7

self-cleaning ability because the contact angle is more than 150o, as shown in Figure 5 [3].
Nanoscale roughness leads to the minimum contact between a water droplet and a surface,
resulting in a higher contact angle. The adhesion between a water droplet and a dust particle will
be greater than the adhesion between a water droplet and a surface [12]. Since the angle of roll
for a water droplet is less than 10o, it has a self-cleaning ability, and the water droplet will
remove all dust particles with it when it rolls off the surface. Fabrication of an SH surface
requires a polymeric material with a low surface energy and surface roughening material that
will help in changing the surface geometry and morphology. The chemical composition and
surface topography are crucially important to determine the wettability of a solid substrate [13].

Figure 5. Superhydrophobic surface
2.3

Basic Principle of Superhydrophobicity
A superhydrophobic surface has an extreme water-repellent characteristic. This type of

surface shows different properties such as self-cleaning, during which time water droplets roll
down the surface and remove any dust particles on the surface. This property of the SH surface
has multiple applications in many industries such as the textile, automotive, and aviation [14]. As
more investigative work continues in this field, researchers have developed different approaches
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to making a surface superhydrophobic. The author of this thesis worked with these different
methods and studied the basic theory behind superhydrophobicity.
2.3.1 Surface Tension
The excess energy formed by breaking the bonds between surface atoms is much higher
than the bulk energy. The process of cohesion causes this higher energy to be surface tension on
the surface [15]. Surface tension is defined as the work that is required per unit area to increase
the surface area at a constant pressure and temperature, and it is denoted by ߌ [16]. The surface
tension of a surface can be measured as energy per unit area, which is J/m², or force per unit
area, which is N/m. A chemical process such as adding surfactants can decrease the surface
tension [17]. Two forces play a vital role in the shape of droplets on a surface. One is surface
tension, which lessens the contact between a liquid and a surface, and the other is gravitational
force, which plays a role in flattening a liquid droplet on a surface. This, however, can be
neglected if the size of the droplet is very small [18].
The Dupré equation gives the energy of the solid-liquid-air system when a droplet of
water makes contact with a smooth surface, where some part of the solid-air interface can be
replaced by the solid-liquid interface of the same area [19]:
𝑊𝑆𝐿 = ߌ𝑆𝐴 + ߌ𝐿𝐴 − ߌ𝑆𝐿

(1)

where 𝑊𝑆𝐿 is the work of adhesion per unit area, and ߌ𝑆𝐴 , ߌ𝐿𝐴 , and ߌ𝑆𝐿 are the interface energy of
solid-air, liquid-air, and solid-liquid, respectively. According to equation (1), it can be said that if
the solid-vapor interface energy is higher than that of the solid-liquid interface energy, then a
water droplet spreads; in the reverse case, if the solid-vapor interface is less, then a water droplet
beads up.
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2.3.2 Contact Angle
The contact angle indicates the wettability performance of a surface and is measured
when a liquid-vapor interface meets a solid interface. It is measured on a surface with a threephase contact line, as shown in Figure 6.

Figure 6. Liquid-air and solid-liquid interface angles [20]
The contact angle is also referred to as Young’s contact angle, which is denoted by θy,
which is found by minimizing the net surface area between three interfaces when the size of the
capillary length is larger than the droplet size while the volume and pressure remain constant
[19]:
𝐸𝑡𝑜𝑡 = ߌ𝑙𝑎 (𝐴𝑙𝑎 + 𝐴𝑠𝑙 ) − 𝑊𝑠𝑙 𝐴𝑠𝑙

(2)

where the liquid-air and solid-liquid interface areas are denoted by 𝐴𝑙𝑎 and 𝐴𝑠𝑙 , and L and S are
the liquid and solid phase respectively. In equilibrium, this equation becomes
𝑑𝐸𝑡𝑜𝑡 = ߌ𝑙𝑎 (𝐴𝑙𝑎 + 𝐴𝑠𝑙 ) − 𝑊𝑠𝑙 𝐴𝑠𝑙

(3)

By combining equations (2) and (3) and using the geometrical equation 𝑑𝐴𝑙𝑎 /d𝐴𝑠𝑙 = cos θy [19],
Young’s equation for the contact angle on the flat surface becomes
cos 𝜃𝑦 = (ߌ𝑠𝑎 − ߌ𝑠𝑙 )/ߌ𝑙𝑎
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(4)

Equation (4) simplifies the notion that the droplet spreads on the surface if the (ߌ𝑠𝑎 − ߌ𝑠𝑙 ) is
larger than or equal to ߌla, is 90 degrees when ߌ𝑠𝑎 = ߌ𝑠𝑙 , and is higher than 90 degrees when ߌ𝑠𝑎
is smaller than ߌ𝑠𝑙 .
If the contact angle is 0 degrees, then a surface is wetted, and if the CA is 180 degrees,
then the surface is completely non-wetted. Furthermore, a surface with a CA less than 90 degrees
is referred to as hydrophilic, and a CA more than 90 degrees is referred to as hydrophilic [21].
Additionally, with a CA more than 150 degrees, the surface is referred to as superhydrophobic or
ultrahydrophobic.

The

surface

characterization

of

hydrophilic,

hydrophobic,

and

superhydrophobic surfaces is provided in Table 2, and the behavioral characterization of
hydrophobic and hydrophilic surfaces is provided in Table 3.
TABLE 2
SURFACE CHARACTERIZATION OF HYDROPHILIC, HYDROPHOBIC, AND
SUPERHYDROPHOBIC SURFACES
Surface Nature

Surface Energy

Hydrophilic

Increases

Angle
(degrees)
θ < 90

Hydrophobic

Decreases

θ > 90

Superhydrophobic

Decreases

θ > 150

Effect
Water droplets spread
Water droplets
bead up
Water droplets are repelled
and are highly beaded

TABLE 3
BEHAVIORAL CHARACTERIZATION OF HYDROPHOBIC AND HYDROPHILIC
SURFACES
Property

Hydrophobic

Hydrophilic

Contact Angle

High

Low

Adhesiveness

Good

Poor

Wettability

Good

Poor

Solid Surface Free Energy

High

Low
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2.3.3 Wenzel State
As per the study, when a flat surface is replaced by a rough one, Young’s equation does
not apply to the surface. In this case, surface tension along with roughness of the surface will
determine the contact angle of the surface. On a rough surface, the water droplet needs to face
two different configurations in different states [22]. This is important to mold a specific shape on
a solid surface with specific wetting properties on the surface. This model was named the
Wenzel state in 1936 after Robert N. Wenzel [23]. In this state, the roughness of a surface is
shown by the evenly arranged pillar-like structure, as shown in Figure 7.

Figure 7. Wenzel state [13]
According to Wenzel, the contact between a solid and a liquid will be more of a rough
surface than a smooth surface. If a smooth surface gets wet quickly, then the same surface gets
wet more rapidly when the surface is made rough because there will be a decrease in net energy
which helps in accelerating the wetting. Likewise, a surface whose solid-liquid interface is
higher than that of the solid-air interface but the surface is rough is more difficult to wet. The
Wenzel equilibrium state for a water droplet is given by [23]
cos 𝜃𝑊 = 𝑅𝑓 cos 𝜃𝑦

(5)

where 𝜃𝑊 is the apparent contact angle, 𝜃𝑦 is the Young’s contact angle for the ideal surface of
the material, and 𝑅𝑓 is the roughness factor, which must be larger than 1 for the rough surface
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because it is the ratio of its solid-liquid area are to the apparent area along the surface. The
Wenzel state model is completely different from that of the intrinsic contact angle in terms of
defining the contact angle since the Wenzel state does not describe the contact angle hysteresis
[24].
2.3.4 Cassie-Baxter Model
The Wenzel state is most commonly known as homogenous wetting because water
penetrates all the grooves. However, it does not explain the other form of wetting whereby air
could be trapped by the liquid in cavities due to the increment in surface roughness. This type of
wetting is known as heterogeneous wetting and is explained by the Cassie-Baxter model [25].
The apparent contact angle (𝜃𝐶𝐵 ) in the Cassie-Baxter model is explained as
cos 𝜃𝐶𝐵 = 𝑓𝑠 cos 𝜃𝑐 + 𝑓𝑦 cos 𝜃𝑦

(6)

where 𝜃𝑐 is the intrinsic contact angle, 𝑓𝑠 is the area fraction of the solid on the surface, and 𝑓𝑦 is
the area fraction of vapor on the surface.
Now, by assuming that the liquid droplet in the air is a perfect sphere, 𝑓𝑠 + 𝑓𝑦 = 1 and
𝜃𝑦 = 180. Then, substituting the values in equation (6) yields
cos 𝜃𝐶𝐵 = 𝑓𝑠 (cos 𝜃𝑐 + 1) − 1

(7)

From equation (7), it can be concluded that the contact angle can be higher if the contact between
a liquid and a solid surface is less. This model also explains that when the intrinsic contact angle
is less than 90 degrees, the apparent contact angle can be increased [26].
2.4

Sliding Behavior

2.4.1 Contact Angle Hysteresis and Critical Tilt Angle
The contact angle is an angle formed by a water droplet when it sits on any surface. This
angle increases or decreases when the surface is tilted. When a surface is slanted in a certain
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position, then the contact angle on the downside increases whereas the contact angle of a water
droplet on the uphill side increases. The contact angle on the downside is called the advancing
CA and is denoted by θA , and the contact angle on the uphill side is called the receding CA and is
denoted by θR. The droplet does not move when the surface is in a stable position; it only starts
moving when the surface is tilted from its initial position, as shown in Figure 8. The difference
between an advancing angle and a receding angle when a water droplet starts to roll through the
surface is called the contact angle hysteresis (CAH) [27].

Figure 8. Advancing and receding angle of droplet
This value gives the natural characteristics of a surface, for example, whether it is sticky
or smooth. A greater CAH of a surface means that a water droplet will not flow through the
surface easily due to the energy barrier that resists the flow [28]. The contact angle hysteresis is
given by
𝑚𝑔

𝑠𝑖𝑛∝
𝑤

= ߌ𝐿𝑉(𝑐𝑜𝑠𝜃𝑅 − 𝑐𝑜𝑠𝜃𝐴)

(8)

where m is the droplet mass, and w is the width of the droplet perpendicular to the motion
direction.
Water droplets can move through a surface by various methods, such as sliding, rolling,
or, in both forms [26]. A droplet moving from one place to another requires considerable energy
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because the molecules on the back of a droplet require more energy to be displaced. Likewise, as
explained by Cassie-Baxter, the CAH of a rough surface is smaller than that of a smooth surface.
Similarly, the Wenzel state supports a high CAH [18]. CAH and the angle of tilt for any waterrepellent surface must always be low. However, practically, there will always be some friction
caused by the roughness of a surface and also heterogeneity. This issue can be overcome by
controlling the roughness of a surface at the macroscale or nanoscale where a CAH of as low as
one degree can be obtained [29].
2.5

Conditions for Superhydrophobicity
For any surface of a material to be superhydrophobic, it must have a high contact angle

and low contact angle hysteresis. The smooth surface of many materials, such as silicon resins
and fluorinated polymers, shows the properties of hydrophobicity having a high contact angle
[18]. To obtain these properties, a surface must be introduced with surface roughness. This idea
is basically gained from mother nature because there are many materials in nature that possess
one or the other of these SH properties.
For example, the lotus plant, Nelumbo nucifera, is an example of a superhydrophobic
material found in nature. In 1997, C. Neinhuis and W. Barthlott explained the dual-scale
roughness of a lotus leaf, which is the major reason for it being superhydrophobic. The surface of
a lotus plant has microasperities along with nanoprotrusions, which are provided by the lowenergy tubular epicuticular wax [29] ??. Images of a lotus plant are shown in Figure 9 [30].
The contact angle of a water droplet in a lotus plant has been measured as high as 164
degrees, thereby passing the limit of the contact angle and hence being in the Cassie-Baxter state
[31]. When a water droplet falls on the lotus plant, it beads up, forming a spherical shape, and
rolls down the leaf, even at a very small angle. When water rolls down the surface of a lotus
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plant, it takes dust particles along with it because the adhesion between the water droplet and
dust is more than the adhesion of the dust and the leaf, in turn drying the leaf and cleaning it
[27]. This process is referred to as “self-cleaning.” This self-cleaning action of the SH surface is
shown in Figure 10.

Figure 9. Images of lotus plant: (a) optical image of surface, (b) SEM image of micropapillae on
surface, (c) sphere-shaped surface structure of a red rose petal, and (d) sphere-shaped surface
structure of taro leaf

Figure 10. Self-cleaning action [30]
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The species of insects known as pond skaters or water striders, Gerris remiges, is another
example exhibiting SH properties because of the micro-nano hierarchical structure on their legs,
which also contain nanogrooves. The nanogrooves are imposed on tiny macrosetae (hair)
whereby this insect can walk on water without falling through [32]. Many other examples of
plants [33], animals [34], and insects [35] with such properties are found abundantly in nature. In
order to obtain greater surface area for water repellency, typically a nanostructure texture or
roughness is imposed on the surface. Similarly, the contact angle of a water droplet on a surface
needs to be more than 150 degrees, which can be obtained with microscale or nanoscale texture.
However, this also results in a high CAH of usually more than 30 degrees [27]. To obtain a
contact angle of more than 150 degrees along with low CAH on both sides of a droplet, a
complex hierarchical structure is required, as shown in Figure 11. This type of surface can also
help in reducing the critical angle by a size of ten [27].

Figure 11. Surface structures: (a) simple microtexture, and (b) complex nano-micro
hierarchically texture [26]
2.6

Methods of Applying Superhydrophobic Coating to a Surface
Several methods can be used for coating a superhydrophobic surface, the most common

of which are spraying, brushing, and dipping.
2.6.1 Spraying
In this research, the coating was sprayed onto the surfaces with the help of air. The
Southern Pacific Railway has used the spraying process since the 1880s, and it is still the best
method for coating [36]. Spraying is best known for its uniformity, and it is economical because
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it uses considerably less material. Different types of air gun spraying devices include highvolume low-pressure (HVLP), low-volume low-pressure (LVLP), electrostatic, and gravity feed.
The HVLP and gravity-feed spray guns are used most often. In this research, the spray gun was
used according to the coating requirements.
2.6.2 Brushing
In this type of coating process, a brush is used to apply the coating and is done usually on
surfaces that are very small where spray coating is not possible. This method provides a uniform
as well as stable type of coating [37]. Different types of brushes can be used in this technique.
With this method, before applying coatings, the material is diluted with the help of a thinner in
order to obtain a better consistency after the coating is applied.
2.6.3 Dipping
Dipping is the simplest coating process whereby a material or surface that needs to be
coated is dipped in the coating [38]. Surface tension, gravity, consistency of the liquid play a
vital role in this method. The thickness of the coating is determined by the length of time the
material or surface is dipped in the coating [39]. Brushing and spraying are preferred over
dipping because they yield a stable and uniform coating.
2.7

Peel Test
The peel test, which is shown in Figure 12, is performed on any surface to determine the

adhesion of layers on a surface. The strength of a peel is a direct measure of the adhesion energy
under a condition:

6EP / σ²y < t

(9)

where E is the elastic Young’s modulus, σy is the yield stress, t is the thickness of the adherend,
and P is the measured peel strength [40]. It is a very simple process to test the adhesion of a thin
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layer attached to a substrate. The main idea here lies in the energy balance in peeling. In this
process, the interfacial bonding is broken, heat is dissipated, plastic deformation occurs, and the
remaining energy is stored as elastic strain energy of the residual stress [40].

Figure 12. Peel test.
There are three stages of the peeling process: the first is the deformation process up to the
onset of peel propagation, the second is the transient stage of peel propagation, and the third is
the steady-state peel propagation. There are several stages of the deformation process, which are
mainly found in the first stage, depending on the strength of adhesion with the adherend: elastic
bending, elasto-plasto bending, unloading and localized active bonding, and reverse elasticplastic bending, which occurs just prior to the peel propagation [40].
2.8

X-Cut Test
The X-cut test is performed on a surface to determine if a coat or a paint has properly

adhered to the surface. A knife is used to pick at the coating, which helps to determine its
adhesion to the surface, or to another coating in the case of a multi-coating system. The result is
based on the difficulty in removing the coating from the substrate and the amount of coating
removed.
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Here, two cuts forming an “X” with an angle of 30-45 degrees between the legs down to
the substrates intersecting each other are made in a coating with the help of a knife and cutting
guide. The point of the knife is used to lift the coating from the substrate at the vertex. Another
tool is used to make a crosshatch pattern through the film in the substrate. Because of the
crosscut, pressure tape is smoothed along the area, and then removed or peeled rapidly in the
other direction close to 180 degrees [41]. A coating with a high degree of cohesive strength may
appear to have worse adhesion than one that is brittle and fractures easily when probed [42]. As
of now, there is no other known correlation to other type of adhesion test methods (pull-test,
tape, etc.) [43]. Characterization of the X-cut test is provided in Table 4.
TABLE 4
CHARACTERIZATION OF X-CUT TEST
Rating
10
8
6
4

2.9

Description
Coating is extremely difficult to remove.
Coating is difficult to remove, and chips range from approximately 1.6 by 1.6 mm to
3.2 by 3.2 mm in size.
Coating is somewhat difficult to remove, and chips range from approximately 3.2 by
3.2 to 6.3 by 6.3 mm in size.
Coating is somewhat difficult to remove, and chips in excess of 6.3 by 6.3 mm are
removed by exerting light pressure with a knife blade.

2

Coating is easily removed and can also be peeled to a length of at least 6.3 mm.

0

Coating can be easily peeled from the substrate to a length greater than 6.3 mm.
Cross-Cut Test
This method is used in finding the adhesion between a paint and a substrate. In this

research, the adhesion test procedure was employed according to the ASTM D3356 (Method B).
A tool was used to cut through the substrate penetrating the paint or the coating perpendicularly
on a lattice pattern penetrating all the way to the substrate. For a single layer, strength between
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the layer and the substrate can be obtained, and for a multi-layer coating, the resistance of
separating one coating from another can be obtained [41].
In this test, after the lattice pattern is made, a soft brush is used to clean the surface, and
then pressure tape is applied on the substrate. Once the tape is laid down, a smooth pressure is
applied along it. Then the tape is peeled away from the substrate in the opposite direction at
almost 180 degrees [41]. Table 5 shows cross-cut analysis classification of adhesion test result,
and Table 6 provides a classification for the rate of adhesion.
TABLE 5
CROSS-CUT CLASSIFICATION OF ADHESION TEST
Classification

Percent of Area Removed

5B

0 (None)

4B

Less than 5

3B

5–15

2B

15–35

1B

35–65

0B

> 65
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Surface of Cross-Cut Area
Where Flakes Occur

TABLE 6
CLASSIFICATION FOR RATE OF ADHESION
Classification
5B
4B
3B
2B
1B
0B

Explanation
Edges of cuts are completely smooth, and none of the lattice squares are
detached.
Small flakes of coatings are detached at intersections, and less than 5% of the
area is affected.
Small flakes of coatings are detached along edges and at the intersection of
cuts, and the area affected is 5% to 15% of the lattice.
Coatings are flaked along edges and on parts of the squares, and the area
affected is 15% to 35% of the lattice.
Coatings have flaked along edges of the cuts in large ribbons, whole squares
have detached, and the area affected is 35% to 65% of the lattice.
Flaking and detachment are worse than Grade 1.
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CHAPTER 3
MATERIALS AND METHODS
3.1

Materials
The main focus of this research was based on\ carbon composites as more than 50% of

the body parts of an aircraft is made of it these days. Since ice accumulation is hazardous, we
focused on using a SH coating that has extremely high water repellent capacity and has a selfcleaning capacity. Furthermore, all instruments used in this research were calibrated properly
before use.
3.1.1 Carbon Prepregs/Carbon Composite:
Composite fibers that are “pre-impregnated” with a thermoset polymer matrix such as
epoxy are referred to as prepregs. Figure 13 shows a carbon prepreg fiber.

Figure 13. Carbon prepreg fiber
Fibers take the form of a weave, and a matrix is used to bond them together or to bond them with
other components during manufacturing. Resins can be impregnated in the carbon fibers through
a process involving a hot-melt prepreg machine [44]. This type of process in fibers is usually
done for carbon fiber and occasionally on glass fiber. Fibers can be impregnated with resins in a
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bulk amount, kept in the freezer at a temperature below 20 degrees Celsius, and then cured or
used even after a longer period of time. However, after the fibers are removed from the freezer,
the shelf life of carbon prepregs is only about 3–4 hours, so they should be molded to the
required shape in a timely fashion, and then vacuumed and cured to obtain the final product. The
final products will have the ability to enhance strain to failure [45].
A composite is a material made from two or more materials to form a material with
enhanced properties [46]. Carbon composites are extremely strong and light fiber-reinforced
plastic consisting of carbon fibers that are 5–10 micrometers in diameter and contain only carbon
atoms. Tables 7 shows the range of properties of a particulate carbon composite [46].
TABLE 7
RANGE OF PROPERTIES OF PARTICULATE CARBON COMPOSITE
Flexural Strength

10–120 MPa

Flexural Modulus

Up to 14 ͌ GPa

Electrical Resistivity

10-6 to 10-4 Ωm

Thermal Conductivity

0.05–0.4 W m-1K-1

Coefficient of Thermal

1–10 * 106 K-1

Coefficient of Thermal Expansion (CTE) (Depends on Structure)
3.1.2 Superhydrophobic Coating
The superhydrophobic coating repels most water-based and some oil-based liquids by
creating an oleophobic (hydrocarbon) and superhydrophobic (water) nanoscopic layer on the
surface. This coating uses proprietary omniphobic technology for a coated object and creates a
different surface chemistry with textured patterns of high points and peaks in geometric shapes.
These peaks and high points repel water, some oil, and other liquids. As shown in Figure 14, the
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Ultra Ever Dry superhydrophobic coating used in this research consists of two layers, a bottom
coat and a top coat. Table 8 lists the Ultra Ever Dry coating properties.

Figure 14. Ultra Ever Dry: bottom coat (left) and top coat (right)
3.1.2.1 Bottom Coat
The bottom coat is one of the primary layers applied to a substrate after ensuring that the
substrate is free of moisture. This dissolvable hydrophobic resin and microparticle coating holds
fast to the substrate surface as well as to the top coat. It contains xylene (CAS 1330-20-7),
t-butyl acetate (CAS 540-88-5), acetone (CAS 67-64-1), proprietary polymers, and proprietary
additives.
3.1.2.2 Top Coat
The top coat is applied on top of the bottom coat. This dissolvable hydrophobic polymer
and nanoparticle coating adheres to a base coat and causes the surface to be superhydrophobic. It
mainly contains acetone (CAS 67-64-1), silica (CAS 112945-52-5), and proprietary additives.
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TABLE 8
ULTRA EVER DRY COATING PROPERTIES
Color

Translucent White

Drying Time

Bottom Coat: 30–60 min
Top Coat: 15–30 min

Temperature for Surface Application

50°F to 90°F (10°C to 32°C)

Working Temperature

–30°F to 300°F (–34°C to 149°C)

Flash Point

Bottom Coat: 10°F (–12°C)
Top Coat: –4°F (–20°C)

Storage Temperature

40°F to 115°F (4°C to 46°C)

Shelf Life

2 Years @ 77°F (25°C)

Weatherability

Up to 12 Months Depending on Ultraviolet Intensity

Superhydrophobic coatings offers the following properties:
•

Anti-wetting: Any water droplets touching a superhydrophobic-coated surface have a
high contact angle and roll off quickly, thereby keeping the surface dry.

•

Anti-corrosion: Since the superhydrophobic coating repels water and other liquids, the
surface remains protected from corrosion.

•

Self-cleaning: As water droplets roll down the superhydrophobic surface, they remove all
dust particles because the adhesion between the droplets and the dust particles will be
more than that of the dust and the surface.

•

Anti-icing: Because the superhydrophobic coating keeps the surface dry, the formation of
ice will be difficult, and even if some ice accumulates, it can be easily removed using
some kind of vibration or blower.
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•

Product life-extending: The superhydrophobic coating can help in extending the life of
some products that fail as the result of moisture, oil, or water contamination.

3.1.3 High-Volume Low-Pressure Spray Gun
The HVLP spray gun was used in this research. It consists of a metal container to hold
paint (which can be refilled and resued), a pressure gauge, and a spray gun, as shown in Figure
15. This gravity-feed type tool has a 1.0 mm fluid tip. In order to obtain professional grade
uniform coating, the pressure gauge was set at 20 psi. In this research, the sample was kept 15
cm away from the spray gun, and the spray gun was kept at a 45-degree angle while applying
pressure at 20 psi. A trigger is required to activate the gun, and when it is pulled, coatings are
sprayed with the help of air passing through outlet of a gun.

Metal Container

Spray Gun

Figure 15. HVLP spray gun
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3.1.4 Optical Contact Angle Goniometer
Dr. William Zisman designed the first contact angle goniometer in a U.S. Naval Research
Laboratory in Washington D.C. This instrument measures the advancing and receding contact
angle, static contact angle, and sometimes surface tension. The optical contact angle goniometer
has a high-resolution charge-coupled device (CCD) camera, which is controlled using CAM 100
software to obtain a clear interface of the liquid and solid. Using a syringe and the static sessile
drop technique, a droplet is dropped onto a surface to determine the solid-liquid contact angle.
The contact angle goniometer is show in Figure 16. The contact angle of a droplet on a surface is
calculated by using CAM 100 software along with the picture of the liquid and solid interface.
This machine is widely used for a variety of applications in different fields, including research
and development, industry, and education [47].

Syringe Holder
CCD Camera

Figure 16. Contact angle goniometer
3.1.5 Oven
The oven shown in Figure 17 was used in this research to keep samples free from
moisture and also to enhance the coating process. It has the capacity of 200 degrees Celsius
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and has a build-in digital temperature scale, which can be varied according to requirements.
It is completely insulated, which ensures a uniform temperature throughout the oven. It also
contains a built-in timer for setting the required time.

Figure 17. Oven
3.1.6 Inclinometer
An inclinometer, as shown in Figure 18, was used to find the sliding angle of ice on a
coated composite. Basically, this device is used to find the angle of slope or tilt, or the elevation
or depression, of the object with respect to gravity. This research employed a digital level
inclinometer with a magnetic base, with the following specifications:
•

Type: Digital level 360˚

•

Resolution: 0.1o

•

Range: 4*90o

•

Accuracy: 0.2o

•

Measurement conversion: absolute and relative

•

Precision: 0.1o

•

Measuring Range: 0 ̴ 360o
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Figure 18. Inclinometer
3.1.7 Digital Anemometer
The digital anemometer, as shown in Figure 19, was used to find the velocity of air blown
from the electric blower used in this research. This device is mainly used to measure air velocity,
air flow, and temperature. The features of this device are as follows:
•

Air velocity units: m/sec, Km/H, ft./Min, MPH, knots

•

Air velocity accuracy: +/– 3%

•

Airflow units: CMM (cubic meter/min), CFM (cubic ft/min)

•

Temperature unit: ˚C/˚F

•

Temperature range: 14–140˚F

•

Display: Dual function four-digit LCD

•

Sampling rate: one reading per sec

•

Sensor: Conventional angled vane arms with low-friction ball bearing, NTC-type
thermistor

•

Battery: 9V battery
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Angled Vane

Figure 19. Digital anemometer
3.1.8 PVC Pipes
PVC pipes, tubular or hollow cylinders made of plastic, were used to form ice on top of
the coated composite materials. Three different sizes of PVC pipes used in this research were
33.77 g, 55.60 g, and 93.06 g, as shown in Figure 20.

Large

Medium

Figure 20. PVC pipes
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Small

3.1.9 Plasma Cleaner
A plasma cleaner is used to remove impurities and contaminants from a surface by
employing energetic plasma or dielectric barrier discharge (DBD) plasma, which is created from
a gaseous species. The model used in this research was a PDC-32G, as shown in Figure 21.
During operation, care was taken to ensure that the valve on the door was closed. Gases such as
argon, oxygen, and a mixture of air and hydrogen/nitrogen are typically used in this cleaner.

Chamber
where samples
are placed

Figure 21. Plasma cleaner
3.1.10 QUV Accelerated Weather Tester
The QUV accelerated weather tester can reproduce damage caused by sunlight, rain, and
dew. By exposing materials to alternating ultraviolet (UV) light and moisture at a controlled,
elevated temperature, it produces outdoor weathering. It can also reproduce damage that can
occur over months or years in few weeks. It is one of the easiest, most reliable, and widely used
weather testers.
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Figure 22. QUV weather tester
3.1.11 Electric Blower
A two-speed electric blower manufactured by Toro, as shown in Figure 23, was used in
this research for the blowing test. With a capacity to blow air up to 225 mph, this tool was used
to blow air onto ice that had accumulated on the carbon composite.

Air
Outlet
Power
Switch

Figure 23. Toro air blower
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3.12

Cross-Cut Equipment
Cross-cut equipment was used to test the adhesion between the surface and the coatings.

The cross-cut kit used in this research and shown in Figure 24, has a multi-blade cutter with 2
mm spacing with six teeth. The cross cut kit consists of the following:
•

Multi-blade cutter with 1 mm spacing and 11 teeth

•

Multi-blade cutter with 2 mm spacing and 6 teeth

•

3M Scotch tape

•

Magnifying glass

•

Brush

Cutter

Brush

Figure 24 Cross-cut kit
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3.2

Experimental Method

3.2.1 Preparation of Superhydrophobic-Coated Carbon Composite Materials
Ten peel plies of the prepreg carbon were cut in the dimension of 10*12 inches. Three
prepreg plies were coated with SH coatings, and the remaining prepregs were kept in the freezer.
Following is the preparation sequence used to prepare the SH materials:
•

After shaking and mixing the bottom coat of SH liquid for about 5–10 minutes, it was
then applied to the prepregs with the help of an HVLP spray gun keeping, the gun at an
angle of 45˚. The prepregs were dried for an hour, using a table fan to speed up the drying
process because the shelf life of a prepreg is not more than 3–4 hours.

•

The top coat of the SH liquid was also mixed well for 3–5 minutes before use. After the
bottom coat had dried, the top coat was applied on the prepregs with the help of the same
spray gun and again allowed to dry for 30 minutes using the table fan.

•

Then the coated prepregs were stacked in a sequence on a flat and smooth aluminum
plate, as shown in Figure 25

Sealant Tape

Carbon Prepreg

Figure 25. Carbon prepregs laid up on aluminum plate
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•

A tacky tape, release film, a cold sheet, berating film, and vacuum bag film were used to
seal the sample, and was kept for the debulking process under vacuum at 27 in Hg for
about 16–18 hours, as shown in Figure 26.

Vacuum
Nozzle
Bleeder Ply

Figure 26. Vacuum bagging and debulking process
•

After the debulking process, the carbon prepregs were cured in an oven using the
following steps: First the composite was heated to room temperature, and then the
temperature was raised to 120˚ in one hour. The temperature of the oven was maintained
at 120˚ for one hour. Then the temperature was allowed to cool and reach room
temperature in one hour. This curing cycle is shown in Figure 27.

Figure 27 Curing cycle for a composite panel
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•

After the composite was cured, it was again coated with the bottom and top SH coatings
using the techniques as described previously.

•

The composite was then kept in the oven for 30 minutes at 80˚C so that the coating could
adhere properly on the surface and the sample could be made. The SH-coated carbon
composite is shown in Figure 28.

Figure 28. SH-coated carbon composite
•

The contact angle of the SH-coated composite plate was measured for the different
experiments.

3.2.2 Preparation of Sample
Ice was formed on top of the superhydrophobic-coated carbon composites using three
different sizes of the PVC hollow cylinders. After keeping the composite in the freezer for
almost 2 hours, it was removed to measure the sliding angle of ice on the composite with the
help of an inclinometer.
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•

As shown in Figure 29, a glass full of water and a PVC cylinder were kept in the freezer
at a temperature of –20˚C in order to turn the water into supercool water so that it would
freeze quickly when brought in contact with the composite.

Water

Cylinder
Figure 29. PVC cylinder and water kept in freezer
•

After an hour, the pre-chilled PVC cylinder was placed on top of the composite and small
amount of supercooled water was poured into the cylinder and allowed to freeze for 10
minutes, which eliminated the possibility of leakage of water between the composite and
the PVC cylinder because no any extra materials were used to prevent any leakage. The
super-cooled water preventing leakage is shown in Figure 30.

Super-cooled water
preventing leakage

Figure 30. Super-cooled water sealing the leakage
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•

As the ice formed and sealing was ensured between the PVC and the composite,
supercooled water was again poured in the cylinder to form the bulk of ice on top of the
composite, as shown in Figure 31.

Formed Ice

SH-Coated Carbon
Composite

Figure 31. Ice formed on SH-coated Carbon Composite
•

After keeping the sample in the freezer for 1 hour at a temperature of –20˚C, ice formed
on top of the SH-coated composite, and then the sample was removed from the freezer to
run the experiments.

3.2.3 De-Icing Test in Superhydrophobic-Coated Carbon Composite with Three Different
Sizes of PVC Hollow Cylinders at Different Angles
The sample was then placed in a base along with an inclinometer, and a different material
was used to create an angle on the sample without any vibration or other parameters until all ice
fell away from the composite and the sliding angle was recorded in the inclinometer, as shown in
Figure 32.
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Inclinometer

F

Direction of Applied Force
Figure 32. Sliding test setup
A similar test was performed for three different sizes of PVC, each with an individual
weight of 33.77 g, 55.60 g, and 93.06 g. The contact angle of the SH-coated carbon composite
was measured after each test.
3.2.4 Vibration Test of Formed Ice on Superhydrophobic-Coated Carbon Composite at
Different Angles (5˚, 10˚, and 15˚)
The superhydrophobic composite material was prepared as explained previously in
section 3.2.1, and then ice was formed on top of it. A motor pump was used to produce vibration
for this experiment, and an inclinometer was used to measure different angles for the samples. A
vibration of 22.2 hertz was produced by the motor. The time it took for the accumulated ice to
slide through the SH-coated carbon composite was noted at different angles.
A glass full of water and a medium-size PVC cylinder weighing 55.60 g was kept in the
freezer at a temperature of –20˚C in order to turn the water into supercool water so that it would
freeze quickly when brought in contact with the composite. After an hour, the pre-chilled PVC
cylinder was placed on top of the composite, and a small amount of supercooled water was
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poured into the cylinder and allowed to freeze for 10 minutes, which eliminated the possibility of
leakage of water between the composite and the PVC cylinder because no extra materials were
used to prevent any leakage. As the ice was formed and sealing between the PVC and the
composite was ensured, the supercooled water was again poured in the cylinder to form the bulk
of ice on top of the composite.
After keeping the sample in the freezer for 1 hour at a temperature of –20˚C, ice formed
on top of the SH-coated composite, and then the sample was removed from the freezer to run the
experiment. The sample was placed on top of a motor where setups for measuring different
angles were made with the help of an inclinometer, and the motor pump was turned on. The time
required for ice to slide through the composite was noted after applying a vibration of 22.2 hertz
at three different angles, 5˚, 10˚, and 15˚. The vibration test setup is shown in Figure 33. The
contact angle of the SH-coated carbon composite was measured after each test.
Sliding Direction

Motor

Figure 33. Vibration test setup
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3.2.5 Air Blower Effect on Formed Ice on Superhydrophobic-Coated Carbon Composite
at Different Angles (5˚, 10˚, and 15˚)
Air was blown onto the ice that formed on the superhydrophobic-coated carbon
composite plate to observe the effect of blown air on the ice and the composite, keeping the
sample at three different angles (5˚, 10˚, and 15˚). Figure 34 shows the air blowing setup. An
inclinometer was used to measure the angle of samples.

Air Blowing Direction

Figure 34. Air blowing setup
A glass full of water and a medium-size PVC cylinder weighing 55.60 g was kept in the
freezer at a temperature of –20˚C in order to turn the water into supercool water so that it would
freeze quickly when brought in contact with the composite. After an hour, the pre-chilled PVC
cylinder was placed on top of the composite, and a small amount of supercooled water was
poured into the cylinder and allowed to freeze for 10 minutes, which eliminated the possibility of
leakage of water between the composite and the PVC cylinder as no any extra materials were
used for prevention of leakage. As the ice was formed and sealing between the PVC and the
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composite was ensured, the supercooled water was again poured in the cylinder to form the bulk
of ice on top of the composite.
After keeping the sample in the freezer for 1 hour at a temperature of –20˚C, ice formed
on top of the SH-coated composite, and then the sample was removed from the freezer to run the
experiment. The sample was attached to the ground, and air was blown using the blower at a
speed of 55.15 m/s at temperature of 23.7˚C. The time required to eliminate ice from the
composite after turning on the blower was recorded at three different angles 5˚, 10˚, and 15˚. The
contact angle of the SH-coated carbon composite was measured after each test.
3.2.6 Peel Test on Superhydrophobic-Coated Carbon Composite Plate
3M tape was used to perform the peel test on the superhydrophobic-coated composite
plate. This test was performed to determine the strength and to check how well the coating
adhered to the composite plate. Steps in the peel test are as follows:
•

Superhydrophobic-coated carbon composite was prepared using the same process as
mentioned previously in section 3.2.2.

•

The contact angle of the composite plate was measured before applying tape to it.

•

The 3M tape was firmly applied on the composite and then removed completely in the
opposite direction at an angle of 180˚ to the composite plate.

•

The contact angle was measured near the area that had been tapped.

•

This process was repeated ten times, and the contact angle was recorded after every
application and peeling off of the tape.

3.2.7 Cross-Cut Test on Superhydrophobic-Coated Carbon Composite Plate
This test was performed to check the adhesion of the coating to the composite plate. The
test procedure employed ASTM D3359 (Method B), which is also known as the cross-cut test. A
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cross-cut kit was used to make a cut on the composite plate, and a small brush was used to wipe
off any damaged coating done by the cross-cut kit. The apparatus required for this test is present
in a cross-cut test kit and consists of the following:
•

Aluminum cutting tool with a tooth holder and a sharp-toothed razor

•

3M transparent tape for peel test

•

Small brush

•

Magnifying glasses

•

Rubber eraser
The superhydrophobic-coated carbon composite was prepared using the same process as

mentioned previously in section 3.2.1. A crosshatch cutter was used to make a cut through the
composite plate, as shown in Figure 35.

Figure 35. Crosshatch tool making a cut
After cutting, the brush was used to remove any detached flakes of coatings from the film. Then
3M tape was applied on the grid and peeled off in the opposite direction at an angle of 180˚ to
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the plate. After removing debris from the surface, another incision was made perpendicular to the
same cut, centering on the original cuts. The area was brushed after each cut to remove any
debris. This test was performed five times on the same spot, and the results were noted or
photographed. The grid was then inspected using magnifying glasses to observe any removal of
coatings from the surface. The results or appearance of flaking on the composite was measured
according to Table 5 mentioned earlier.
3.2.8 X-Cut test on Superhydrophobic-Coated Carbon Composite Plate
A knife was used to make an X-cut on the superhydrophobic-coated carbon composite.
Samples were prepared using the same process as mentioned above in section 3.2.1. A knife was
used to make a cut at an angle of 45˚ diagonal to each other making it in the shape of an “X.”
Flakes were removed with the help of a brush. 3M tape was applied to the cut and then peeled off
in the opposite direction at an angle of 180˚ to the plate. This test was performed five times on
the same spot, and the results were noted or photographed. The results or appearance of flaking
on the composite was measured according to Table 4 mentioned earlier.
3.2.9 Plasma Treatment on Superhydrophobic-Coated Carbon Composite Plate
Plasma treatment was done to remove impurities on the composite plate. The
superhydrophobic-coated plate was placed in the plasma cleaner and then was again coated with
an SH coating. Next, a peel test was performed on each sample.
The SH-coated carbon composite was prepared using the same process as mentioned
previously in section 3.2.1. Then samples were placed in the plasma cleaner for 4, 8, and 12
hours. The contact angle of each sample was recorded using a goniometer, and then they were
coated with an SH coating. The bottom coat was applied first, and samples were dried for 1 hour
and 30 minutes. The top coat was applied after the bottom coat dried. After drying the top coat
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for 1 hour, the samples were kept in an oven for 30 minutes at 80˚C for further treatment. The
contact angle of each sample was measured. 3M tape was then used on each sample to perform
the peel. Here the tape was placed on the sample and then peeled in the opposite direction at an
angle of 180˚. The contact angle was measured after each peel. This test was performed five
times on each sample for all samples kept for 4, 8, and 12 hours.
3.2.10 UV Treatment on Superhydrophobic-Coated Carbon Composite
UV treatment was performed to test damage that might be caused by sunlight. The
superhydrophobic-coated sample was placed in a QUV accelerated weather tester for 5, 10, and
20 days and again coated with the SH coating followed by a peel test.
Superhydrophobic-coated carbon composite was prepared using the same process as
mentioned previously in section 3.2.1. Then the samples were kept in a QUV weather tester for
5, 10, and 20 days. The contact angle of each sample was recorded using a goniometer. Samples
were then coated with an SH coating. The bottom coat was applied first, and samples were dried
for 1 hour and 30 minutes. The top coat was applied after the bottom coat dried. After drying the
top coat for 1 hour, samples were kept in an oven for 30 minutes at 80˚C for further treatment.
The contact angle was measured for each sample. To perform the peel test, 3M tape was placed
on each sample and then peeled off in the opposite direction at an angle of 180˚. The contact
angle was measured after each peel. This test was performed five times on each sample for all
samples kept for 5, 10, and 20 days.
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CHAPTER 4
RESULTS AND DISCUSSION
4.1

Contact Angle of Superhydrophobic-Coated Carbon Composite
A number of studies were conducted on superhydrophobicity for a number of different

reasons [48-57], and this project is the continuation of those previous studies. In the images
shown in Figure 36, an uncoated carbon composite is shown to be hydrophilic, whereby a water
droplet spreads on the surface of the composite. The average contact angle of an uncoated carbon
composite was found to be 82.52˚. Alternately, when coated with superhydrophobic coatings,
water droplets were seen to be highly repelled and highly beaded. The coating changed the
carbon composite properties from hydrophilic to superhydrophobic. The average contact angle of
the SH-coated composite was noted to be 153.41 ˚.

Figure 36. Contact angles of uncoated carbon composite (left) and SH-coated carbon composite
(right) using CAM 100 software
The graph in Figure 37 shows the difference between contact angles in a composite
before and after coating. After coating, the surface changes its properties from hydrophilic to
superhydrophobic, which requires having an angle of more than 150˚. As can be seen, there is a
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clear change in the contact angle before and after coating. Contact angle measurements were
done using a goniometer and CAM 100 software.

160

153.64 154.15 153.73 153.88 153.66 153.47

153.9

153.92 153.43 153.41

140
120
100
82.6

82.42

83.43

83.51

82.87

82.19

82.56

83.09

82.04

82.52

80
60
40
20
0
1

2

3

4

5

6

before

7

8

9

10

after

Figure 37. Contact angles of carbon composite before and after SH coating
4.2

Peel Test in Superhydrophobic-Coated Carbon Composite
The carbon composite was coated with the superhydrophobic coating and the contact

angle recorded before performing the peel test. The average contact angle was more than 160˚.
The 3M tape was used to perform this test which measures adhesion of coating with the surface.
After each peeling contact angle of the surface was recorded.
Figure 38 shows that after every peeling, the contact angle of the coated carbon
composite decreased. With every peeling, the SH property of the coated carbon composite
degrades. However, this degradation rate is slow. Additionally, the SH properties remained intact
despite ten peel tests. The average contact angle was still recorded to be more than 150˚.
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Contact Angles after Peel Test
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Figure 38. Contact angles of SH-coated composite after each peel
4.3

Cross-Cut Test in Superhydrophobic-Coated Carbon Composite
The cross-cut test was performed to check the adhesion of coating with the surface

according to ASTM D3359 (Method B) standards. A cross-kit was used to make the cut in the
superhydrophobic-coated carbon composite. After the cut and inspection, the rating was again
measured using ASTM D3359 (Method B) standards.
According to Figure 39, in the first cut, edges of the cut were smooth. But as multiple
cuttings were performed, a detachment of flakes was seen on the surface. This detachment was
seen at the intersection of the cut, which indicated that a very small percentage of the cut was
damaged. After five cuttings, the coating was flaked along the edges of cuts, either partially or
wholly in large ribbons. A cross-cut area significantly more than 15% but not greater than 35%
was affected. According to Table 5 given above, this falls into category 2B.
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Figure 39. Cross-cut test of SH-coated carbon composite
4.4

X-Cut Test in Superhydrophobic-Coated Carbon Composite
A diagonal cut in the form of an “X” was made on the SH-coated carbon composite using

a knife, as shown in Figure 40. The peel test was performed after each cut, and the contact angle
was then recorded after each peel. The coating was difficult to remove from the substrate. After
the peel test was performed on the composite, the contact angle decreased after every peel, as
shown in Figure 41. The cutting and peel test were performed on each sample for five times, and
the SH properties remained intact.
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Figure 40. X-cut on SH-coated carbon composite

Contact Angles after X-Cut Test
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Figure 41. Contact angles of SH-coated carbon composite after X-cut test
4.5

Plasma Treatment
The carbon composite with superhydrophobic properties was kept in a plasma cleaner for

4, 8, and 12 hours to ensure that the SH properties of the material were not the result of any
impurities. A water droplet was spread on the surface of a sample after using a plasma cleaner.
Then the sample was coated with the SH coating and a peel test was performed on it. The contact
angle readings for this treatment are shown in Figure 42.
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For sample kept in plasma cleaner for 4 hours, it showed superhydrophilic properties
after the test. But it started to lose its SH properties after every peel test was performed. The
contact angle decreased rapidly. For the sample kept in plasma cleaner for 8 hours, it could not
regain the SH properties after re-coating the sample but was almost close to 150˚. It only showed
hydrophobic properties. The contact angle decreased after each peel test.
For sample kept in plasma cleaner for 12 hours, it could not regain the SH properties after
re-coating sample but was almost close to 150˚. It only showed hydrophobic properties. The
contact angle again decreased after each peel test. This experiment shows that the plasma cleaner
reduces properties of the SH coating after keeping the sample in plasma cleaner for any period of
time. It is difficult to regain properties of SH coating later.

Contact Angles after Plasma Treatment
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Figure 42. Contact angles of SH-coated carbon composite after being in plasma cleaner
for 4, 8, and 12 hours
4.6

UV Treatment
Carbon composite with superhydrophobic properties was kept in a QUV accelerated

weather tester for 5, 10 and 20 days respectively. After keeping the sample in a QUV accelerated
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weather tester, they showed hydrophilic properties. It was then recoated with an SH coating. Peel
test was performed for each sample and contact angle reading was recorded after each test.
Contact angle after UV treatment was recorded, as shown in Figure 43. Sample kept for 5
days showed hydrophobic properties. It was then coated with SH coating and measured good
contact. After peel test, contact angle decreased but had SH properties intact after performing
peel test for 5 times.
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Figure 43. Contact angles of SH-coated carbon composite after UV treatment

The sample kept in UV treatment for 10 days showed hydrophobic properties. It regained
its SH properties after coating. However, it started to lose its properties after performing peel
test. It still showed SH properties with contact angle more than 150˚, after performing peel test
for five times. Sample kept in UV treatment for 20 days also showed hydrophobic properties. It
regained its superhydrophobic properties after coating. However, it started to lose its properties
after performing peel test. It still showed SH properties with contact angle more than 150˚, after
performing peel test for five times.
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The experiment showed that a sample when kept for a lesser period in UV treatment have
more contact angle than that kept for a longer period. Though all samples kept in the UV
treatment for 5, 10 and 20 days showed SH properties after the treatment, sample kept for a
lesser period had the higher contact angle, as show in Figure 44. The samples which were kept
for a lower period in UV treatment showed better adhesion properties than kept for a longer
period.

Contact Angles after UV Treatment and Peel Test
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Figure 44. Contact angles of SH-coated carbon composite kept in UV treatment
for 5, 10, and 20 days followed by peel test
4.7

Vibration Test
The vibration test was first performed on the sample without any SH coating. The carbon

fiber composite was prepared, ice was formed on top of the composite, and the sample was tested
for vibrations. The sample was kept at 5 degrees in the motor, and vibration were fed by the
motor to observe the sliding time of the ice from the surface, but the adhesion between the ice
and the composite was so strong that the ice attached to the surface did not slide.
Figure 45 indicates that the time required for a block of ice to slide through the SHcoated composite after applying a certain amount of vibration will be less if the angle is more.
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The time required for a block of ice to fall was less for 15˚ than that of 5˚ and 10˚. And as the
experiment continued, the SH properties decreased and the sliding time increased due to the
vibration. The contact angle was recorded after every test, as shown in Figure 46.
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Figure 45. Sliding time of ice block using vibration test
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10

Figure 46. Contact angle reading of SH-coated composite after vibration test on CAM 100
software
Figure 47 shows that SH properties of the carbon composite decreased, thereby reducing
the contact angle. Even though the decreasing rate of the contact angle was steady, it still
maintained its SH properties after the test was performed for ten times.
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Figure 47. Contact angles of SH-coated composite after vibration test
4.8

Air Blower Effect on SH-Coated Carbon Composite with Ice Cube
Ice cubes were formed in a separate ice cube tray. Super-cooled water was poured on the

SH-coated carbon composite, and then an ice cube was placed on top of it. Super-cooled water
played the role of glue by sticking the ice cube to the SH-coated carbon composite. As air was
blown onto the composite with the ice cube on top, it took around one second after the blower
was turned on to remove the ice from the composite. The same process was tried several times
and the results remained the same
The contact angle of SH-coated carbon composite was recorded after every test. Figure
48 shows that the SH properties of the composite decreased, reducing its contact angle. Even
though the decreasing rate of the contact angle was steady, it still maintained its SH properties
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after the test was performed five times. In an aircraft, ice is mostly formed from atmospheric
super-cooled water. Here, it was found that adhesion between ice and the SH-coated carbon
composite was weak and ice could be easily removed by blowing some air onto it. This piece of
information might be very helpful for aircraft industries.
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Figure 48. Contact angles of SH-coated composite with ice cube after air blower test
4.9

Air Blower Effect on Carbon Composite with Superhydrophobic Coating with Ice
formed on the surface
The air blower test was first performed on the sample without any superhydrophobic

coating. Then the carbon fiber composite was prepared, the ice cube was placed on top of the
composite, and then the air blower test was conducted. The sample remained attached to the
ground, and air was blown on its surface keeping the air blower at a 45-degree angle. By
applying the air velocity of almost 55.15 m/s, it took 23 seconds to blow the ice off of the
surface.
Then the SH-coated composite was kept firm with the ground at angles of 0, 5, and 10
degrees, and again air was blown onto the sample. Table 9 shows that the time required for the
blown air to remove the ice cube on the composite was instantaneous. It can be seen that if a
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composite is placed flat without any angle the time required to blow ice is one second, but as the
angle was increased, the time required to blow ice off the composite decreased. At a 10-degree
angle, ice was blown away immediately when the blower was activated. For the composite kept
at a certain angle, two factors were responsible for ice removal: air force and the sliding angle of
ice.
TABLE 9
TIME REQUIRED FOR REMOVAL OF ICE FROM SH-COATED CARBON COMPOSITE
0˚ Angle of Composite

5˚ Angle of Composite

10˚ Angle of Composite

1 sec

0.05 sec

Immediate

1 sec

0.05 sec

Immediate

1 sec

0.05 sec

Immediate

1 sec

0.05 sec

Immediate

1 sec

0.05 sec

Immediate

The contact angle of the SH-coated carbon composite was recorded after every test.
Figure 49 shows that the SH properties of composite decreased, reducing its contact angle. Even
though the decreasing rate of a contact angle was steady, it still maintained its SH properties
after performing the test for five times.
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Figure 49. Contact angles of SH-coated composite after air blower effect
4.10

Sliding Angle for Superhydrophobic-Coated Carbon Composite after the Composite
is Made
First the carbon composite was prepared without any coating. After the SH coating was

prepared, it was sprayed onto the carbon composite and then heat treated before running the
experiment. Ice was formed on the sample, as mentioned previously in section 3.2.2, and then the
test was performed. First, the ice started sliding around 30 degrees, and the angle increased as the
number of times the experiment was performed was increased. As it kept increasing, after the
fifth time the ice did not slide from the surface as the contact angle of the surface decreased and
the adhesion between the composite surface and the ice was strong. The sliding angle for the SHcoated composite is shown in Figure 50.
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Figure 50. Sliding angle of SH-coated composite
As the experiment was performed, the contact angle started decreasing with the increase
in number of times the sliding test was performed, as shown in Figure 51. The property of the
surface of the composite went from being superhydrophobic to hydrophobic, where it can be
seen that the contact angle decreased below 150 degrees. The SH property decreased as the
experiment was performed.
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Figure 51. Contact angles reading after sliding test
4.11

Sliding Angle for Carbon Composite with Superhydrophobic Coating
The sliding test was first performed on the sample without any SH coating. Then a carbon

fiber composite was prepared, ice was formed on top of the composite, and the sliding test
performed. The composite angle was increased in order to observe the angle when the ice slid
from the composite. The ice did not slide off the surface, even after the surface was angled at 180
degrees. The ice could only be removed with the application of some external force.
Three sizes of hollow cylinder blocks were filled with water, frozen, and allowed to slide
from the surface. Readings were taken using an inclinometer. As shown in Figure 52, the sliding
angles started slightly above 20˚ for the medium and large cylinders, and above 30˚ for the small
cylinder. Multiple measurements at the same spot showed that the sliding angle increased along
with the number of times the experiment was performed. For all three cylinders, the sliding angle
did not cross 50˚, even after performing the test five times.
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Sliding Angle Test on Composite with SH Coating
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Figure 52. Sliding angles of ice on carbon composite with SH coating
The contact angle of the SH-coated carbon composite was recorded after every test.
Figure 53 shows that the SH properties of the composite decreased, thus reducing its contact
angle.

Figure 53. Contact angle reading of SH-coated composite after sliding test
using CAM 100 software
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As the contact angle decreased, the sliding angle increased, as shown in Figure 54. Even
though the decreasing rate of the contact angle was steady, it still maintained its SH properties
after performing the test ten times. The ice formed on the uncoated composite material would be
very difficult to remove from the surface. The sliding angle cannot be determined for uncoated
carbon composite. But in the SH-coated carbon composite, adhesion between the composite
surface and the ice will not be strong due to its rough surface; therefore, the formed ice slides
when the substrate is kept at a certain angle or even can be easily removed if a small amount of
force is applied on it.
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Figure 54. Contact angles of SH-coated composite measuring sliding angle
4.12

Freezing Time
A drop of water was placed on both the uncoated carbon composite and the SH-coated

carbon composite (Figure 55). Then both samples were placed in a freezer for 15 minutes. The
water droplet on the uncoated carbon froze more quickly than the water droplet on the SH-coated
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composite, and it was easier to remove the ice on the SH-coated carbon composite than on the
uncoated carbon composite. The frozen water droplets are shown in Figure 56.

Figure 55. Water droplet on uncoated carbon composite (left) and SH-coated
carbon composite (right)

Figure 56. Frozen water droplet on uncoated carbon composite (left) and on SH-coated
carbon composite (right)
4.13

Super-Cooled Water Test
Super-cooled water was dropped on both SH-coated and uncoated carbon composite. As

shown in Figure 57, when water is poured down SH-coated carbon composite there was no
formation of ice on the surface. But, on uncoated carbon composite, some flakes of ice formed
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on the surface as super-cooled water was dropped through it. Supercooled water automatically
changes its state from liquid to solid when it comes in contact with the flat smooth surface.
Hence, ice was formed on uncoated carbon composite which is also the main reason in the
formation of ice on aircraft and other parts. But on SH-coated carbon composite, the surface
roughness is high and it does not allow ice to form easily on the surface when supercooled water
was dropped on it.

Figure 57. Super-cooled water test on uncoated carbon composite (left) and SH-coated carbon
composite (right)
4.14

Optical Images of Uncoated and Superhydrophobic-Coated Carbon Composite
To observe the superhydrophobic coating on the surface of the carbon composite, an

optical image was captured. The test shows images of carbon composite with SH coatings on it.
Here, SH coating spread all over the composite whereas the other image with no SH coatings. As
shown in Figure 58, that there is no rough surface in the optical image of an uncoated carbon
composite, whereas Figure 59 shows that on the SH-coated carbon composite, we can see the
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granules of the SH coating can be seen on top of the carbon composite, which makes it appear
rough.

Figure 58. Optical image of uncoated carbon composite

Figure 59. Optical image of SH-coated carbon composite
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CHAPTER 5
CONCLUSION
Based on the results in this study, it can be concluded that superhydrophobic coatings
play a significant role in de-icing of a fiber-reinforced composite material. The observations here
showed that ice that is formed on SH-coated composite material can be removed easily either by
placing the material at an angle, by using vibration, or by using a blower. Promising contact
angles above 150˚ were revealed after performing a de-icing test multiple times on the same
sample.
When the surface of a fiber-reinforced composite is coated with a superhydrophobic
coating, the surface becomes rough and results in a contact angle of more than 150˚.
Additionally, when water is dropped onto am SH-coated composite, the water droplets bounce
back or roll down if the material is kept at a certain angle, unlike on an uncoated surface where
the water droplets spread on the surface. Because it is difficult for water to remain on an SHcoated composite, the formation of ice is also difficult. This result was confirmed with
supercooled water droplets. Ice was easily formed on the uncoated carbon composite, whereas
water rolled down the surface without forming ice on the SH-coated carbon composite,
The SH-coated composite was also tested with plasma and a UV surface treatment. After
plasma treatment, the contact angle of the composite was found to be super hydrophilic, and it
was difficult to regain the SH property. On the other hand, after UV treatment, the composite
showed hydrophobic properties. It was also possible to obtain SH properties with an angle of
more than 150˚ after coating. After that, the properties started to decrease, whereupon the contact
angle started to decrease with each peel test.
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In this study, the contact angle decreased after each peel test. However, the rate of
reduction in the contact angle was minimum, indicating that adhesion between the coating and
the substrate was good enough to retain the SH properties for a longer period of time. The crosscut test revealed that cutting was not smooth at first, but after one or two attempts, a detachment
of flakes was seen at the edges of the cut. Here, 15% to 35% of the coating was seen to be
detached from the substrate. Likewise, during the X-cut test, cutting of the sample coating was
not smooth because adhesion between the coating and the substrate was good. Here, after each
cut followed by a peel test, the contact angle decreased since peeling removed the coating.
After each of the vibration, air blowing, and sliding angle tests, the contact angle
decreased slowly, but the superhydrophobic properties remained intact, with a contact angle of
more than 150˚. For the vibration test, sliding of ice depends upon the angle the material is kept
on and the amount of vibration applied, that is, the higher the vibration and the higher the contact
angle, the less time it takes the ice to slide through the SH-coated surface. Similarly, for the
sliding angle test, sliding time of ice depends upon the amount of ice formed on the surface and
the area of the surface covered. Here, for different sizes of ice formed, it was found that the
sliding angle was not more than 50˚. Additionally, blowing air at a speed of 55.15 m/s instantly
removed ice from the SH-coated surface, whereas, it took more than 30 seconds to remove ice
from the uncoated surface, that is, the higher the angle and air speed, the faster the ice removal.
Ice removal in every aspect was easier in the case of the SH-coated carbon composite than the
case of the uncoated carbon composite.
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CHAPTER 6
FUTURE WORK
De-icing has always been a major problem in the aviation industry. Superhydrophobic
coatings have emerged as a potential solution to this issue. Based on the results obtained from
this study, some additional work that could be done in this field are the following:
•

Preparing a better superhydrophobic coating which can last longer and is more durable.

•

Conducting another test on a coated composite sample that measures its durability and
reliability.

•

Using different types of surface treatments to determine one with best adhesion property.

•

Using better techniques to measure the contact angle.

•

Exploring glass fiber composites and Kevlar fiber composites as alternatives.

•

Using the coatings or the paint first, that is usually applied in the aircrafts and then
applying the superhydrophobic coating on the surface and checking the de-icing
properties.
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