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for photovoltaic cells’ applications
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Acetone induced-recrystallization of polycarbonate was studied thoroughly in order to design
hydrophobic and transparent surfaces for photovoltaic panels. Solvent-induced recrystallization of
a thermoplastic substrate, composed of polycarbonate, is investigated to create a hierarchicallystructured surface. The effects of the times of treating the surface texture with either acetone
liquid or its vapor are studied at different solvent temperatures. The size of the generated
spherules and gaps are studied using AFM, Goniometer, Optical Microscope, UV-Vis and FT-IR
spectrophotometers. The results showed that the liquid acetone-induced recrystallization of
polycarbonate surface lead to a hydrophobic surface with a contact angle of 144o and 4.7%
transmittance. AFM and optical microscope scans showed the formation of 13 μm-in width
spherules (crystals) and 1750 nm-in depth gaps over the surface, after the treatment process,
which are responsible for the high CA, Cassie-Baxter state, and low transmittance, Rayleigh
scattering. The acetone vapor recrystallization has resulted in the production of hydrophilic
surfaces with high transmittance, a CA of 78o and transmittance of 86.8%. This research has
deduced that 5 μm-in width crystals and 360 nm-in depth gaps formation lead to decreasing the
hydrophobicity, however increasing transmittance of the surface, is in agreement with Wenzel
wettability state and Rayleigh scattering theory.
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ملخص الرساله
اإلسم الكامل :احمد عويس محمد احمد
عنوان الرساله :تصميم وإنتاج أسطح بارزه بطرق مختلفه ،ذات خصائص أفضل ضد التبلل بالماء ،إلستخدامها
كأسطح واقيه للخاليا الشمسيه
التخصص :الكيمياء الفيزيائيه
تاريخ الدرجه العلميه 72 :فبراير 7102
لقد تم إستحداث وتجـربة طرق متعدده لتصميم أسطح بارزه ليتم إستخدامها كغطـاء للخاليـا الشمسيه .فبإستخدام طريقة البلـمرة
المستحثه بالمذيب العضوى للبالستيكات الحراريه ،التى تتكون من عديد الكاربونات ،قد تم تخليق سطح غير مستوى .والمذيب
العضوى الذى تم إستخدامه فى عملية البلمره هو األسـيتون .لقد تم استخـدام األسيتون فى حالتين فيزيائيتين ،األولى هى الحاله
السائله ،وقد تم إستخـدام تركيـزات مختلفه من األسيتون الســائل؛ أما الحاله الثانيه فهى الحـاله الغازيه ،وقد تم استخـدامها عند
درجتى حراره مختلفتـين .لقد تمت دراسـة تأثيـر التغـير فى الحاله الفيزيـائيه للمذيـب العضوى ،وتركيزات المذيـب العضـوى
السائـل ،والفترات الزمنيـه المستغرقـه فى معالجـة عديـد الكربـون باألسيتـون ،وأخيرا ً درجـات الحراره على أحجـام الكريـات
والفجوات المخلقه على سطح عديد الكاربونات نتيجة عملية البلمره .لتوصيف األسطح المعالجـه وإتمام دراسـة النتائج العديـده
والناشئه عن إستخدام طرق مختلفه فى عملية البلمره ،فقد تم استخدام تقنيات مختلفه وعديده فى التوصيف لرسـم صوره كامله
عن السطح الناشئ وللمساعده فى تحسين عوامل التجربه إلنتاج األسطح المرغوبه
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CHAPTER 1

THE INTRODUCTION
An approach is proposed to develop dry hydrophobic surfaces with optimal optical
properties. The work includes developing hierarchical superhydrophobic surfaces to
significantly improve the hydrophobicity as well as the transparency, of the solar panels
cover, thereby conserving cleaning water and reducing the operational costs. Novel
characterization methods are developed to comprehend these characteristics at nanoscale.

1.1. The effect of dust accumulation on the PV cell efficiency:

About 5% of the solar light is reflected at the interface between the photovoltaic
panel’s surface and the air owing to the refractive-index difference. During the period of
eight months from the date of the PV cells installation in the dessert, dust accumulation,
furthermore, was found to reduce the efficiency of the cells’ efficiency by 36% due to the
surface-transmittance drop. This efficiency reduction extends to be by about 72% after 15
years of exposure to the dusty, dry environment of the dessert [1]. Thereby, for the PV
panels, installed in dry environments, the dust particles should not stick over the surfaces
of the cells. This may be achievable by texturing the surface to have a nano-pattern in
order to mimic the lotus leaf phenomenon.
1

Figure1.1: A solar cells-field in Saudi Arabia dessert.

2

1.2. History of work:

Along the last decade, several studies have been performed in order to discuss the
different techniques which are used to design hydrophobic surfaces by controlling the
surface topography and chemistry [2]. In fact, the idea of developing hydrophobic
surfaces is inspired from nature. Lotus leaf has gained the main the focus of the scientists
who are interested in that field of research because its surface is rough and hydrophobic.
Several crop plants also have the same characteristics like the Lotus leave, for example,
Brassica, Alchemellia and Lupinus [3, 4].

3

Figure1.2: Alchemellia and Lupinus hydrophobic leaves
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1.3. Polycarbonates: properties and synthesis:

Polycarbonates are considered as an organic polymeric material with two subclasses,
aliphatic and aromatic. The bisphenol A [2,2-bis(p-hydroxyphenyl) propane]-based
polycarbonates has interesting characteristics like high toughness, high transparency,
high heat capability, low water absorbability, low synthesis cost and ease of decoration;
therefore, industrially, they are considered the most important polymers. Synthesis of
polycarbonates

includes

four

different

methods:

i)

Interfacial

synthesis,

Transesterification, iii) Oxidative carboxylation and iv) Synthesis using CO2 [5].

Figure1.3: General chemical structure of
polycarbonate [5].
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ii)

1.4. Crystallization process of Polycarbonates:

The interaction between the polycarbonate and acetone is utilized so as to texture the
polycarbonate surface and form a hierarchical structure [6]. This is a crystallization
reaction, where physical changes occur at the surface of the polycarbonate due to the
phase-phase interaction between the polycarbonate surface and the acetone. This physical
change leads to creating the hierarchical surface pattern with a certain roughness. The
semi-crystalline polymers have higher chemical resistance, while amorphous polymers
have a lower one. One more characteristic for the amorphous polymers is the high chain
mobility which induces its crystallization [7]. The crystallization of polycarbonates is a
very slow process [7, 8]. Polymer crystallization process can be induced either thermally
or by using organic or inorganic solvents [9, 10]. Liang et al. [11] used diallylorthophtalate as a solvent to induce the polycarbonate crystallization process, in the
presence of plasticizers. Turska et al. [12] treated the polycarbonate samples thermally,
by heating till 190oC for about seven days, in order to get a low degree of crystallization,
which is 23% on average. Scientists found that the best organic solvent which can induce
the polycarbonate crystallization process efficiently is the acetone [13, 14].

6

A

B
A

C
A

Figure1.4: A: Chemical structures of Polycarbonate, B: Chemical structures of acetone, and C:
Schematic form of the hierarchical surface; D: diameter, H: height and P: pitch of the circular
spherules; h: height and d: diameter of the pyramidal nano-asperities [6].
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1.5. The proposed experimental work:

The proposed work involves designing and creating new textured surfaces which,
mainly, possess the high transparency. With these two challenging characteristics, these
types of surfaces can be utilized in many applications; the most important application,
which we are concerned with, the photovoltaic panels in desert areas. The approach
includes texturing polycarbonate surfaces with a suitable solvent, acetone via the solventinduced crystallization mechanism. Hierarchical structure appears at the polycarbonate
sheet’s surface due to the crystallization process, caused by the treatment with the organic
solvent. The exposure of the polycarbonate surface to the solvent can be performed by
either treating the sheet with the liquid solvent or allowing the solvent in its vapor state to
condense and diffuse through the sheet's surface layers. Promising data are expected,
which allow choosing the most suitable technique for being used as a surface for the solar
panels in the dry environments.

8

CHAPTER 2

THE LITERATURE REVIEW

2.1. Fabrication methods and technologies of superhydrophobic
rough surfaces:

The designation of a superhydrophobic surface requires the generation of a rough and
low-energy surface. The critical problem of increasing roughness is the light reflectance
from the rough-surface and, as a consequence, the decrease of the rough-surface lighttransmittance; therefore controlling the surface roughing process should be taken into
consideration [15]. Several types of superhydrophobic rough surfaces can be designed by
many techniques; every technique has its own characteristics, advantages and
disadvantages [16]:
i) Photolithography: it is highly controlled and favored in academic studies (to study
the effect of varying r and φs values), however it is very expensive.
ii) Colloidal micro- and nano-particles: these types of particles accumulate by selfassembly, can pattern wide surface-areas with multiple scales and the deposition
process is controllable.
9

iii) Template method: A rough surface can be utilized as a negative template and filled
up with a material in the liquid state, waiting for its hardening and getting it out. The
method is simple and the template can be used for several runs.
iv) Etching: Several methods of etching, for example, acid, laser or plasma etching, are
investigated to create textured surfaces.

2.2. Different methods of self-cleaning:

For the self-cleaning surfaces, scientists are spending significant efforts to design an
optimized surface, which repels dust particles. In literature, a variety of methods for
performing such a task are reported [17]:
i) Superhydrophilic surfaces: Over this surface, water droplet flattens, diffuses and
rinses the accumulated dust. These surfaces are non-favorable for the solar cells
because of the lack of rains in the desert and this method requires the utilization of
large amounts of water.
ii) Superhydrophobic surfaces: Over this surface, water droplet, instead, rolls off and
holds the accumulated dust with it. These surfaces are favorable in rainless areas.
iii) Electrostatic removal of dust: This is a relatively more complex method, in which
electrodes are used to charge the dust particles that are present over the photovoltaic
cell surface, so a repulsion force is established between the dust and the solar panel.
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This technique is too difficult to be applied in the PV cells because they are exposed
to rains and humid atmospheres, as a result the electrodes can be damaged.

2.3. Enhancing the transmittance of the rough surfaces:

Bruynooghe et al. [18] have enhanced the light transmittance of the glass surface by
coating it with an antireflective material which uses the light destructive interference
phenomenon to reduce the percentage of the scattered light. The coated substrate can be
further coated with another coating material, which is hydrophobic (water repelling) and
oleophobic (oil repelling) for making it durable and has a self-cleaning property. This
top-layer coating includes MgF2 (expensive material) in order to make the surface nonreflective. They achieved a CA of 110° after coating with 0.14% reflectance at incident
angle of 78° in the spectral region 400-680 nm.
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Figure2.1: Scheme of the designed, coated AR, hydrophobic surface [18].
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2.4. Creating superhydrophobic and self-cleaning surfaces, using
different coating materials:

Nakajima et al. [15] have designed boehmite-TiO2 films, with varied TiO2
compositions, and a following (heptadecafluorodecyl) trimethoxysilane (FAS-17) coating
to be used as superhydrophobic coating materials. Both roughness and CA are studied
with different TiO2 wt% values. It was noticed that the roughness and CA increase with
increasing the TiO2 wt%. However, TiO2-based coatings are affected by UV light,
especially at higher TiO2 compositions, leading to hydrophobicity drop due to the
photocatalytic effect (strong oxidation power under UV light) of the TiO2.

13

Figure2.2: Schematic diagram of the superhydrophobic film synthesis mechanism[15]
.
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Ganbavle et al. [19] have used the sol-gel technique of a single step with a view to
design a hydrophobic, self-cleaning silica coating material over a glass surface. The
coating is tetraethoxysilane (TEOS) based with methyltrimethoxysilane (MTMS) as a coprecursor. The MTMS/TEOS ratio variation, by changing the MTMS concentration,
versus the hydrophobicity and self-cleaning property is studied; it was found that at the
ratio between 0.78-1.57, the water droplet sticks over the surface due to the Cassie
impregnated state, in which a water-film is formed on the pillars causing the strong
adhesion of the water droplet to the surface, this phenomenon is illustrated in figure 2.3.
While at the ratio of 7.84, the coating showed a CA of 135°, but with a reduced light
transmittance (80%). Lai et al. [20], also, designed TiO2-fluoroalkylsilane thin films,
using an electrophoretic deposition method, demonstrating both superhydrophobicity and
good transparency. By Stober method, Chen et al. [21] grew hollow-silica particles over
carbon cores, using Chemical Vapor Deposition (CVD), in order to synthesize a
superhydrophobic coating. The achieved a CA is 152° with transmittance of 90%, after
one coating cycle, and 75%, after five coating cycles.
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Figure2.3: A: surface with ratio = 1.57 (Cassieimpregnated state), B: surface with ratio = 7.84 [19]
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Figure2.4: A: Scheme for the preparation method. B: hollow silica particles [21].
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2.5. Dust Mitigation Approaches:

One of the effective ways to reduce dust accumulation effect on the performance of
PV modules is creating micro/nano textured surfaces with low adhesion and non-wetting
properties .Such surfaces are called hydrophobic surfaces. It can enhance the cleaning
efficiency and reduce the frequency of cleaning, hence less water usage. The chemistry
and morphology of such surfaces can reduce adhesion forces between the particles and
the surface, make high contact angle between water droplets and the surface, prevents
water droplets sticking and promote its mobility along the surface. Hence, light air
blowing or small amount of water would be enough to clean the surface. The wetting
behavior of the surface is described by contact angle and contact angle hysteresis which
mainly depend on surface morphologies and chemistry.

2.6. Wetting on Surface:

Wetting is one of the surface properties. It describes the behavior of deposited liquid
droplets on a surface [22]. Wetting is characterized by contact angle between liquid
droplets and a surface. Young [23] introduced equation (2.1) which relates liquid drops
contact angle on homogenous and smooth surface with the specific interfacial energies of
solid-gas, solid-liquid and liquid-gas.
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Based on equation (2.1), it can be concluded that the solid-air interfacial energy is the
key factor that determines surface wetting properties. In other words, decreasing the
surface energy (i.e. solid-air energy) leads to enhance the surface hydrophobicity.
Another fundamental process to enhance the hydrophobicity is the surface texturing.
According to Wenzel relation [24], increasing the roughness of hydrophobic surface
tends to improve its non-wetting properties and vice versa. The following Wenzel
equation relates contact angle with surface roughness [24]:

, where θRough is the contact angle of a rough surface, θFlat is the contact angle of a flat
surface, and r is the roughness factor of the rough surface. The roughness factor is
defined as the ratio of the total surface area of the rough surface to the projected area of
the rough surface [25].
Cassie Baxter assumes that liquid droplet do not completely wet the surface texture
due to the presence of trapped air between posts of the surface texture. Consequently, the
surface has two interfaces, solid-liquid and air-liquid as shown in figure 2.5 and
described in the following relation [26]:
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, where

and

are the fractions of solid and air contacting the liquid. The contact

angle between air and water equals 180゜. Based on equation (2.3), solid fraction is the
key parameter that can control the wetting properties of the surface.
The substitution of equations (2.2) into (2.3) leads to introducing a definition of
critical contact angle given by [27]:

Equation (2.4) indicates that liquid contact angle on a flat surface is more than the
critical angle; the liquid tends to partially wet the surface (i.e. Cassie Baxter). Otherwise
the surface is completely wetted as shown in (i.e. Wenzel state).
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Figure2.5: A: Water contact angle on hydrophobic and hydrophilic surfaces, and B: Wenzel and
Cassie Baxter wetting states [26].
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2.7. Contact Angle Hysteresis:

Contact angle hysteresis (CAH) determines the sliding and rolling properties of liquid
droplets along the surface. It is a type of dynamic contact angles. When inflating a
droplet, there is a threshold value of contact angle beyond which the line of contact start
move (i.e. increase in area of contact) which is implied with advancing angle. Likewise,
when deflating a droplet, there is as a threshold value of contact angle beyond which the
line of contact start move (i.e. decrease in area of contact) which is implied with receding
angle [22]. CAH equals the difference between advancing and receding contact angles.
CAH depends on the type of deposited liquid [28], surface texture posts spaces and
morphologies[29-32] and the type of impregnated liquid in case of lubricant impregnated
surfaces [33, 34].
Hydrophobic surfaces can be categorized into two categories based on the type of
fluid being trapped between the posts of surface texture: dry hydrophobic surface which
traps air inside its textures, and wet hydrophobic where the spaces between the texture
posts are filled with lubricant.

2.8. Dry Hydrophobic Surface:

Mimicking the morphologies of natural superhydrophobic surface like the lotus leaf
structure is the first step to come up with hydrophobicity properties. Template-based
22

techniques, plasma treatment, self-assembly and self-organization, chemical deposition,
layer-by-layer

(LBL)

deposition,

colloidal

assembly,

phase

separation

and

electrospinning are some of the main methods to develop hydrophobic surfaces [35-37].
A number of studies on developing self-cleaning solar module glass cover surface with
high optical properties are reported in the literature. Park et al. [38] developed
superhydrophobic surface with contact angle higher than 150° and a hysteresis of lower
than 20° by fabricating an ordered microshell array on transparent and flexible
polydimethylsiloxane (PDMS) elastomer surface without a need to a low surface energy
chemical coating. Verma et al. [1] created superhydrophilic nano-structured glass with
contact angle less than 5° by deposition of thin film of nickel on glass substrates,
followed by annealing to create nickel nanoparticles. Their result showed an
improvement in the solar cell performance, since net optical transmission increased and
the surface is proven to be self-cleaning. Hee et al. [39] using a simple method deposited
different thicknesses of TiO2 film on glass surface. They observed that dust accumulation
is decreased due to the deposition effect and this effect became more significant when
increasing the film thickness.
However, such dry hydrophobic surfaces do have their limitations for example. It
cannot sustain high impact pressure. During the vapor condensation, surface loses its
non-wetting properties. In addition micro-textures can enhance the light reflection.
Lubricant impregnated surfaces do overcome limitations. In addition, wet hydrophobic
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surface exhibit extremely low contact angle hysteresis thus provides better self-cleaning
and slippery properties.

2.9. Wet Hydrophobic Surfaces:

Texturing the hydrophobic surfaces enhances the non-wetting properties by
increasing the surface geometry while the trapped air between the surface texture posts
leads to a superhydrophobic behavior, because the droplets sit partially on air [32].
However, there is a challenge in keeping the air pockets stable between the texture posts.
But in case of humid conditions like KSA environment, the air pockets can collapse due
to dew condensation or evaporation. This occurs at a nanoscale throughout the texture
and in turn leads to a highly wetted textured surface [32]. Such effect drew the attention
to develop non-wetting surfaces with self-healing properties are maintained by creating
pockets of liquid instead of air by impregnating the texture with lubricant. The lubricant
is stabilized by capillary wicking arises from the Micro or Nano texture [34]. Lui et al.
[40] fabricated lubricant-impregnated surfaces (LIS) by filling organogel-based film on
substrate with oil. The surface showed low contact angle hysteresis and self-cleaning
efficiency. Wong et al. [28] prepared LIS through impregnating ordered epoxy-resinbased nanostructured surfaces and a random network of Teflon nano fibrous membranes
with lubricant perfluorinated fluids. It has been showed that LIS has the ability to repel
different types of low and high surface tension liquids such as water, Glycerol, and
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Ethylene glycol. Furthermore, matching the refractive indexes of lubricant fluid and
substrate leads to render the micro-texture high transparent [28, 33]. Also, LIS
demonstrated self-healing properties .In case of any surface physical damage, the oil can
flow and fill cracks and retain its surface properties [28]. On the other hand, LIS can
sustain high drop impact pressure [28], reduce ice accretion [28, 41, 42] and enhances
condensation and heat transfer dissipation [43, 44].
The lowest total interface energy state of water droplet represents the
thermodynamics stable configuration. It depends on surface texture and impregnated
liquid properties such as viscosity, spreading coefficient and density [22]. Viscosity of oil
plays a role in droplet sliding angle and velocity. High viscous oil leads to reduce the
droplet rolling speed and increases the sliding angle [22, 40, 45]. On the other side, using
high viscous oil can enhance the shearing sustainability of the surface [43].

2.10. Polymer crystallization:

De Oliveira et al. [7] casted a bisphenol-A polycarbonate film, with different molar
mass, and exposed it to acetone vapor-saturated environment for one and two days. The
setup is not discussed in the published work. The study deduced that there is a direct
relationship between the polymer molar mass, the melting enthalpy, the size of the
formed spherules and the degree of crystallization. Liu et al. [46] studied the effect of
polycarbonate thickness on the acetone transport kinetics within the polymer sheets.
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Varanasi group [6, 47, 48] has used of liquid acetone-induced polycarbonate
crystallization to create superhydrophobic surfaces. They achieved a high contact angle
with low contact angle hysteresis between the textured, crystallized polycarbonate
surface and a water droplet. They deduced that the polymeric nano-fibers, secondary
texture over the spherule, have a great effect on the surface hydrophobicity. However,
they did not study the effect of the texturing process on the surface transmittance. In
addition, their study has only focused on solid-liquid interface and they did not refer to
using the acetone in its vapor state.
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CHAPTER 3

THE THEORETICAL MODELS

3.1. Fundamental knowledge:

Surface tension (γLV); is defined as the force which is responsible for reducing the
free liquid’s surface area; the unit of this force is N m–1 or J m–2 [49]. Two forces affect
the status of the water droplet over the solid surface, i) gravitational force and ii) surface
tension. The volume of the droplet is the main factor, by which the effecting force is
deternined. For a water droplet present over a solid surface, interfacial tension forces γSL,
γSV and γLV are established, the status of the water droplet, either flattened over the surface
or remained as a sphere, depends upon the balance between these forces [3].

-where S: the power of spreading, γSL: the solid-liquid surface tension, γLV: the liquidvapor surface tension, and γSV: the solid-vapor surface tension.
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3.2. Young’s equation (for flat surfaces):

The hydrophobicity of a surface can be identified as the incapability of the surface to
interact with water, therefore leading to create a high contact angle, θ (i.e. the angle
between the surface and the tangent of the water droplet which is found over it) so as to
minimize the contact area between the droplet and the surface. In contrast, the
hydrophilic surface likes water; it makes a small contact angle, θ, with the water droplet
in order to maximize the contact area, thereby leading to droplet-flattening over the
surface. The surface is described as hydrophilic if γSV < γSL, the contact angle is lower
than 90°, while, the hydrophobic surface possesses a contact angle higher than 90° if γSV
> γSL [3].
For flat surfaces, there is a mathematical model which illustrates the behavior of a
water droplet on such surfaces. Young’s equation shows the relation of the three-phase
contact line between the droplet and the flat surface [23]:
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Figure3.1: Three-phase contact line diagram of a water droplet on a solid surface [23].
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3.3. Wenzel and Cassie-Baxter states (for rough surfaces):

However, not all the surfaces are flat, there are rough surfaces. The water droplet
behavior on the rough surface is totally different from the smooth one because, in this
case, surface texture plays a major role in i) the degree of the hydrophilicity or the
hydrophobicity of the surface and ii) the droplet mobility over the surface. In order to
identify the rough surface, basically, it is the surface that has a lower surface energy than
the corresponding flat surface of the same material. The energy of the rough surface is
lower because if a square with a certain area is taken from a flat surface of a certain
material and compared with another square with the same area, which is taken from a
rough surface of the same material, more surface area can be found in the rough square
because it is a three-dimensional one, while the flat square is only two-dimensional.
Two mathematical models are utilized to study the behavior of the water droplet on
the rough surface, Wenzel model and Cassie-Baxter model. In Wenzel model, upon the
landing of the water droplet over the rough surface, a water film is produced over the
texture because water replaces the trapped air and fills the air-pockets. According to this
case, the water droplet sticks over the surface and does not move, even under the effect of
the gravitational force. Wenzel’s formula can be formulated as in (Eqn. 3 & 4) [24]:
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, where θw: apparent contact angle (i.e. contact angle over the rough surface or Wenzel’s
contact angle), θ: actual contact angle (i.e. contact angle over the corresponding smooth
surface or Young’s contact angle) and r: roughness factor. This state is non-favorable
because it causes stickiness of the water droplet over the surface, so this is against the
idea of water droplet rolling which is favorable for self-cleaning surfaces.
In Cassie-Baxter state, there is no water film formation because there is no waterdiffusion in the air-pockets. However, instead, the water droplet still touches only the
tops of the surface-pillars, leaving the areas between them filled with air (Eqn. 5). In
Cassie-Baxter state, the droplet-curvature is smaller than the gaps due to the weight of the
droplet [3].
(

)

, where θcb: apparent contact angle (i.e. contact angle over the rough surface or Wenzel’s
contact angle), θ: actual contact angle (i.e. contact angle over the corresponding smooth
surface or Young’s contact angle), fs: the total area of the liquid-air interface [26].

31

Figure3.2: A & B: diagrams illustrate the flat surface and a cross-section in it, and C & D:
diagrams illustrate the rough surface and a cross section in it. From the diagrams, you can see
that the rough square has a higher surface area, so a lower surface energy, than the flat square.
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3.4. The effect of the chemical treatment and the roughness on
the surface hydrophobicity:

The roughness cannot alter the nature of the surface, in other words, it cannot
transform the hydrophobic surface to be a hydrophilic one or vice versa. The chemical
structure and the terminal groups at the materials’ surfaces are the only factors that
control if the material is hydrophobic or hydrophilic. The chemical composition or
treatment of the surfaces, by coating, etching … etc., can only increase the contact angle
over the smooth, hydrophobic surfaces up to 120°, while for the smooth, hydrophilic
surfaces, chemical treatment cannot reach a contact angle of 5°. The purpose of texturing
the surface is to increase its hydrophobicity or hydrophilicity [50]. Thereby for the
hydrophobic and rough surface, the contact angle can reach more than 160° and, in this
case, the surface is called superhydrophobic, whereas for the hydrophilic rough surface,
the contact angle can reach less than 5° and the surface is known as superhydrophilic
surface. The contact angles for both the superhydrophobic and the superhydrophilic
surfaces are apparent angles, and they are referred back to Cassie-Baxter (θcb) and
Wenzel (θw) states, respectively [51].
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Figure3.3: A: Wenzel state, or commonly known as Wenzel impregnated state. The water
replaced the air in the gaps and the water droplet flattened, forming an acute angle between its
tangent and the surface. B: Cassie-Baxter state. The water droplet is in a semi-sphere shape,
forming an obtuse angle between its tangent and the surface.
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3.5. Classification of rough surfaces:

Designation of rough surfaces can result in three forms of the surface texture: i)
regular, ii) hierarchical and iii) random textured surface. For the regular rough surfaces,
the etching can be done by using photolithography; and this type has a single-scaled
roughness; and it is helpful in investigating the droplet behavior over the rough surfaces.
The hierarchical rough surfaces, designed by chemical etching, possesses complex
structure, include roughness are of two-scales. However, the random rough surfaces,
fabricated by plasma-etching, are of multiple-scaled roughness [52].

3.6. Self-cleaning surfaces:

Acquiring the self-cleaning property is one of the surface characteristics that are
favorable to be present. The self-cleaning feature requires uniformed, smooth mobility of
the water droplet over the hydrophobic surface. The regular rolling of the water droplet
over the hydrophobic surface allows the removal of the accumulated dust particles and
contaminants, like in the Lotus leave. The degree of easiness and smoothness, in which
the water droplet can move over the hydrophobic surface can be measured by measuring
i) the advancing contact angle (i.e. the contact angle at the front of the moving water
droplet, θA; at this point, the volume of the water droplet increases with its motion) and
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ii) the receding contact angle (i.e. the contact angle at the back of the moving water
droplet, θB; at this point, the volume of the water droplet shrinks with its motion).
The difference between the advancing and receding contact angles results in a new
term, called contact angle hysteresis, θh, which is a measurement of the surface
homogeneity (Eqn. 6). Both, the advancing and receding contact angles are measured at a
surface-tilt angle of 1° to 30°, for example.

Three cases can be found in the values of the contact angle hysteresis: i) zero or
approaching zero value; in this case, the surface is homogeneous and the water droplet
rolls smoothly over it, ii) positive value; in this case, the surface is heterogeneous and the
water droplet rolls slowly or slides over it and iii) negative value; in this case the water
droplet sticks over the surface.
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Figure3.4: A: Uniformed (contact angle hysteresis =
zero), B: Non-uniformed (hysteresis contact angle =
positive value) and C: Non-uniformed (contact angle
hysteresis = negative value) water droplet movement
over the rough hydrophobic surface.
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CHAPTER 4

THE EXPERIMENTAL WORK

4.1. Introduction:

The performed experiments included the usage of various lab tools and
characterizing techniques. The tools helped in handling the chemicals safely and
accurately in a simple way in order to perform the different experiments smoothly, with
a high reproducibility. The characterizing techniques allowed the group to study the
outcomes of the experiments; so that, a well-studied decisions and, as a result, a
scientifically arranged steps are taken during the development of the work. This chapter
includes the recitation of all the used tools, instruments and techniques within the
experiments. This part of the thesis, also, exposes to the various procedures and
protocols of the work in discuss.

4.2. The equipment:

The experimental work included the usage of 10 mL- and 25 mL-graduated cylinders,
50 mL-, 100 mL-, 150 mL- and 400 mL-beakers, a 250 mL-conical flask and rounded38

glass dishes for liquid chemicals handling. Distilled water is used for the glassware
washing and cleaning purposes. Deionized water is utilized for dilution purposes. For
drying purposes, an air pump is investigated. Polycarbonates sheets, of thickness 1.6 mm
and produced by Bayer Company, were obtained from Sheffield Plastics (Sheffield, MA).
Liquid acetone, from Sigma Aldrich with boiling point 56oC and molecular weight 58.08,
is investigated.
Several characterization techniques are used in order to study the different effects of
changing the experimental parameters within the investigated work on the chemical and
physical properties of the textured surfaces. A balance is utilized to follow up the rate of
acetone vaporization from the polycarbonate sheet after the treatment process by taking
the weight change with time. An optical microscope is used for a first-phase study of the
different textured surfaces. Atomic Force Microscope (AFM) - Molecular imaging,
PicoSPM LE 5100, Agilent technologies – used to determine surface topography, and
roughness profile Fourier-Transform Infrared (FTIR), model 6700 from Thermo Electron
Corporation, was utilized in the identification of different functional groups that are
present on the surface before and after the texturing process. UV-Vis spectrophotometer,
Lambda EZ 210 from PerkinElmer Company, is utilized to measure the transmittance of
the polycarbonate sheet before and after the patterning process. A Goniometer is used to
determine the degree of both the hydrophilicity and the hydrophobicity of the surface by
measuring the static contact angles between a deionized water droplet (of 0.4-5µL
volume) and the surface.
39

4.3. Experimental procedures:

This study includes two main branches, which are: i) The Solid-liquid interface
method for polycarbonate surface crystallization and ii) The Solid-vapor interface method
for polycarbonate surface crystallization. In the former method, the acetone is used in its
liquid state, while, in the other one, the acetone is used in its vapor state. The solid-vapor
interface method was carried out under the following conditions: i) Vaporization of
acetone at 18oC, and ii) Vaporization of acetone at 33oC.

4.3.1. The solid-liquid interface method for polycarbonate surface
crystallization:

Polycarbonate sheets are immersed in liquid acetone. Two factors are varied during
the study: i) Acetone concentration, and ii) immersion duration.
Several concentrations of acetone were investigated, pure, 75% and 50% acetone.
When acetone was diluted by distilled water with different percentages, it is noticed that
there is a film formed, which covered the immersed polycarbonate sheet. This film acted
as a barrier which prevents the acetone molecules from reaching the polycarbonate
sheet’s surface, and this was deduced because polycarbonates sheets were treated with
distilled water-diluted acetone for hours without being textured. The distilled water
contains dissolved ions, these ions precipitates over the polycarbonate surface and
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forming a thin film, which can be easily mechanically removed; however the deionized
water is ions-free. So, deionized water is used for diluting the acetone liquid. The aim of
using the deionized water is to avoid the water-dissolved ions, in case of using either the
distilled or the tap water.
The immersion duration plays a key factor in the polycarbonate crystallization
process [6, 8]. Polycarbonate sheets are immersed in the liquid acetone for different
durations in order to study the effect of immersion duration on the surface texture.
Immersion durations are varied according to the concentration of the acetone liquid used.
Upon using pure liquid acetone, immersion durations were 1, 1.5, 2, 3, 4, 5 and 10 min.
For the 75% acetone liquid, immersion durations were 2, 4, 6, 8 and 10 min. However,
for 50% acetone liquid, immersion durations were 5, 10, 15, 20 and 25 min. The
immersion durations and liquid acetone concentrations were chosen for establishing a
regular study. The study took in consideration that due to the acetone dilution process, the
rate of the crystallization reaction decreased accordingly with decreasing the acetone
concentration; therefore, the immersion durations were increased with increasing the
deionized water/acetone ratio. Table 3.1 illustrates the varied parameters within the solidliquid interface method.
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Table4.1: The table illustrates the solid-liquid interface method’s parameters
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4.3.2. The solid-vapor interface method for polycarbonate surface
crystallization:

Polycarbonate sheets exposed to the acetone which is in its vapor state. Acetone is
readily vaporizable, i.e. it has both a low boiling point and a low molecular weight.
Therefore, acetone can convert from the liquid state to the vapor state in the ambient
temperature, i.e. the room temperature and atmospheric pressure. This phenomenon
allowed studying the effect of exposing the polycarbonate sheet’s surface to the acetone
vapor at i) 18oC, and ii) 33oC.
The treatment duration plays a key factor in the polycarbonate crystallization process
[6, 8]. The polycarbonate sheets are treated with pure acetone vapor for different
durations in order to study the effect of exposure duration on the surface texture. A
designed setup is used in order to expose the polycarbonate surface to the acetone vapor,
which evolves in down-up direction, figure 3.1. When the system temperature was 18oC,
the polycarbonate surface was exposed to acetone vapor for 5, 15, 20, 25 and 30 minutes.
However, when the system temperature was 33oC, two different vapor-outlets shapes
are chosen for the acetone vapor: i) 1 cm x 1cm squared out let, figure 3.2-A, and ii)
holed vapor-outlet, figure 3.2-B. The aim of using different vapor-outlets is trying to
control the surface patterning process, by using regularly-holed vapor-outlet with equalsized holes. At 33oC, polycarbonate surface exposed to acetone vapor, passing through a
1 cm x 1cm squared out let, for 1, 2, 3, 4, 6, 7, 8 and 9 minutes. However, for the setup
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with the holed vapor-outlet, treatment durations are 2, 4, 6, 8 and 10 min. The treatment
durations are chosen for establishing a regular study. Table 3.2 illustrates the varied
parameters within the solid-liquid interface method.
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Figure4.1: The designed setup for the liquid-vapor
interface method (lateral view).
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Table4.2: The tables illustrate the solid-vapor interface method’s
parameters
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Figure4.2: A: 1cm x 1cm-squared vapor-outlet. B: holed vapor-outlet
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CHAPTER 5

RESULTS
In this chapter, the data and outcomes of the characterization of the experimental
work are discussed. Atomic Force Microscope micrographs, surface profiles,
transmittance data, contact angle measurements, optical microscope images and FT-IR
data are presented. The discussions are provided in line with the resulted data under the
following sub-headings.
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5.1. Smooth, untreated Polycarbonate surface:

5.1.1. Atomic force microscope (AFM) micrographs:

5.1.1.1. Surface topography:

Several AFM scans are taken for different areas on the textured polycarbonate
surface, at different scales (500 nm, 1, 5, 10, 20 and 40 μm). The micrographs ascertain
the absence of any kind of texture over the surface of the polycarbonate sheet, figure 5.1A with a scanning scale of 40 μm. There is an elevation appears at the top-right of the
micrograph, this is due to the sample’s surface general morphology due to manufacturing
process. Figures 5.1-B to 5.1-F, at lower scales, further demonstrate the smoothness of
the surface.
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Figure5.1: A: 2D and 3D AFM micrographs at 40 μm scale. B: 2D and 3D AFM
micrographs at 20 μm scale. C: 2D and 3D AFM micrographs at 10 μm scale. D: 2D
and 3D AFM micrographs at 5 μm scale. E: 2D and 3D AFM micrographs at 1 μm
scale. F: 2D and 3D AFM micrographs at 500 nm scale.
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5.1.1.2. Texture profile micrographs:

A line profile is drawn on the AFM micrograph and shows the morphology of the
surface. It can be noticed that through the various scales, from 40 μm to 500 nm through
the figures from 5.2-A to 5.2-F, that the surface texture does not exceed 2.75 nm in
height. This indicates the degree of smoothness of the non-textured polycarbonate
surface.
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Figure5.2: A: AFM texture profile micrographs at 40 μm scale. B: AFM texture profile
micrographs at 20 μm scale. C: AFM texture profile micrographs at 10 μm scale. D:
AFM texture profile micrographs at 5 μm scale. E: AFM texture profile micrographs at 1
μm scale. F: AFM texture profile micrographs at 500 nm scale.
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5.1.2. Transmittance:

Bare polycarbonate sheets as received are scanned between 400 nm to 800 nm to
measure their transmittances. This study is focused on the visible spectrum; consequently
a transmittance is plotted versus the visible spectrum region, figure 5.3. The average
transmittance of the untreated polycarbonate glass in the visible area is 89.6%.
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Figure5.3: Visible spectrum of smooth, untreated polycarbonate glass.
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5.1.3. Contact angle measurements:

CA of the untreated polycarbonate surface is measured by dropping a deionized water
droplet over the surface and measured, using a goniometer. Different areas of the surface
are taken into consideration during the measurements. It is found that the average contact
angle is 84.3o; indicating the slight hydrophilicity of the smooth polycarbonate surface,
figure 5.4.
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Figure5.4: Contact angle of smooth, untreated polycarbonate surface.
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5.1.4. FT-IR spectra:

Fourier-transform Infrared technique is applied for determining the presence of
chemical groups, functional, side and terminal groups, within a certain chemical
compound through the detection of the different stretching and bending modes of the
bonds, present in these groups. A special tool is used to detect the chemical groups,
present on the surface of the smooth polycarbonate glass.
In figure 5.5, FT-IR spectrum of smooth, untreated polycarbonates surface is
illustrated. The study focuses on the wavelength at which the peak of carbonyl, C=O,
stretching mode appears. Before the exposure to acetone, the peak of carbonyl stretching
mode appears at 1764 cm-1, with absorbance value of 0.34. The peak of the phenyl
stretching mode appears at 1499 cm-1, with absorbance value of 0.25.
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Figure5.5: FTIR of smooth, untreated polycarbonate glass.

59

5.2. The solid-liquid interface, polycarbonate-liquid acetone:

Polycarbonate sheets are immersed in liquid acetone of different concentrations (pure
acetone, 75% and 50% acetone) for different durations. In this arrangement, the effect of
the acetone concentration and the dipping duration on the developed texture is studied.
Texture profile micrographs, from Atomic Force Microscope, give detailed images which
illustrate the distances between the pillars within the textured surfaces. Roughness mean
square and roughness average values, from AFM, are the parameters which give insight
into the surface texture and provide information to enhance the hydrophobicity of the
surface. All the former characterizations flew in the direction of measuring the contact
angles of water droplets over the different textured surfaces as a tool for deducing the
surfaces hydrophobicities.
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5.2.1. Drying rate of the surface

After immersion in liquid acetone, the polycarbonate sheet is allowed to dry in the
ambient atmosphere. The drying step is of high importance, because the diffused acetone
through the layers of the sheet can evaporate, and during the evaporation process,
crystallization of polycarbonate surface occurs. The crystallization process is the base of
forming the surface texture and structure. In the current work, the rate of drying at the
extracted polycarbonate sheet from the acetone medium is measured as the immersed
sheet represents mass loss over time appears to be 15 min. The drying curve is smooth,
indicating a uniformed evaporation of the acetone from the surface, figure 5.6. During the
first minute of the drying period, ~7.6 mg/min of acetone evaporates; then, the rate of
acetone evaporation decreases down to 5 mg/min during the following next 3 minutes;
and finally, from the 5th to the 15th minutes the evaporation rate decreases from being 2.9
mg/min down to 0.8 mg/min.
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Figure5.6: Drying rate curve of a polycarbonate sample, after immersion in pure liquid
acetone.
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5.2.2. Atomic force microscope (AFM) micrographs for a textured
polycarbonate glass sample, immersed in liquid acetone for 10 minutes:
5.2.2.1. Surface topography micrographs:
Several AFM scans are taken for different areas on the textured polycarbonate glass
surface, at different scales (500 nm, 1, 5, 10, 20 and 40 μm). The micrographs illustrate
clearly the appearance of a new surface texture after the immersion process. In figure 5.7A, with a scanning scale of 40 μm, large spherules appear over the surface after
immersing the sample for 10 minutes. The average size of the spherules, appearing in the
figure, is nearly 12 μm in width. The lines appearing as tails to the spherules are present
due to AFM-tip slipping during the scanning process. In figure 5.7-B and at a scale of
about 20 μm, the spherule appears more obviously and it can be noticed that the middle
spherule is about 10 μm in width. By zooming in and reducing the scanning scale, the
surface of the spherule shows more details. Figure 5.7-C illustrates that there is texture
over the spherule’s surface, which is clear also in the three-dimensional micrograph. At
lower scales, the surface of the spherule becomes more obvious and the texture over it
can be obviously detected. It can be noticed that the surface of the spherule is not
homogenous, in other words, the spherule’s surface becomes hilly, this hilly surface is
full of a grass-like texture one, and this can be inferred from the three-dimensional
micrograph, figure 5.7-D. In both figures 5.7-E and 5.7-F, the scales are 1 μm and about
500 nm, respectively.
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Figure5.7: 2D and 3D AFM micrographs at: A: 40 μm scale. B: 20 μm scale. C: 10 μm
scale. D: 5 μm scale. E: 1 μm scale. F: 500 nm scale, for a textured polycarbonate
surface by immersion in pure liquid acetone for 10 minutes.
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5.2.2.2. Texture profile micrographs:

The study involves investigating the topology of the textured surface by using surface
profile micrographs from AFM in order to follow up the effect of acetone on the
polycarbonate surface. It is obvious that through the various scales, from 40 μm to 500
nm, that the surface texture height is in the range of 1.75 μm. In figure 5.8-A, the height
of the spherules can be measured, it is about 1.8 μm. The width of the middle spherule is
about 13 μm. Figure 5.8-B illustrates a single and small spherule of 600 nm in height and
nearly 12 μm in width. The texture over the spherule is shown in the figure. For further
examination of the surface of the spherule, scanning scale is reduced and the texture over
the spherule’s surface starts to appear in figure 5.8-C. In figure 5.8-D, a distinctive profile
micrograph of the single spherule appears. The spherule contains three small elevations
over its surface, each elevation is textured. This promotes the observation of the hilly
surface and the grass-like hills, which is pointed out within the description of figure 5.7D. In figure 5.8-E, the elevation (hilly surface) appears clearly, including the texture
(noise-like) over its surface. The width of the hill is 1 μm and its height is 100 nm. For
further investigation to the texture, the scanning scale is reduced down to 500 nm, figure
5.8-F. In this figure, the texture (noise-like) is very apparent; it’s regular in height, which
is about 48 nm in average. The average width of the texture is about 25 nm.
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Figure5.8: AFM texture profile micrographs at: A: 40 μm scale. B: 20 μm scale. C: 10
μm scale. D: 5 μm scale. E: 1 μm scale. F: 500 nm scale, for a textured polycarbonate
surface by immersion in pure liquid acetone for 10 minutes.
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5.2.3. Transmittance:

Textured, rough polycarbonate sheets, due to immersion in liquid acetone, exposed to
a spectrum, starting from 400 nm to 800 nm to measure their transmittance values. The
research’s focus is on the visible spectrum, so the transmittance is plotted versus the
visible spectrum region (400 nm to 800 nm). The transmittance values of the different
samples under investigation are examined by placing each sample, alone and vertically to
cut the light path from the light source to the detector inside the chamber of UV-Vis
spectrophotometer. The instrument is set to give readings every 4 nm, with medium scan
speed and scanning rate of 100 nm/ min.
In figure 5.9-A, the sample, denoted i1, is immersed in pure liquid acetone for 1 min.
The average transmittance in the visible region is 7.24%. In figure 5.9-B, the sample i2 is
immersed in pure liquid acetone for 2 min. The average transmittance of this sample is
4.97%. In figure 5.9-C, the sample i3 is immersed in pure liquid acetone for 3 min. The
average transmittance of this sample is 3.85%. The sample i4, figure 5.9-D, is immersed
in pure liquid acetone for 4 min. The average transmittance of this sample is 3.56%. The
sample i5, figure 5.9-E, is immersed in pure liquid acetone for 5 min. The average
transmittance of this sample is 4.73%. The sample i6, figure 5.9-F, is immersed in pure
liquid acetone for 10 min. The average transmittance of this sample is 0.85%.
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Figure5.9: Visible spectrum of a textured polycarbonate sample by immersion in pure
liquid acetone for: A: 1 minute. B: 2 minutes. C: 3 minutes. D: 4 minutes. E: 5 minutes.
F: 10 minutes.
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Figure 5.10 shows all the transmittance curves for the 6 samples. The descending
arrangement of the samples according to immersion duration is i6 > i5 > i4 > i3 > i2 > i1.
The descending arrangement of the transmittance values for the samples are i1 > i2 > i3 >
i4 > i5 > i6. It can be inferred that the transmittance value is inversely proportional to the
immersion duration. Hence, by increasing the immersion duration, at a fixed acetone
concentration, the transmittance of the patterned surface decreases. Figure 5.11 illustrates
the relation between the immersion duration and the average transmittance of each
sample.
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Figure5.10: Visible spectra of all the textured polycarbonate by immersion in pure liquid
acetone for different durations.
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Figure5.11: The effect of the immersion duration of polycarbonate in acetone on the
average transmittance value.
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In figure 5.12-A, the sample, denoted i9, is immersed in 75% liquid acetone (with
25% deionized water) for 6 minutes. The average transmittance in the visible region is
57.77%. In figure 5.12-B, the sample i10 is immersed in 75% liquid acetone for 8
minutes. The average transmittance of this sample is 58.97%. In figure 5.11-C, the
sample i11 immersed in 75% liquid acetone for 10 minutes. The average transmittance of
this sample is 16.84%.
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Figure5.12: Visible spectrum of a textured polycarbonate sample by immersion in pure
liquid acetone for: A: 1 minute. B: 2 minutes. C: 3 minutes.
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Figure 5.13 includes all the transmittance curves for the 3 samples. The descending
arrangement of the samples according to immersion duration is i11 > i10 > i9. The
descending arrangement of the transmittance values for the samples are i9 > i10 > i11.
This further proves that the transmittance value is inversely proportional to the immersion
duration. Figure 5.14 illustrates the relation between the immersion duration and the
average transmittance of each sample. Furthermore, a comparison can be made
polycarbonate sheet in pure liquid acetone for 10 min, 0.85%, and that immersed in 75%
liquid acetone for 10 min, 16.84%. Therefore, it’s clear that there is an inverse
proportionality between the acetone concentration and the transmittance value, so by
increasing the acetone concentration, at constant immersion duration, the transmittance of
the textured surface decreases.
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Figure5.13: Visible spectra of all the textured polycarbonate by immersion in pure liquid
acetone for different durations.
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Figure5.14: The effect of the immersion duration of polycarbonate in liquid acetone on
the average transmittance value.
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5.2.4. Contact angle measurements:

CA of the patterned polycarbonate surface is measured by dropping a deionized water
droplet over the textured surface and measured by using the goniometer’s camera.
Different areas of the surface are taken in to consideration during the measurements.
Immersion of polycarbonate sheet in pure liquid acetone for a period of one minute,
denoted as i1, the contact angles of the three different areas over the surface are 107.9,
108.2 and 100.6o, figures 5.15-A, B and C, respectively. The average contact angle for
this sample is 105.57o. For the i2 sample, immersed for a period of two minutes, the
contact angles of the three different areas over the surface are 141.8, 140.9 and 114.4o,
figures 5.15-D, E and F, respectively. The average contact angle for this sample is
132.37o. For the i3 sample, immersed for three minutes, the contact angles of the three
different areas over the surface are 141.1, 139.9 and 139.0o, figures 5.15-G, H and I,
respectively. The average contact angle for this sample is 139.90o. For the i4 sample,
immersed for four minutes, the contact angles of the three different areas over the surface
are 133.8, 134.7 and 134.1o, figures 5.15-J, K and L, respectively. The average contact
angle for this sample is 134.20o. For the i5 sample, immersed for five minutes, the contact
angles of the three different areas over the surface are 138.0, 144.1 and 138.0o, figures
5.15-M, N and O, respectively. The average contact angle for this sample is 140.03o. For
the i6 sample, immersed for ten minutes, the contact angles of the three different areas
over the surface are 138.3, 137.3 and 130.7o, figures 5.15-P, Q and R, respectively. The
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average contact angle for this sample is 135.57o. Table 5.2 summarizes the immersion
durations in minutes, the contact angle values of all the areas for all the samples and their
average values per single sample. Figure 5.15 illustrates the values of the contact angles
of the immersed, textured polycarbonate samples, the photos are taken by the
goniometer’s camera.
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Table5.1: It illustrates the sample name, duration of immersion in liquid acetone, CA of
each area over the same sample’s surface and the average CA value for each sample.
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Figure5.15: CA of a textured polycarbonate sample by immersion in pure liquid acetone
for: A, B & C: 1 minute. D, E & F: 2 minutes. G, H & I: 3 minutes. J, K & L: 4 minutes.
M, N & O: 5 minutes. P, Q & R: 10 minutes.
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From the tabulated data, interesting observations can be made. First, by increasing the
immersion duration of the polycarbonate sample in the acetone, the contact angle
increases. Second, a large jump in contact angle is observed, between the pure liquid
acetone immersed sample for one min with an average contact angle of 105.57o, and that
immersed in liquid acetone for two min and has an average contact angle of 132.37o (the
difference between the two values is about 27o). The average values of the contact angles
of the remaining sample, immersed in pure liquid acetone for 3, 4, 5 and 10 minutes,
fluctuate between 132.2o to 140.03o. Figure 5.16 illustrates the relationship between the
duration of polycarbonate surface immersed in liquid acetone and the resulting, apparent
contact angle. Finally, for the samples i1 and i2, it can be noted that each sample
exhibited a relatively low contact angle. It can be observed visually that, the samples i1
and i2 have longitudinal lines after removing it out of the acetone liquid and drying it in
the air. One of these lines has a bright white color, while the other has a pale white color
and they are present alternatively. The contact angles at the two lines are examined; it is
found that the bright white line has the higher contact angle; however, the pale white
color has the lower contact angle. This is related to that the rate of the crystallization
process is not homogenous over surface, so some areas are crystallized more than the
others. These line structures maybe due to i) industrial processing and/or ii) the adhesive
material used between the polycarbonate surface and the cover which maybe not
homogenously spread. These lines disappeared in the rest of the sample and the contact
angle values over the surface are nearly unified and that may be related to the extended
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duration of immersion of the polycarbonate surface with the liquid acetone, so all the
areas over the polycarbonate surface reached a maximum crystallization.
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Figure5.16: The effect of the immersion duration of polycarbonate in liquid
acetone on the CA.
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Polycarbonate samples that are immersed in 75% liquid acetone, for the sample i9,
and immersed in 75% liquid acetone for 6 min, the contact angles of three different areas
over the surface are 80.4, 83.1 and 84.8o, figures 5.17-A, B and C respectively. The
average contact angle for this sample is 82.77o. For the i10 sample, immersed for eight
minutes, the contact angles of three different areas over the surface are 83.1, 82.6 and
83.6o, figures 5.17-D, E and F, respectively. The average contact angle for this sample is
83.10o. For the i11 sample, immersed for ten minutes, the contact angles of three different
areas over the surface are 89.70, 91.70 and 87.60o, figures 5.17-G, H and I, respectively.
The average contact angle for this sample is 89.67o. Table 5.3 summarizes the immersion
durations in minutes, the contact angle values of all the areas for all of the samples and
their average values per single sample. Figure 5.17 illustrates the values of the contact
angles of the immersed, textured polycarbonate samples, the photos are taken by the
goniometer’s camera.
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Table5.2: It illustrates the sample name, duration of immersion in liquid acetone, CA of each area
over the same sample’s surface and the average CA value for each sample.
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Figure5.17: CA of a textured polycarbonate sample by immersion in 75% liquid acetone
for: A, B & C: 6 minute. D, E & F: 8 minutes. G, H & I: 10 minutes.
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The tabulated data further proves that the texture generated at different immersion
durations of polycarbonate sheet with the liquid acetone is directly proportional to the
resulting contact angle. Besides that, there is a significant increase of the contact angle
values of the samples i10, with an average contact angle of 83.10o, and the sample i11
which has an average contact angle of 93.1o. Figure 5.18 illustrates the relationship
between the polycarbonate surface immersion duration in liquid acetone and the resulted,
resulting, apparent contact angle. By comparing the contact angle values of the
polycarbonate sheet which is immersed in pure liquid acetone for 10 min, i6 of average
contact angle of 135.57o, and that which is immersed in 75% liquid acetone for the same
period, i11 of average contact angle of 93.10o, it can be found that the sample i6
possesses a far greater contact angle than the sample i11. Therefore, i6 is far more
hydrophobic than i11. From this comparison, it can be inferred that the concentration of
acetone is directly proportional to the hydrophobicity of the immersed sample.
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Figure5.18: The effect of the immersion duration of polycarbonate in acetone on the CA.
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5.2.5. Optical microscope images:

An optical microscope is used to examine the morphology of the immersed
polycarbonate surface. The first phase can be characterized and the shape and growth of
the generated spherules due to the crystallization process can be tracked by examining a
series of successive polycarbonate samples, immersed for successive durations in pure
liquid acetone. Furthermore, the gaps or the distances between the spherules, where the
crystallization process are absent to some extent, can be clearly viewed. The scale bar of
most of the images is 100 μm.
Figure 5.19-A shows the startup of the spherules formation on the polycarbonate
surface, in pure liquid acetone, for the sample i1, the spherules average width is about 10
μm. In the sample i2, the spherule’s size increased and its width reached about 20 μm,
figure 5.19-B. It can be noticed that some shallow heights started to appear within the
gaps between the aggregations of the spherules, indicating that there are spherules which
would grow through these areas. In the sample i3, figure 5.19-C, the spherules
aggregations increased and spherules covered the most of the imaged areas. Through the
sample i4, the spherules continue their growth and aggregations formation. It can be
noticed that there is a fusion occurs between the adjacent grown spherules, figure 5.19-D.
In sample i5, it’s clear that the fusion occurred between some of the spherules and there
are distinct lines separating those fused spherules. Furthermore, there are non-mature
spherules growths within the gaps between the aggregates of the fused, mature spherules.
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The non-mature spherules have also distinct lines separating between them, figure 5.19E. The image is clear in the sample i6, figure 5.19-F, in which the fused, mature
spherules can be well distinguished from the non-mature spherules, grow within the gaps.
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Figure5.19: Optical microscope image of a textured polycarbonate sample by immersion
in pure liquid acetone for: A: 1 minute. B: 2 minutes. C: 3 minutes. D: 4 minutes. E: 5
minutes. F: 10 minutes.
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5.2.6. FT-IR spectral analysis:

Fourier-transform Infrared technique is used for finding the presence of chemical
groups, functional, side and terminal groups, within a certain chemical compound
through the detection of the different stretching and bending modes of the bonds, present
in these groups. A special tool is used to detect the chemical groups, present on the
surface of the textured polycarbonate glass after the immersion process in liquid acetone.
In figure 5.20-A, FT-IR spectrum of textured polycarbonate surface, after immersion
in pure liquid acetone for 3 minutes, is illustrated. The study focuses on the wavelength at
which the peak of carbonyl, C=O, stretching mode appears. Before the exposure to
acetone, the peak of carbonyl stretching mode appears at 1762 cm-1, with absorbance
value of 0.16. The peak of the phenyl stretching mode appears at 1499 cm-1, with
absorbance value of 0.08.
In figure 5.20-B, FT-IR spectrum of textured polycarbonate surface, after immersion
in 75% liquid acetone for 6 minutes, is illustrated. The study focuses on the wavelength
at which the peak of carbonyl, C=O, stretching mode appears. Before the exposure to
acetone, the peak of carbonyl stretching mode appears at 1763 cm-1, with absorbance
value of 0.27. The peak of the phenyl stretching mode appears at 1499 cm-1, with an
absorbance value of 0.19.
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Figure5.20: A: FT-IR spectrum of a textured polycarbonate surface by immersion in
pure liquid acetone for 4 minutes. B: FT-IR spectrum of a textured polycarbonate
surface by immersion in 75% liquid acetone for 6 minutes.
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5.3. The solid-vapor interface, polycarbonate- acetone vapor:

Polycarbonate sheets are exposed to acetone vapor for different durations, using
different amounts of liquid acetone amounts, different distances between the
polycarbonate glass surface and the liquid acetone surface and with and without heating.
In this arrangement, the effect of the amount of acetone vapor, the distance between the
liquid phase and solid phase surfaces, heating and the exposure duration to the acetone
vapor on the developed texture is studied. Texture profile micrographs, from Atomic
Force Microscope, give detailed images illustrating the distances between the pillars
within the textured surfaces. Roughness mean square and roughness average values, from
AFM, are the parameters which give insight into the surface texture and provide
information to enhance the hydrophobicity of the surface. All the former
characterizations have enriched this study with information which aided in measuring the
contact angles of water droplets over the different textured surfaces as a tool for deducing
the surfaces hydrophobicity.
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5.3.1. Atomic force microscope (AFM) micrographs for a textured
polycarbonate glass sample, exposed to acetone vapor for 24 hours:

5.3.1.1. Surface topology micrographs:

Several AFM micrographs are scanned at different areas on the textured
polycarbonate glass surface, at different scales (500 nm, 1, 5, 10, 20 and 40 μm). The
micrographs show clearly that there is a texture over the surface of the polycarbonate
after exposure to the acetone vapor. In figure 5.21-A, with a scanning scale of 40 μm,
well-detailed spherules appear over the surface after the exposure of the smooth
polycarbonate sample to the acetone vapor. The average size of the spherules, appearing
in the figure, is nearly 8 μm in width. The lines appearing as tails to the spherules are
present due to AFM-tip slipping on sharp edges during the scanning process. In figure
5.21-B and at a scale of about 20 μm, the spherules appear more obviously and it can be
noticed that there are some spherules fused together in adjacent aggregates. By zooming
and reducing the scanning scale, the surface of the spherule appears with more details.
Figure 5.21-C illustrates that there is a texture over the spherule’s surface. The threedimensional micrograph shows clearly the presence and size of that texture. One of the
spherules appears to have a 1 μm width; another appears to have 2 μm width and two
relatively bigger spherules of about 6 μm in width. By further reduction of the scanning
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scale, the surface of the spherule becomes more obvious and the texture on top of it can
be easily detected. It can be noticed that the surface of the spherule is rough, in other
words, the spherule’s surface becomes hilly; this hilly surface is a grass-like one, and this
can be inferred from the three-dimensional micrograph, figure 5.21-D. In figure 5.21-E,
at a scanning scale of 1 μm, two fused-spherules and two separate spherules appear;
between them a relatively large gap is present, while between the two separate spherules,
there is a relatively small gap. The larger gap width is about 100 nm and the smaller gap
width is about 50 nm. For the figure 5.21-F, scanning scale of 500 nm, the noise-like
surface of the spherule appears clearly.
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Figure5.21: 2D and 3D AFM micrographs at: A: 40 μm scale. B: 20 μm scale. C: 10 μm
scale. D: 5 μm scale. E: 1 μm scale. F: 500 nm scale, for a textured polycarbonate
surface by exposure to pure acetone vapor for 24 hours.
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5.3.1.2. Texture profile micrographs:

This study involves investigating the structure of the textured surface in order to
follow up the effect of acetone vapor on the polycarbonate surface. It can be noticed that
at the various scales, from 40 μm to 500 nm, the surface texture does not exceed 450 nm
in height. This indicates the degree of roughness of the patterned polycarbonate surface.
In figure 5.22-A, the height of the spherules can be easily measured, it’s about 375 nm.
The width of the left spherule is about 13.5 μm. Figure 5.22-B illustrates a single and
small spherule of 425 nm in height and nearly 12 μm in width. The texture over the
spherule is evident in the figure. For further examination to the surface of the spherule,
scanning scale is reduced and so the texture over the spherule’s surface appears in more
details, in figure 5.22-C. In figure 5.22-D, a distinctive profile micrograph of a single
spherule’s surface appears. The spherule contains grass-like shapes over its surface; this
grass resembles the surface texture. In figure 5.22-E, the texture (noise-like) appears
clearly and it looks like adjacent spikes. The width of the single spike is about 80 nm and
its height is 37 nm. For further investigation the texture, the scanning scale is reduced
down to 500 nm, figure 5.22-F. In this figure, the sharp texture (grass-like) is obvious;
it’s homogenous in height to some extent.
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Figure5.22: AFM texture profile micrographs at: A: 40 μm scale. B: 20 μm scale. C: 10
μm scale. D: 5 μm scale. E: 1 μm scale. F: 500 nm scale, for a textured polycarbonate
surface by exposure to pure acetone vapor for 24 hours.
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5.3.2. Transmittance:

The Transmittance examination is performed to all the textured polycarbonate
surfaces by acetone vapor at 18oC and 33oC. The resulted data are discussed separately
according to the performed method.

5.3.2.1. Transmittance of the textured polycarbonate after exposure to acetone
vapor at 18oC, without heating:

Textured, rough polycarbonate sheets, due to exposure to acetone vapor, were
scanned in UV-Vis spectrophotometer model between 400 nm to 800 nm to measure the
transmittance. We are interested in the visible region. The transmittance values of the
different samples under investigation are examined by placing each sample vertically
perpendicular to the light path from the light source to the detector inside the chamber of
the UV-Vis spectrophotometer. The instrument is set to give readings every 4 nm, with
medium scan speed and scanning rate of 100 nm/ min. The untreated polycarbonate
sample is used as a reference.
In figure 5.23-A, the sample, denoted s1, is exposed to pure acetone vapor for five
min. The average transmittance in the visible region is 87.63%. In figure 5.23-B, the
sample s2 is exposed to pure acetone vapor for 15 min. The average transmittance of this
sample is 86.79%. In figure 5.23-C, the sample s4 is exposed to pure acetone vapor for
twenty min. The average transmittance of this sample is 88.43%. The sample s5, figure
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5.23-D, is exposed to pure acetone vapor for 25 min. The average transmittance of this
sample is 80.44%. The sample s3, figure 5.23-E, is exposed to pure acetone vapor for 30
min. The average transmittance of this sample is 69.42%.
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Figure5.23: Visible spectrum of a textured polycarbonate sample by exposure to pure
acetone vapor for: A: 5 minutes. B: 15 minutes. C: 20 minutes. D: 25 minutes. E: 30
minutes.
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Figure 5.24 includes all the transmittance curves for the 5 samples. The descending
arrangement of the samples according to exposure duration to the acetone vapor is s3 >
s5 > s4 > s2 > s1. The descending arrangement of the transmittance values for the
samples are s1 > s2 > s4 > s5 > s3. It can be inferred that the transmittance value is
inversely proportional to the exposure duration to acetone vapor. So that, by increasing
the exposure duration to the acetone vapor, at constant acetone concentration, the
transmittance of the patterned surface decreases. Figure 5.25 illustrates the relation
between the exposure duration to acetone vapor and the average transmittance of each
sample.
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Figure5.24: Visible spectra of all the textured polycarbonate by exposure to pure
acetone vapor for different durations.
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Figure5.25: Transmittance values of different polycarbonate samples.
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5.3.2.2. Transmittance of the textured polycarbonate after exposure to acetone
vapor at 33oC:

In figure 5.26-A, the sample, denoted c4, is exposed to pure acetone vapor for one
min at 18oC. The average transmittance in the visible region is 87.34%. In figure 5.26-B,
the sample c5 is exposed to pure acetone vapor with heating for two min. The average
transmittance of this sample is 73.55%. In figure 5.26-C, the sample c6 is exposed to pure
acetone vapor with heating for three min. The average transmittance of this sample is
63.64%. The sample c7, figure 5.26-D, is exposed to pure acetone vapor with heating for
four min. The average transmittance of this sample is 49.63%. The sample c8, figure
5.26-E, is exposed to pure acetone vapor with heating for six min. The average
transmittance of this sample is 51.46%. The sample c9, figure 5.26-F, is exposed to pure
acetone vapor with heating for seven min. The average transmittance of this sample is
43.80%. The sample c10, figure 5.26-G, is exposed to pure acetone vapor with heating
for 8 min. The average transmittance of this sample is 48.10%. The sample c11, figure
5.26-H, is exposed to pure acetone vapor with heating for 9 min. The average
transmittance of this sample is 45.70%.
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Figure5.26: Visible spectrum of a textured polycarbonate sample by exposure to pure
acetone vapor for: A: 1 minute. B: 2 minutes. C: 3 minutes. D: 4 minutes. E: 6 minutes.
F: 7 minutes. G: 8 minutes. H: 9 minutes.
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Figure 5.27 includes all the transmittance curves for the 8 samples. The descending
transmittance values of the samples according to exposure duration to the acetone vapor
are arranged as the following: c11 > c10 > c9 > c8 > c7 > c6 > c5 > c4. The descending
arrangement of the transmittance values for the samples are c4 > c5 > c6 > c8 > c7 > c10
> c11 > c9. It can be inferred that the transmittance value is inversely proportional to the
exposure duration to acetone vapor and the decrease in the transmittance is exponential.
So that, by increasing the exposure duration to the acetone vapor, at constant acetone
concentration, the transmittance of the patterned surface decreases exponentially. There
are some waviness or fluctuations present in the curve, however, the values change
within this range still in a narrow area with a standard deviation of 3.05 not clear. Figure
5.28 illustrates the relation between the exposure duration to acetone vapor versus the
average transmittance of each sample.
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Figure5.27: Visible spectra of all the textured polycarbonate by exposure to pure acetone
vapor for different durations.
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Figure5.28: The effect of the exposure duration of polycarbonate to acetone vapor on the
average transmittance value.
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5.3.2.3. Transmittance of the textured polycarbonate after exposure to acetone
vapor through at 33oC, holed vapor-outlet:

In figure 5.29-A, the sample, denoted cr2, is exposed to pure acetone vapor change
for 2 min. The average transmittance in the visible region is 88.86%. In figure 5.29-B, the
sample cr4 is exposed to pure acetone vapor with heating for 4 min. The average
transmittance of this sample is 84.45%. In figure 5.29-C, the sample cr6 is exposed to
pure acetone vapor with heating for 6 min. The average transmittance of this sample is
77.52%. The sample cr8, figure 5.29-D, is exposed to pure acetone vapor with heating for
8 min. The average transmittance of this sample is 75.04%. The sample cr10, figure 5.29E, is exposed to pure acetone vapor with heating for 10 min. The average transmittance
of this sample is 56.92%.
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Figure5.29: Visible spectrum of a textured polycarbonate sample by exposure to pure
acetone vapor for: A: 2 minutes. B: 4 minutes. C: 6 minutes. D: 8 minutes. E: 10 minutes.

114

Figure 5.30 includes all the transmittance curves for the 5 samples. The descending
arrangement of the samples according to exposure duration to the acetone vapor is cr2 >
cr4 > cr6 > cr8 > cr10. The descending arrangement of the transmittance values for the
samples are cr10 > cr8 > cr6 > cr4 > cr2. It can be inferred that the transmittance value is
inversely proportional to the exposure duration to acetone vapor. So that, by increasing
the exposure duration to the acetone vapor, at constant acetone concentration, the
transmittance of the patterned surface decreases. Figure 5.31 illustrates the relation
between exposure duration to acetone vapor and the average transmittance of each
sample.
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Figure5.30: Visible spectra of all the textured polycarbonate by exposure to pure acetone
vapor for different durations.
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Figure5.31: The effect of the exposure duration of polycarbonate to acetone vapor on the
average transmittance value.
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5.3.3. Contact angle measurements:

The contact angle of the patterned polycarbonate surface is detected by dropping a
deionized water droplet over the textured surface and measured by using the
goniometer’s camera. Different areas of the surface are taken in to consideration during
the measurements.

5.3.3.1. Contact angle measurements of the textured polycarbonate by the
exposure to acetone vapor at 18oC:

For polycarbonate sheet exposed to pure acetone vapor for 25 minutes, denoted as s5,
the contact angles of two different areas over the surface are 81.9 and 82.1o, figures 5.32A and B, respectively. The average contact angle for this sample is 82o. For the s3
sample, exposed to acetone vapor for 30 minutes, the contact angles of three different
areas over the surface are 95.5, 85.3 and 86.9o, figures 5.32-C, D and E, respectively. The
average contact angle for this sample is 89.23o. Figure 5.31 illustrates the values of the
contact angles of the textured polycarbonate samples after the exposure to acetone vapor,
the photos are taken by the goniometer’s camera. From the mentioned data, it can be
noticed that by increasing the exposure duration of the polycarbonate surface to the
acetone vapor, the contact angle increases.
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Table5.3: It illustrates the sample name, exposure duration to acetone vapor, CA of each area
over the same sample’s surface and the average CA value for each sample.

119

A
F
C
A

C
E
B
A

B
D
A

D
A

E
B
A

Figure5.32: CA of a textured polycarbonate sample by exposure to pure acetone vapor
for: A & B: 25 minutes. C, D & E: 30 minutes.

120

5.3.3.2. For the textured polycarbonate by the exposure to acetone vapor at
33oC:

For polycarbonate sheet exposed to pure acetone vapor for 1 minute with heating,
denoted as c4, the contact angles of two different areas over the surface are 81.2 and
77.9o, figures 5.33-A and B, respectively. The average contact angle for this sample is
79.55o. For the c5 sample, exposed to acetone vapor for 2 minutes with heating, the
contact angles of two different areas over the surface are 79.2 and 79.9o, figures 5.33-C
and D, respectively. The average contact angle for this sample is 79.55o. For the c6
sample, exposed to acetone vapor for 3 minutes with heating, the contact angles of two
different areas over the surface are 83.2 and 71o, figures 5.33-E and F, respectively. The
average contact angle for this sample is 77.1o. For the c7 sample, exposed to acetone
vapor for 4 minutes with heating, the contact angles of three different areas over the
surface are 74.8, 71.9 and 76.4o, figures 5.33-G, H and I, respectively. The average
contact angle for this sample is 74.37o. For the c8 sample, exposed to acetone vapor for 6
minutes with heating, the contact angles of three different areas over the surface are 75.3,
73.4 and 74.6o, figures 5.33-J, K and L, respectively. The average contact angle for this
sample is 74.43o. For the c9 sample, exposed to acetone vapor for 7 minutes with heating,
the contact angles of three different areas over the surface are 73.6, 74.1 and 75.1o,
figures 5.33-M, N and O, respectively. The average contact angle for this sample is
72.27o. For the c10 sample, exposed to acetone vapor for 8 minutes with heating, the
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contact angles of three different areas over the surface are 72, 73.4 and 71.2o, figures
5.33-P, Q and R, respectively. The average contact angle for this sample is 72.2o. For the
c11 sample, exposed to acetone vapor for 9 minutes with heating, the contact angles of
three different areas over the surface are 71.3, 73.5 and 73.1o, figures 5.33-S, T and U,
respectively. The average contact angle for this sample is 72.63o. Figure 5.33 illustrates
the photos of the contact angles of the textured polycarbonate samples after the exposure
to acetone vapor, these photos are taken by the goniometer’s camera. From the mentioned
data, it can be deduced that by increasing the exposure duration of the polycarbonate
surface to the acetone vapor, the contact angle decreases.
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Table5.4: It illustrates the sample name, exposure duration to acetone vapor, CA of each area over
the same sample’s surface and the average CA value for each sample.
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Figure5.33: CA of a textured polycarbonate sample by exposure to pure acetone vapor
for: A & B: 1 minute. C & D: 2 minutes. E & F: 3 minutes. G, H & I: 4 minutes. J, K &
L: 6 minutes. M, N & O: 7 minutes. P, Q & R: 8 minutes. S, T & U: 9 minutes.

125

From the above mentioned data, many observations can be deduced. Firstly, by
increasing the exposure duration of the polycarbonate sample to the acetone vapor, the
contact angle decreases. Secondly, the decrement in the contact angle value is resembled
by a jump from the polycarbonate sheet, exposed to the pure acetone vapor for 2 minutes
and has an average contact angle of 79.55o, to that exposed to acetone vapor for 4
minutes and has an average contact angle of 74.43o (the difference between the two
values is about 5o). Then, another relatively small jump happens between the sample
which is exposed to the acetone vapor for 7 minutes and has an average contact angle of
74.27o and that exposed to acetone vapor for 8 minutes and has an average contact angle
of 72.2o (the difference between the two values is about 2o). Figure 5.34 illustrates the
relationship between the exposure duration of polycarbonate surfaces to the acetone
vapor and the resulted, apparent contact angle. Finally, for the samples c4 and c5, it can
be noted that they have nearly the same contact angles values and so, they are represented
by a horizontal line in the plot, figure 5.33. The same notice can be considered for the
samples c7, c8 and c9 with the samples c10 and c11. Therefore, the curve appears to have
three relaxation durations, the first is between minutes 1 and 2, the second is from the 4th
minute to the 7th minute and the third one is within the 8th and 9th minutes.
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Figure5.34: The effect of the exposure duration of polycarbonate to acetone vapor on the
CA.
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5.3.3.3. For the textured polycarbonate by the exposure to acetone vapor at
33oC, holed vapor-outlet:

For polycarbonate sheet exposed to pure acetone vapor for 2 minutes with heating,
denoted as cr2, the contact angles of two different areas over the surface are 78.5 and
78.2o, figures 5.35-A and B, respectively. The average contact angle for this sample is
78.35o. For the cr4 sample, exposed to acetone vapor for 4 minutes with heating, the
contact angles of three different areas over the surface are 78.9, 79.7 and 75.9o, figures
5.35-C, D and E, respectively. The average contact angle for this sample is 78.17o. For
the cr6 sample, exposed to acetone vapor for 6 minutes with heating, the contact angles
of three different areas over the surface are 75.3, 77 and 74o, figures 5.35-F, G and H,
respectively. The average contact angle for this sample is 75.43o. For the cr8 sample,
exposed to acetone vapor for 8 minutes with heating, the contact angles of two different
areas over the surface are 78.7 and 76.4o, figures 5.35-I and J, respectively. The average
contact angle for this sample is 77.55o. For the cr10 sample, exposed to acetone vapor for
10 minutes with heating, the contact angles of three different areas over the surface are
74.1, 74 and 75o, figures 5.35-K, L and M, respectively. The average contact angle for
this sample is 74.36o.
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Table5.5: It illustrates the sample name, exposure duration to acetone vapor, CA of each area
over the same sample’s surface and the average CA value for each sample.
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Figure5.35: CA of a textured polycarbonate sample by exposure to pure acetone vapor
for: A & B: 2 minutes. C, D & E: 4 minutes. F, G & H: 6 minutes. I & J: 8 minutes. K, L
& M: 10 minutes.
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From the previous data, the following observations are concluded. Firstly, by
increasing the exposure duration of the polycarbonate sample to the acetone vapor, the
contact angle decreases. Secondly, the decrement in the contact angle value is not
resembled by a straight line; instead, it’s represented by a wavy line. The average contact
angle value remains almost constant within the first 4 minutes, 78 35 to 78.17o, then a
decrease occurs down to 75.43o on average at the minute 6, followed by a slight increase
in the average contact angle by 2o to become 77.55o at the 8th minute, however it remains
below the starting average contact angle value at the 2nd minute, and, finally, the average
contact angle value decreases down to be 74.37o at the 10th minute, figure 5.36.
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Figure5.36: The effect of the exposure duration of polycarbonate to acetone
vapor on the CA.
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5.3.4. Optical microscope images:

Optical microscope is used in order to examine the topology of the treated
polycarbonate surface. The first phase can be characterized and the shape and growth of
the formed spherules due to the crystallization process can be tracked. Furthermore, the
gaps or the distances between the spherules, where the crystallization process are absent
to some extent, can be clearly viewed. The scale bar, included within the most of the
images is 100 μm.

5.3.4.1. For the textured polycarbonate by the exposure to acetone vapor at
18oC, without heating:

For the polycarbonate sheets, exposed to pure acetone vapor, figure 5.37-A, in the
sample s2, the formation of spherules has started. The spherules average width is about or
slightly less than 1 μm. In the sample s4, the spherule’s size remained almost constant
and its width remained 1 μm on average, figure 5.37-B. In the sample s5, figure 5.37-C,
the spherules start to increase in size and form aggregations. For the sample s3, the
spherules continue their growth and aggregations formation. Not only that, but also it can
be noticed that there is a fusion occurring between the adjacent grown spherules, figure
5.37-D. The width of the single spherule is about 5 μm. The image further illustrates the
arrangement of some spherules in straight lines.
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Figure5.37: Optical microscope image of a textured polycarbonate sample by exposure
to pure acetone vapor for: A: 15 minutes. B: 20 minutes. C: 25 minutes. D: 30 minutes.
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5.3.4.2. For the textured polycarbonate by the exposure to acetone vapor at
33oC:

For the polycarbonate sheets, exposed to pure acetone vapor, figure 5.38-A, in the
sample c4, the formation of spherules has started. The spherules average width is less
than 1 μm. In the sample c5, the spherule’s size slightly increases to be about 1 μm on
average, figure 5.38-B. The gaps between the spherules are too wide. In the sample c6,
figure 5.38-C, the spherules’ sizes increased tremendously and aggregations of spherules
starts to form. Lines of fused spherules can be noticed among this image. Not only the
lines, but also shiny tips can be noticed over the growing spherules. For the samples c7
and c8, the spherules continue their growth and aggregations formation and the gaps
between the spherules aggregations decreases, figures 5.38-D and E, respectively. In
figure 5.38-F, sample c9, the spherules occupy most of the areas and fused spherules
increased in number. Not only the single spherules fuse, however, the aggregations
themselves fuse and the gaps between them decrease dramatically. New spherules, which
start to appear, can be noticed within the gaps. In the samples c10 and c11, the gaps
completely disappear and they are replaced by non-mature spherules instead. The
spherules that grow from the early beginning of the exposure to the acetone vapor can be
termed as mature spherules, figures 5.38-G and H, respectively.
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Figure5.38: Optical microscope image of a textured polycarbonate sample by exposure
to pure acetone vapor for: A: 1 minute. B: 2 minutes. C: 3 minutes. D: 4 minutes. E: 6
minutes. F: 7 minutes. D: 8 minutes. D: 9 minutes.
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5.3.4.3. For the textured polycarbonate by the exposure to acetone vapor at
33oC, holed vapor-outlet:

For the polycarbonate sheets, exposed to pure acetone vapor, figure 5.39-A, in the
sample cr4, the formation of spherules has started. The spherules average width is about 5
μm. In the sample cr6, the spherule’s size increases dramatically, aggregations of
spherules form, spherules fuse and gaps decrease, figure 5.39-B. In the sample cr8, figure
5.39-C, the spherules continue fusing and aggregating. New spherules start to appear
within the gaps. For the sample cr10, the gaps completely disappear and they are replaced
by non-mature spherules instead. Groves appear surrounding the mature spherules, figure
5.39-D.
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Figure5.39: Optical microscope image of a textured polycarbonate sample by exposure
to pure acetone vapor for: A: 4 minute. B: 6 minutes. C: 8 minutes. D: 10 minutes.
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5.3.5. FT-IR spectra:

Fourier-transform Infrared technique is used to verify the presence of chemical
groups, functional, side and terminal groups, within a certain chemical compound
through the detection of the different stretching and bending modes of the bonds, present
in these groups. A special tool is used to detect the chemical groups, present on the
surface of the textured polycarbonate glass after the exposure to the acetone vapor
process.

5.3.5.1. For the textured polycarbonate by the exposure to acetone vapor at
18oC, without heating:

In figure 5.40, FT-IR spectrum is illustrated. The study focuses on the wavelength at
which the peak of carbonyl, C=O, stretching mode appears. Before the exposure to
acetone, the peak of carbonyl stretching mode appears at 1762 cm-1, with absorbance
value of 0.24. The peak of the phenyl stretching mode appears at 1499 cm-1, with
absorbance value of 0.18.
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Figure5.40: FT-IR spectrum of a textured polycarbonate surface by exposure to pure
acetone vapor for 25 minutes.
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5.3.5.2. For the textured polycarbonate by the exposure to acetone vapor at
33oC:

In figure 5.41, FT-IR spectrum is illustrated. The study focuses on the wavelength at
which the peak of carbonyl, C=O, stretching mode appears. Before the exposure to
acetone, the peak of carbonyl stretching mode appears at 1762 cm-1, with absorbance
value of 0.22. The peak of the phenyl stretching mode appears at 1499 cm-1, with
absorbance value of 0.17.
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Figure5.41: FT-IR spectrum of a textured polycarbonate surface by exposure to pure
acetone vapor for 7 minutes.
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5.3.5.3. For the textured polycarbonate by the exposure to acetone vapor at
33oC, holed vapor-outlet:

In figure 5.42, FT-IR spectrum is illustrated. The study focuses on the wavelength at
which the peak of carbonyl, C=O, stretching mode appears. Before the exposure to
acetone, the peak of carbonyl stretching mode appears at 1762 cm-1, with absorbance
value of 0.24. The peak of the phenyl stretching mode appears at 1499 cm-1, with
absorbance value of 0.17.
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Figure5.42: FT-IR spectrum of a textured polycarbonate surface by exposure to pure
acetone vapor for 8 minutes.
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CHAPTER 6

DISCUSSION
6.1. The mechanism of the polycarbonate surface crystallization:
Crystallization is a kinetic process, in which molecular or atomic rearrangement
process takes place in order to achieve stable orientations. Semi-crystalline polymers
have many industrial applications, so scientists have directed their attentions along the
last sixty years on studying this category of polymers. The crystallization process
involves three main steps: i) Initiation of crystallization, ii) Primary crystallization and
iii) Secondary crystallization [53].
The crystallization process starts with a crystalline nucleation from an amorphous
phase. Because polymer chains attain stability upon their orientations to form favorable
conformations, the nucleation process is kinetically-controlled. The factor that manages
the nucleation rate is the gap between the melting and crystallization temperatures.
According to the classical (homogenous) nucleation theory, the polymer chains form
identical conformations by aligning in a parallel way, emerging a fetus. By the time,
additional chains are added to the newly formed fetus, leading to an increment in the free
energy till the fetus reaches a critical size; at this level, the system free energy decreases
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with the continuous chains addition, so the nucleus growth process becomes spontaneous
[53], figure 6.1 [54].

146

Figure6.1: Change of the free energy with changing the fetus radius. r* represents the critical
radius at which the free energy value is maximum, ΔG* [54].
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By assuming that the nucleus has a spherical shape with radius r, therefore the free
energy is [55], equation 6.1:

, where ΔGc: the crystallization free energy, σ: the crystal/amorphous interfacial free
energy, and r: the radius of the spherical nucleus. The latent heat of fusion and
undercooling (Tm – Tc) can be related to the free energy [55] , equation 6.2:

, where ΔGc: the crystallization free energy, ΔHm: the enthalpy change during melting
process, Tm: the melting temperature, and Tc: the crystallization temperature. The
crystallization free energy has a negative value if the crystallization temperature, Tc, is
lower than the melting temperature, Tm, and it is positive if Tc is larger than Tm. The free
energy value is controlled by the second term, equation 6.1, if the r value is small.
However, in case of large r value, the crystallization free energy term dominates. r*
represents the critical radius at which the free energy value is maximum. The value of the
critical radius, r*, can be obtained by equating the first derivative of free energy to zero in
equation 6.1, therefore [55] ,
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, where (δ∆G/δr): the first derivative of free energy with respect to the spherical nucleus
radius, r: the radius of the spherical nucleus, ΔGc: the crystallization free energy, and σ:
the crystal/amorphous interfacial free energy.
So, equation 6.3 is:

, where r*: the critical radius, Tm: the melting temperature, σ: the crystal/amorphous
interfacial free energy, ΔHm: the enthalpy change during melting process, and Tc: the
crystallization temperature. So, the free energy of critical nucleus formation becomes
[55] , equation 6.4:

, where ΔG*: the maximum free energy, Tm: the melting temperature, σ: the
crystal/amorphous interfacial free energy, ΔHm: the enthalpy change during melting
process, and Tc: the crystallization temperature. Therefore, it’s required for transforming
a material from its amorphous state to crystalline state to pass exceed the barrier of the
free energy ΔG*.
The rate of the homogenous nucleation is, equation 6.5:

(
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)

, where I: the rate of nucleation, kB: the Boltzmann’s constant Tc: the crystallization
temperature, h: the Planck’s constant and J(Tc): a temperature-dependent term that is
related to the polymer segments mobility at the amorphous-crystal interface, ΔG*: the
maximum free energy, and r: the radius of the spherical nucleus [55].
The crystallization process of the polycarbonate material, by using acetone, lies under
the solvent-induced crystallization category. The Hildebrand solubility parameters of
both the polycarbonate and the acetone are almost the same, 20.1 and 20.3 H respectively
[56, 57], so that they are completely miscible [58]. Upon exposure to the solvent, acetone
diffuses through the polymer sheet’s layers, so creates a molten, turgid surface. In case of
crystallizing the polycarbonate surface by treatment with liquid acetone [6], the
hydrostatic pressure plays a role in the diffusion process, while in the vapor
crystallization of polycarbonate, gas pressure and condensation process that occurs over
the surface are the key factors that control the acetone diffusion. The acetone diffusion
process within the polycarbonate glass does not obey Fick’s equation [8, 57]; instead, it’s
related to Case II sorption[57]. In this case, the acetone liquid diffuses between the
molten layer and the glassy polymer with a constant speed and a sharp front. Due to the
migration of the organic solvent through the layers of the glassy polymer, the glass
transition temperature (Tg) decreases down to become below the room temperature, so
the turgid layers of polycarbonate plasticizes [57, 59]. After taking it out of the acetone
bath, polycarbonate surface crystallizes due to the acetone evaporation process. The
crystallization process follows the same mechanism of thermal quenching-induced
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crystallization of a gelated polymer. Owing to the acetone evaporation, the glass
transition temperature rises, therefore super-cooling state takes place, as a result, and the
swollen polycarbonate surface crystallizes, following that, are the nucleation and growth
of the spherules. The continuous growth of the spherule size with increasing the treatment
duration takes place owing to the increase in the depth to which the acetone diffuses. In
case of the layer depths are less than the spherule size, so that results in incomplete
spherule coverage, while, if the depths are larger than the size of the spherule, this leads
to pores formation. Spherule grows due to the presence of impurities, which act as
nucleation sites. Spike-like nano-fibers can be noticed over the top surface of the
spherule.

6.2. Potentials and effects of using two methods for
crystallizations:

Two methods are used to treat the polycarbonate surface with acetone: i) The solidliquid interface method for crystallization of polycarbonate glass and ii) The solid-vapor
interface crystallization of polycarbonate glass. The crystallization of polycarbonate
surface process, by immersing it in liquid acetone, leads to creating a textured surface of
high roughness. This can be related to the hydrostatic pressure that is applied on the
immersed polycarbonate surface in the liquid acetone. The hydrostatic (Phyd) pressure can
be identified as the pressure at a certain depth inside a static liquid and it’s represented by
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the summation of the weight of the liquid, acting on a unit area at that depth, and the
atmospheric pressure (Patm), equation 6.6:

, where Patm: the atmospheric pressure ρ: the density of the liquid, g: the gravitational
acceleration and h: the distance between the liquid and the object surfaces. In this study,
the polycarbonate sheets are immersed under acetone height of 1.5 cm. The sheet’s
thickness is 0.3 cm, so h value equals 1.2 cm. The acetone density is 791 kg/m3, g equals
9.8 m/s2 and the experiment is performed under the atmospheric pressure, 1.01325 × 105
Pa, so the hydrostatic pressure value is:

However, in case of texturing the polycarbonate surface by using the acetone in its
vapor state, the gas pressure term dominates. The gas pressure is a kinetic term, which is
temperature-dependent. It can be represented by [60] , equation 6.7:

(

)

, where P: the total pressure applied over the polycarbonate surface, N: the number of gas
molecules, V: the volume of the gas, m: the mass of the gas, : the gas speed, and K.E.:
the kinetic energy. According to the ideal gas law [61], equation 6.8:
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, where P: the total pressure applied over the polycarbonate surface, V: the volume of the
gas, N: the number of gas molecules, n: the number of moles of the gas, R: the universal
gas constant, kB: the Boltzmann’s constant, and T: the absolute temperature. Therefore,
the temperature can be related to the kinetic energy of the gas, equation 6.9:

, where T: the absolute temperature, N: the number of gas molecules, n: the number of
moles of the gas, R: the universal gas constant, kB: the Boltzmann’s constant, and K.E.:
the kinetic energy. From the previous equation, the kinetic energy can be calculated at the
room temperature, 292 K:

Because 1.5 mL of acetone evaporated to texture the polycarbonate surface, therefore,
assuming 0.0204 mole of acetone is evaporated, so N equals the number of moles
multiplied by the Avogadro’s number, n.NA, and the gas volume equals to the volume of
the space between the acetone liquid surface and the polycarbonate surface [62],
equation 6.10:
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Because the experiment is done under the atmospheric pressure, so the gas partial
pressure that is applied to the polycarbonate surface is, equation 6.11:

So, from the calculated data, the hydrostatic pressure, which is applied on the
immersed polycarbonate surface in liquid acetone, equals Phyd = 1.01418×105 Pa.
However, the gas pressure, which is applied on the exposed polycarbonate surface to
acetone vapor, equals Pgas = 7.461×104 Pa. The value of the Phyd is larger than the Pgas, so
this answers why the texture of the immersed polycarbonate surface in liquid acetone is
heavier than that of the exposed polycarbonate surface to acetone vapor. The high
hydrostatic pressure applied on the polycarbonate surface, which is immersed in liquid
acetone, allows deep diffusion of acetone in the polymer layer. The spherule growth takes
place according to how deep the acetone diffuses. Furthermore, pores formation is done if
the layer depth is larger than the size of the spherule; however, incomplete spherule
coverage results in case of less layer depth than the spherule size. Therefore, the
hydrostatic pressure enhances the diffusion of the acetone within the polycarbonate,
leading to high diffusion depth. For the gas pressure, which is applied on the exposed
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polycarbonate surface to acetone vapor, due to its low value, incomplete coverage of
crystals takes place, leading to semi-crystallized polymer.
In addition, for the solid-vapor method of polymer crystallization, the acetone vapor
condenses over the polycarbonate surface. Therefore, the polycarbonate becomes in
contact with, only, 1 mL of acetone on average. So, the mass transfer in this case will be
far lower than that in case of immersing the surface in liquid acetone. Mass transfer,
which is a driving-force dependent, affects the diffusion process dramatically. The mass
transfer equation between two phases is [63], equation 6.12:

, where NA: the mass transfer rate of component A, k: the mass transfer coefficient, a: the
transfer area, and ΔCA: the concentration driving force. The driving force is the result of
the difference between the concentration of the liquid in the bulk and the concentration of
the liquid in the formed boundary-film interface. So, the concentration of the liquid in the
bulk is far higher, in case of the immersion in liquid acetone, than that in case of
exposing the polymer surface to acetone vapor. Consequently, deeper diffusion and larger
crystals take place in the former case. Also, the gravitational force has an effect in
reducing the diffusion extent, in case of exposing the polycarbonate surface to the
acetone vapor, but its effect is neglected.
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6.3. Roughness values:

Roughness of the different surfaces can be calculated, using the atomic force
microscope. The study gives the roughness of the polycarbonate surfaces (smooth,
textured by immersion in liquid acetone and textured by exposure to acetone vapor) much
concentration because it’s one of the parameters that are responsible for the
hydrophilicity or the hydrophobicity of the surface. Roughness values are taken for three
different polycarbonate samples for the comparison purpose: i) Smooth, untreated
polycarbonate surface, ii) Textured polycarbonate surface due to immersion in pure liquid
acetone for 10 minutes and iii) Textured polycarbonate surface due to exposure to pure
acetone vapor for 24 hours. Two values of roughness can be given by the AFM for the
single sample’s surface, roughness root mean square (RMS) value and roughness average
(Ra) value. Table 6.1-A illustrates the RMS and table 6.1-B illustrates the Ra values of
different polycarbonate samples.
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Table6.1: A: RMS- and B: Ra-values of the smooth (untreated), solid-vapor
interface textured and solid-liquid interface textured polycarbonate glass surfaces.

A
F
C
A

B
D
A

157

It’s clear from the values of both the RMS and Ra that the textured polycarbonate
surface by immersion in pure liquid acetone for 10 minutes has the highest roughness,
even far higher than the roughness of the textured polycarbonate surface by exposure to
pure acetone vapor for 24 hours, at 18oC. This promotes the strong effect of the applied
high hydrostatic pressure, 105 Pa magnitude, on the treated polycarbonate surface, which
allows deep diffusion of the acetone liquid within the polymer layer, leading to completecrystals coverage, pores formation and as a consequence, high roughness in a very short
duration. Although, the weak gas pressure, 104 Pa, leads to a relatively shallow diffusion
of acetone, so as a result, incomplete coverage of crystals and low roughness values,
despite the long treatment duration. Figure 6.2 includes two-dimensional and surface
profile micrographs of two different textured polycarbonate surfaces, one with immersion
in pure liquid acetone for 10 min, while the other by exposure to pure acetone vapor for
24 hours. Table 6.2 summarizes the two dimensions of the texture of the two different
textured polycarbonate samples.
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B
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A

Figure6.2: 40 μm scale 2D-AFM micrograph of a textured PCG sample
by: A: immersion in pure liquid acetone for 10 minutes, taken at. B:
exposure to pure acetone vapor for 24 hours. Surface profile micrographs
of a textured PCG sample by: C & E: immersion in pure liquid acetone for
10 minutes, taken at 5 μm and 500 nm scales respectively. D & F:
exposure to pure acetone vapor for 24 hours, taken at 5 μm and 500 nm
scales respectively.
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Table6.2: Heights and widths measurements of spherules, hills and
spikes that are present over the textured PCG surfaces by solidliquid interface and solid-vapor interface method s of crystallization
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6.4. Application of heating during the crystallization process by
acetone vapor:

The effect of heating during the crystallization process is studied through this work.
Polycarbonate surface exposes to acetone vapor with: i) room temperature, ~18oC and ii)
mild heating, ~33oC. Changing the liquid temperature affects its vapor pressure,
according to Clausius-Calpeyron equation [64], equation 6.13:

( )

(

)

, where P1: the vapor pressure of the liquid at T1, P2: the vapor pressure of the liquid at
T2, ΔHvap: the enthalpy change of vaporization, and R: universal gas constant. ClausiusCalpeyron equation gives the relation between T and P in a two-phase pure substance
system. Vapor pressure can be defined as the pressure, applied by the vapor which is in a
thermodynamic equilibrium with its condensed phases, at a given temperature in a closed
system. Acetone has a ΔHvap of 31300 J/mole and P1 of 175 mmHg at 20oC [65]. To
determine the vapor pressure of the acetone at 33oC, simply, apply the ΔHvap and P1
values in the former equation to get the value of P2, which equals to 302 mmHg. So, the
aim of increasing the acetone temperature from 18 to 33oC is to establish a new
thermodynamic equilibrium between the acetone vapor and acetone liquid at a higher
vapor pressure value.
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Increasing the temperature, not only affects the vapor pressure, however, in addition
it affects the diffusivity of the acetone molecules through the molten polymer layers.
According to Stokes-Einstein equation for the spherical particles diffusion through
liquids [66], equation 6.14:

, where D: the diffusion constant, T: the temperature, R: the universal gas constant, NA:
the Avogadro’s number, η: the viscosity of the medium, and r: the radius of the spherical
particles. From the equation, the direct proportionality between the diffusion constant and
the temperature is clear. Therefore, increasing the temperature leads to the diffusivity
increment.
This can be translated in getting textured surfaces after exposing polycarbonate to the
acetone vapor for 1 minute when heating is applied, at 33oC, figure 6.3-A. However, in
case of working at room temperature, 18oC, there no texture appeared before 15 min
exposure to acetone vapor, figure 6.3-B. Both the higher vapor pressure and the higher
diffusion constant, owing to the temperature increment, lead to texturing the
polycarbonate by surface crystallization in shorter durations.

162

A
F
C
A

B
D
A

Figure6.3:
Figure6.3: A:
A: Optical
Opticalo microscope
microscope image
image of
of aa textured
textured PCG
PCG surface
surface by
by exposure
exposure to
to pure
pure acetone
acetone
oC. B: Optical microscope image of a textured PCG surface by exposure to
vapor
for
1
min
at
33
vapor for 1 min at 33 C. B: Opticalo microscope image of a textured PCG surface by exposure to
pure
pure acetone
acetone vapor
vapor for
for 15
15 min
min at
at 18
18oC.
C.

163

6.5. The change of average transmittance values with changing
the texturing method:

Because one of the most important applications of these textured surfaces is in the
protection of the PV cells, the research gives much concern to studying the effect of the
texturing process on the surfaces transmittances. According to the results, polycarbonate
surfaces textured by immersion in pure liquid acetone for different durations have very
low transmittance values, ranging from 17.9% down to 0.58% with increasing the
immersion duration from 1 to 10 minutes. For those textured surfaces by immersion in
75% acetone liquid, transmittances enhance, ranging from 56.6% down to 16.7% with
increasing the immersion duration from 6 to 10 minutes. However, for the generally
textured samples due to exposure to pure acetone vapor, greater enhancement in the
transmittance of the textured surfaces takes place; it ranges from about 88% down to 57%
with increasing the exposure duration from 1 to 30 minutes, on average.
From the optical microscope photos outcomes, it can be generally inferred that the
average spherules sizes of the textured surfaces by the solid-liquid interface method of
crystallization are totally larger than the sizes of the spherules present over the textured
surfaces by the solid-vapor interface method of crystallization, figure 5.46. Furthermore,
according to the surface profile micrographs, figures 5.44-C and D, the gaps within the
texture in the textured polycarbonate samples by the solid-liquid interface method of
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crystallization are smaller in width than those present over the textured surfaces by the
solid-vapor interface method of crystallization.
Transmittance drop occurs due to the reflection process of the incident radiation. The
reflection process is a certain result of the light scattering from the textured
polycarbonate surface. Light scattering from a surface is caused by the deflection of the
light beam from its straight path due to the irregularity of that surface. Rayleigh
scattering theory defines the light scattering as an elastic collision between the light and
surface particles. Therefore, Rayleigh theory is applied on the vapor textured surfaces
because the spherules sizes are slightly smaller or almost equal to the wavelengths of the
incident light, visible light 400-800 nm. According to Rayleigh theory [67]:

(

)(

)

, where I: the intensity of scattered light, Io: the initial light intensity, R: the distance
between the surface and the detector, d: the particle diameter, and λ: the wavelength of
the incident radiation. Assuming that, the distance between the surface and the detector
(R) and the wavelength of the incident radiation (λ), which lies within the visible light
range, are constants. Therefore, the intensity of the scattered light is directly proportional
to the diameter of the surface texture to the sixth power.
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This relationship illustrates how sensitive the diameter of the texture is, in case of the
presence of smaller texture than the incident light wavelength. Any small change in the
diameter value results in magnifying the intensity of the scattered light by 6 times. This
explains the drop in the average transmittance values which accompanies the increase in
the spherule width due to either long exposure duration to the acetone vapor or
immersing the sample in the liquid acetone under the high hydrostatic pressure [8]. In
extension, the presence of deep grooves within the texture of the treated polycarbonate
surfaces further decrease the light transmittance because of their responsibility for
making internal reflections. Scientists indicated that the crystallization process of
polymers can be confirmed by the transmittance loss [6,7, 68].
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6.6. The surface wettability according to Cassie-Baxter’s and
Wenzel’s equations:

The research focuses on studying the effect of textured surface tribology on the
apparent contact angle of the water droplet with that surface. Two states can describe the
behavior of the textured surface towards the water droplet, with which it is in contact: i)
Cassie-Baxter’s state and ii) Wenzel’s state.
For the hydrophobic surfaces (contact angle θ > 90o), Cassie-Baxter state is applied,
whose equation is [26, 69] , equation 6.15:

, where θcb: the Cassie’s (apparent) contact angle, θcb > 90o, θy: the Young’s contact
angle (contact angle of the corresponding smooth surface) and φs: the solid fraction
which is in contact with the water droplet. For calculating the value of φs for the single
textured hydrophobic surface, equation 6.16:

Because the apparent contact angles of the textured surfaces, due to immersion in
pure liquid acetone for different durations, are larger than 90o, so as a consequence,
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Cassie-Baxter’s state is applicable. Calculations of φs values for the 6 different textured
surfaces are illustrated in table 6.3.
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Table6.3: Calculations of solid fraction values (φs) of the textured PCG samples by immersion in pure liquid
acetone.
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Figure6.5: The effect of the immersion duration of polycarbonate in pure acetone liquid on the
the φ
φss
value.
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From the table, the solid fraction values lie in the range between 0.67 and 0.26 for the
immersion durations from 1 to 10 minutes, respectively. The solid fraction value for a
sample with a right apparent contact angle (i.e. the down limit CA of a hydrophobic
surface) is 0.91. Thus, by increasing the immersion duration in acetone, the
polycarbonate surface gets more crystallized, pores form with high depth, air-pockets
compose within the formed pores, the solid-fraction that in contact with the water droplet
decreases, the contact area between the surface and the droplet decreases and the
hydrophobicity increases. Approaching zero solid-fraction value, it means that the contact
angle increases, consequently, hydrophobicity increases. Figure 5.47 illustrates the
change in the solid-fraction value (φs) with changing the immersion duration of
polycarbonate in pure liquid acetone.
Wenzel’s state is applicable for the hydrophilic textured surfaces, whose apparent
contact angles are lower than the right angle (θ < 90o). Wenzel’s equation is as the
following [24, 69] , equation 5.15:

, where θw: the Wenzel’s (apparent) contact angle, θw < 90o, θy: the Young’s contact
angle (contact angle of the corresponding smooth surface) and r: the roughness ratio
factor of the textured surface. For calculating the value of r for the single textured
hydrophobic surface, equation 5.16:
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Because the apparent contact angles of the textured surfaces, due to either immersion
in 75% liquid acetone or exposure to pure acetone vapor for different durations, are less
than 90o, so as a consequence, Wenzel’s state is applicable. Calculations of r values for
the different textured surfaces are illustrated in table 6.4.

173

Table6.4: Calculations of roughness ratio values (r) of both the textured PCG samples by
immersion in 75% liquid acetone liquid and the textured PCG samples by exposure to 75%
acetone vapor with, without heating and with crevice corrosion.
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From the table, the roughness ratio values lie in the range between 1.27 and
0.05 for the immersion duration from 6 to 10 minutes, respectively. For the
textured polycarbonate surfaces by exposure to pure acetone vapor at 18oC, the
roughness ratio values are 1.40 and 0.13 for the exposure duration of 25 to 30
minutes, respectively. For the textured polycarbonate surfaces by exposure to pure
acetone vapor at 33oC, the roughness ratio values lie in the range between 1.83
and 3.01 for the exposure duration from 1 to 9 minutes, respectively. For the
textured polycarbonate surfaces by exposure to pure acetone vapor at 33oC with
crevice formation, the roughness ratio values lie in the range between 2.03 and
2.71 for the exposure duration from 2 to 10 minutes, respectively. The roughness
ratio value for a sample with a right apparent contact angle (i.e. the down limit
CA of a hydrophilic surface) is 0, while the r value for a sample with complete
wettability (i.e. zero apparent contact angle) equals to 10.07. Thus, by increasing
the immersion duration in 75% liquid acetone, the polycarbonate surface gets
more crystallized, pores depths increase, the composition of the air-pockets start,
the roughness ratio value decreases and the hydrophilicity decreases. While in
vapor-crystallized polycarbonate surfaces, generally, the roughness ratio factor
increases with increasing the exposure duration to the acetone vapors. Shallow
texturing, with wide gaps and high solid-liquid contact area with high surface
energy all lead to increase the hydrophilicity of the textured samples. Figure 5.48
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illustrates the change in the roughness ratio value (r) with changing the exposure
duration of polycarbonate to acetone.
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Figure6.6: The effect of the exposure duration of different polycarbonate samples to acetone on
the r value.
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6.7. FT-IR data analysis:

Fourier-Transform Infrared (FT-IR) technique is used to study the chemical structure
of the polycarbonate surface before and after the treatment process. In addition, the
technique gives an indication on the degree of crystallization of the surface after the
treatment process through the peaks intensities values. Amorphous form of polymer gives
a relatively higher degree of freedom to the polymers tail motion [7]. This permits the
absorption of lager amounts of energy, and consequently, the performance of stronger
vibrations, in case of molecules or groups that have a dipole moment (asymmetric
chemical structure) [70].
Dybal et al. [71] noticed a shift in the carbonyl peak from 1770 to 1756 cm-1 with a
tremendous decrease in the peak’s intensity. Liu et al. [46] related this shift to the
material-phase transformation from the amorphous state to the crystalline state. In
addition, The decrease in the peak’s intensity is related to the phase transformation of the
polymer from the amorphous phase, which allows a higher degree of freedom to the
chains motion and bonds vibrations, to the crystalline phase, in which the molecules are
tightly packed and consequently, the vibrations and motions are restricted [7, 72]. It’s
indicated also that the acetone interaction with the polycarbonate is a physical process
because there is no new peak emerged after the treatment process [46].
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Figure6.7: FT-IR spectra of all the textured polycarbonate surfaces.
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CHAPTER 7

CONCLUSION AND FUTURE WORK
Two methods, with a simply designed setup, are investigated for the solvent-induced
crystallization process of a polycarbonate surface, by using acetone liquid and acetone
vapor as an organic solvent, in order to design a hierarchically structured surface. By
immersing the surface in pure liquid acetone for 5 minutes, the highest apparent contact
angle is 144o; while the highest apparent contact angle value is 95o, after 10 minutes
surface-immersion in 75% liquid acetone. The transmittance values of the immersed
samples in liquid acetone are low, in general; this is related back to big-size crystals,
formed due to the deep diffusion of the acetone through the polycarbonate surface sheets,
which takes place by the strong hydrostatic pressure and the very high mass transfer.
Cassie-Baxter state is applicable and the resulted solid fraction values, φs, lie within the
range of 0.7 - 0.3 for the immersed samples in pure liquid acetone. However, for the
immersed polymer surfaces in 75% liquid acetone, Wenzel state is applied, because the
surfaces are hydrophilic, and the roughness ratio, r, values lie within the range of 1.3 –
0.1. FT-IR data indicated the strong crystallization, induced with pure liquid acetone, by
the tremendous decrease in the chart peaks intensities.
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The induced polycarbonate-crystallization by using acetone vapor is investigated at
two different temperatures, 18oC and 33oC. At 18oC, the highest apparent contact angle is
96o after exposing the surface to acetone vapor for 30 minutes. At 33oC, the highest
apparent contact angle is 81o after exposure to acetone vapor, evolving from a squared
outlet, for 1 minute and the highest apparent contact angle is 79o after exposure to
acetone vapor, evolving from a holed outlet, for 2 minute. In contrast to all the former
texturing processes, the CA value decreases with increasing the exposure duration to
acetone vapor at 33oC. The least required exposure duration to get crystals over the
polycarbonate surface is 15 minutes at 18oC, while only 1 minute is enough to see
crystals over the polymer surface at 33oC; this can be related to the increase in the vapor
pressure due to the temperature increase, which consequently raises the gas pressure over
the surface. Generally, transmittance values of the textured polycarbonate surfaces by
using acetone vapor are high, this is related to the shallow diffusion of the condensed
acetone droplets through the polymer surface layers due to the weak gas pressure, low
mass transfer and effective gravitational forces. The surfaces are wettable, so Wenzel
state is applied; at 18oC, roughness ratio, r, values lie in the range of 1.4 - 0.1, and at
33oC, the range is 1.8 – 3.0, indicating the hydrophilicity of the designed surfaces. FT-IR
data indicated the weak crystallization, induced with the acetone vapor, by the slight
decrease in the chart peaks intensities.
It’s recommended for future to use tetraethoxysilane, after processing it by Sol-Gel
method, as a coating material in order to get proper contact angle values for the acetone
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vapor-induced crystallized polycarbonate surfaces. For enhancing the transmittance of the
textured polycarbonate surfaces by pure liquid acetone, the textured surfaces can be
impregnated with specific oils to match the refractive index of the polycarbonate and
recover the high transmittance of its surface before the texturing process.
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