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Abstract 
  Superhydrophobic surfaces, which display water contact angles larger than 150°, 

have attracted a significant scientific interest due to their importance in both 

fundamental research and practical applications; the existence of a hierarchical 

surface roughness in conjunction with the appropriate chemical composition are the 

critical parameters that define the behavior. The objective of the current work was to 

fabricate a superhydrophobic surface in a simple, fast and economical way that needs 

minimum demands regarding the necessary equipment and methods. The material 

used was a smooth Ti6Al4V metal alloy that is widely used in several applications 

whereas its surface is considered hydrophilic. The surface of the material was initially 

irradiated, without following a specific pattern, by a femtosecond (fs) laser, in order to 

acquire the necessary roughness. Following the irradiation, the effect of different 

parameters like temperature, pressure as well as residence time under heating or 

vacuum on the surface properties was investigated and the results were compared to 

the respective ones of a smooth surface. Contact angle measurement were performed 

in all cases, using a contact angle goniometer (OCA 35), to evaluate the water contact 

angle as well as the contact angle hysteresis. The surface morphology was imaged by 

scanning electron microscopy (SEM) whereas the surface chemical composition was 

evaluated by the method of energy dispersive X-Ray spectroscopy (EDS). A surface 

that has been  just irradiated was found to possess superhydrophillic properties, 

nevertheless its residence in an oven at different temperatures results in an alteration 

of its surface characteristics and in the manifestation of a hydrophobic behavior 

exhibiting a contact angle of 149 ± 2° especially for temperatures higher than 120°.A 

similar effect was observed in the case that an irradiated surface was placed in the 

vacuum chamber (pressure 10-2 mbar);after a minimum of 3 hours the surface was 

converted to a superhydrophobic one with a contact angle of 149 ± 1°. Moreover, 

surfaces that remain under vacuum possess water repellent properties exhibiting a 

very low contact angle hysteresis as well. The observed behavior can be understood if 

one considers the change in the surface morphology and surface chemical 

composition. 

 



 
 

Περιληψη 
  Οι υπερυδρόφοβες επιφάνειες οι οποίες εμφανίζουν γωνίες επαφής μεγαλύτερες από 

150°, έχουν προσελκύσει το ερευνητικό ενδιαφέρον  λόγω της σημασίας τους σε 

πρακτικές εφαρμογές αλλά και σε θεμελιώδης έρευνες ενώ έχει αποδειχθεί ότι η 

ύπαρξη ιεραρχικής τραχύτητας σε συνδυασμό με την κατάλληλη χημική σύσταση της 

επιφάνειας είναι οι δύο βασικοί παράγοντες που καθορίζουν την συμπεριφορά. Ο 

σκοπός της παρούσας εργασίας ήταν η κατασκευή υπερυδρόφοβων επιφανειών με 

έναν τρόπο απλό, σύντομο, οικονομικό και χωρίς μεγάλες απαιτήσεις σε εξιδικευμένα 

μηχανήματα και μεθόδους. Το υλικό που χρησιμοποιήσαμε είναι ένα λείο μεταλλικό 

κράμα Ti6Al4V, το οποίο είναι ένα υλικό που χρησιμοποιείται ευρέως σε πολλές 

εφαρμογές και του οποίου η επιφάνεια θεωρείται υδρόφιλη. Η επιφάνεια αρχικά 

ακτινοβολήθηκε με χρήση ενός femtosecond (fs) laser, προσδίδωντας του τραχύτητα 

χωρίς κάποιο συγκεκριμένο μοτίβο. Στην συνέχεια, μελετήθηκε η επίδραση 

παραγόντων όπως η θερμοκρασία, η πίσεση ή/και ο χρόνος παραμονής είτε υπό 

θέρμανση είτε υπό κενό στις επιφανειακές τους ιδιότητες. Μετρήσεις της γωνίας 

επαφής που σχηματίζει μία σταγόνα νερού με την επιφάνεια διεξήχθησαν, σε όλες τις 

περιπτώσεις, με την χρήση γωνιομέτρου γωνίας επαφής (Optical Contact Angle 

Measurement - OCA 35),για να υπολογιστή η γωνία επαφής αλλά και η υστέρηση της 

γωνίας επαφής. Η μορφολογία της επιφάνειαςκαταγράφηκε μέσω ηλεκτρονικής 

μικροσκοπίας σάρωσης (Scanning Electron Spectroscopy – SEM) ενώ η χημική 

σύσταση της επιφάνειας μελετήθηκε με την μέθοδο φασματομετρίας ακτίνων Χ με 

διασπορά ενέργειας (Energy dispersive X-Ray spectroscopy –EDS). Παρατηρήθηκε 

ότι η μόλις ακτινοβολημένη επιφάνεια είχε υπερυδρόφιλες ιδιότητες, όμως μετά από 

την τοποθέτηση της σε φούρνο, σε διαφορετικές θερμοκρασίες, υπήρξε μια αλλαγή 

των επιφανειακών χαρακτηριστικών της και η επιφάνειαμετατράπηκε σε υδρόφοβη 

με γωνία επαφής 149±2°, ιδιαίτερα για θερμοκρασίες υψηλότερες της 

Τ=120℃Παρόμοια αποτελέσματα παρατηρήθηκαν, όταν η ακτινοβολημένη 

επιφάνεια τοποθετήθηκε σε θάλαμο κενού (πιεσης 10-2mbar) για τουλάχιστον 3 ώρες 

καθώς μετατράπηκε σε υπερυδρόφοβη με γωνία επαφής 149±1°. Επιπλέον, στην 

τελευταία περίπτωση, η επιφάνεια απέκτησε και υδατοαπωθητικές ιδιότητες 

εμφανίζοντας πολύ χαμηλή υστέρηση.Τα παρατηρούμενα αποτελέσματα μπορούν να 

κατανοηθούν αν λάβει κάποιος υπόψη του την αλλαγή στην μορφολογία αλλά και 

στην χημική σύσταση της επιφάνειας. 
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Chapter 1 –Introduction  

1.1 Metals 
 

Metal is any substance capable of conducting electricity at the temperature of absolute 

zero. Nevertheless, this is a simplified definition; other factors that characterize a 

metal may include atomic radius, nuclear charge, number of bond orbitals, the overlap 

of orbital energies and crystal structure [1]. The most abundant varieties which 

constitute 25% of the Earth’s outer layer (surface or subsurface) are iron, aluminium, 

calcium, sodium, potassium, magnesium and titanium. Most metals are found in ore 

state (mineral-containing ore substances), while a few of them like gold, 

copper, platinum, and silver very often appear in the free state as they do not easily 

react with other elements[2].They may exist either as a pure chemical element (iron, 

copper, zinc, etc.),in an alloy (bronze, brass, carbon steel, stainless steel, cast iron, 

etc.) or in a molecular compound (polymeric sulfur nitride). Thus, any class of 

substances characterized by high electrical and thermal conductivity, high melting 

point as well as by malleability (ability to be hammered into thin sheets into shape 

without shattering), ductility (ability to be drawn to form thin wire without snapping 

or breaking), and high light reflectivity can be regarded as a metal [3].Approximately 

75% of all known chemical elements are metals. 

Metals are usually crystalline solids; their crystal structure isquite simple inmost of 

the cases, identified by close packing of metal ions which are arranged in a regular 

way to form a metallic lattice with a strictly symmetric arrangement. In most cases, 

the outermost electron shell of each of the metals atoms overlaps with a large number 

of neighboring atoms. As a consequence, the valence electrons continually move from 

one atom to another and are not associated with any specific pair of atoms. In short, 

the valence electrons in metals, unlike those in covalently bonded substances, are non-

localized, capable of wandering relatively freely throughout the entire crystal. The 

atoms that electrons leave behind become positive ions and the interaction between 

such ions and valence electrons gives rise to the binding force that holds the metallic 

crystal together. Due to this property metals are not inclined to form compounds with 

each other [4];this condition does not apply with nonmetals (e.g., oxygen, 

https://en.wikipedia.org/wiki/Absolute_zero�
https://en.wikipedia.org/wiki/Absolute_zero�
https://en.wikipedia.org/wiki/Absolute_zero�
https://www.britannica.com/science/gold-chemical-element�
https://www.britannica.com/science/copper�
https://www.britannica.com/science/platinum�
https://www.britannica.com/science/silver�
https://www.britannica.com/science/ductility-physics�
https://www.britannica.com/science/oxygen�


 
 

sulfur).Metals are reacting quickly and favorably, with nonmetals, which generally 

have more than half the maximum number of valence electrons. The chemical 

reactivity of metallic materials varies a lot with the most reactive being potassium, 

sodium, lithium, radium and calcium whereas those of lower reactivity are platinum, 

gold, silver, mercury and tungsten [5].Metal atoms, which can be regarded as hard 

spheres are arranged on crystal lattices. The grain is determined as the aggregate of a 

group of similar crystals of a given metal or alloy. The adjustment of lattice 

aggregates usually differs over distance so metal like titanium is formed of many 

grains. Within each grain, the orientation of the lattice structure is the same whereas 

the next grain will have a different spatial orientation [6].  

The high electrical and thermal conductivities of the metals, specifically of the non-

transition metals of the periodic table, can be explained using the free-electron theory. 

According to this theory, the particular atoms in these metals lose their valence 

electrons to the whole solid, and these free electrons move as a group throughout the 

solid, increasing the conductivity [7]. On the other hand, for complex metals that 

constitute of transition elements, the conductivity can be explained by the band 

theory, which takes into account the interaction between the free electrons. The 

mechanical properties of metals, such as hardness, ability to resist repeated stress 

(fatigue strength), ductility, and malleability, are often attributed to defects or 

imperfections in their crystal structure. The absence of a layer of atoms in its densely 

packed structure, for example, enables a metal to deform plastically and prevents it 

from being brittle. 

 

1.1.1 Titanium 
 

Titanium constitutes 0.44 percent of Earth’s crust; it was discovered in 1790 but it 

was not used until the 20th century when it became possible to separate it from its host 

minerals, which is a difficult and costly process. The metal was isolated in pure form 

in 1910 by Matthew A. Hunter via the reduction of titanium tetrachloride with sodium 

in an airtight steel cylinder. The interest for the properties of titanium and titanium 

alloys started after the Second World War and in the late 1940s there were major U. 

S. Government-sponsored programs that led to the installation of large capacity 

https://www.britannica.com/science/valence-chemistry�
https://www.britannica.com/science/lithium-chemical-element�
https://www.britannica.com/science/radium�


 
 

titanium sponge production plants [8]. Titanium does not exist in its elementary form 

in nature but it exists in chemical combination with either iron or oxygen. The most 

common mineral sources of titanium are ilmenite (FeTiO3), leucoxene and rutile 

(TiO2) [9]. As a metal, titanium is recognized for its high strength-to-weight ratio and 

resistant to corrosion due to the formation of a passive oxide surface film [10]. The 

element titanium (Ti) is a very strong metal with a low density of 4.5g/cm3, quite 

ductile, lustrous and with a silver-grey colour.  It is non-toxic, non-magnetic, it has a 

very low electrical and thermal conductivity but it is superconducting when cooled 

below its critical temperature of 0.49K [11].The coefficient of thermal expansion of 

titanium (8.6μm/(m∙K)) is lower than that of steel and less than half than the 

corresponding of aluminium. As aluminium and magnesium, titanium and its alloys 

can oxidize immediately upon exposure to air. It reacts with oxygen in the air at 

T=1200°C and with pure oxygen at T=610°C, forming titanium dioxide. It reacts with 

air and water, as well, at ambient temperature forming a passive oxide coating which 

protects it from further oxidation [12]. This protective layer is 1-2nm and it can reach 

a thickness of 25 nm in four years. 

The values of the most important characteristics as well as of the physical and 

mechanical properties of elemental titanium are referred at Table 1.1 

 

Table 1.1: Physical and mechanical properties of elemental titanium. 

 

Titanium can be wrought, cast or made by Powder metallurgy techniques, and can be 

joined by means of fusion welding, brazing, diffusion bonding, adhesives or fasteners. 

Due to its properly designed and advantageous properties, titanium is extensively used 



 
 

in the aerospace industry, petrochemical engineering, biomedical engineering, power 

generation and other fields [13]. 

  Like several other metals, titanium appears indifferent crystal structures, but each 

one is stable only in a particular range of temperature and pressure. The transition 

from one to another crystal structure is called allotropic transformation; the respective 

temperature that the transformation takes place is called transus temperature. 

Titanium has two main elemental crystal structures; the crystal structure at ambient 

temperature and pressure is a hexagonal close-packed (hcp), with a c/a ratio of 1.587 

which is referred to as the “alpha’’ phase. At about 888°C this structure is 

transformed to a body-centered cubic (bcc) crystal structure, called the “beta’’ phase 

which remains stable up to the melting temperature. The atomic unit cells of the hcp 

crystal structure and the bcc respectively are schematically shown in Fig. 1.1 with 

their crystallographic planes and directions highlighted. Specifically, for α-phase 

titanium the lattice constants are a=0.295nm and c=0.468nm, the close-packed 

direction is <112�0>, the close-packed plane is {0001}, the coordinate number is 12, 

the packing factor is 0.74 whereas there are six (6) atoms per unit cell. In the case of 

the β-phase titanium, the lattice constants are a=0.332nm and c=0.468nm, the close-

packed direction is <111>, the close-packed plane is {110}, the coordinate number is 

8,the packing factor is 0.68 whereas the atoms per unit cell are two (2)[14].The 

existence of the two different crystal structures of titanium and the corresponding 

transus temperature are important parameters since they are responsible for the 

manifestation of the material final properties as well as for the properties observed in 

the different titanium alloys.  

 

Figure 1.1. Crystal structure of hcp α and bcc β phase. 



 
 

1.1.2 Titanium alloys 
 

The excellent properties like high yield strength and toughness, low weight ratio, low 

density, stiffness, good corrosion resistance and biocompatibility that titanium and its 

alloys possess, makes them useful in various chemical and petrochemical 

applications, marine applications, in aerospace industries as well as in biomaterials 

applications and medical supplies [15].Since titanium alloys can replace heavier, less 

serviceable or less cost-effective materials, titanium-based designs result, in 

significantly more consistent, economic and durable systems or components.  

Titanium alloys contain a mixture of titanium and other chemical elements and can be 

classified into three main categories: the not heat treatable alpha alloys, which contain 

alpha stabilizers such as aluminium (Al), oxygen (O), zirconium (Zr) and sometimes 

neutral alloying elements such as tin (Sn), the heat treatable alpha and beta alloys, 

which contain a combination of alpha and beta stabilizers and the metastable beta 

alloys, which contain beta stabilizers such as Iron (Fe)molybdenum (Mo) or 

vanadium(V) to retain the beta phase upon quenching [16,17]. 

Titanium alloys can be classified in four categories [18-20]: 

1.1 α alloys: The most widely known are Ti-2.5Cu, Ti-5Al-2.5Sn and 

commercially pure grades of Ti, containing an amount of oxygen and nitrogen. 

As they are single-phase alloys they cannot be heat treated to develop higher 

mechanical properties but these alloys have high oxidation resistance at high 

temperatures due to the high amount of aluminium. 

1.2 Near α alloys: The most widely used are Ti-6Al-2Sn-4Zr-2Mo and Ti-8Al-

1Mo-1V as well as TiAlZrMoSiFe and TiAlZrSnNb(Mo, Si) alloys that are consider 

to show improved creep resistance. 

These alloys contain a small amount of β phase, are heat-treatable as they are two-

phase alloys and they are stronger than α alloys. Near α alloys demonstrate the best 

general corrosion- resistance qualities. 

1.3 α-β alloys: Some examples of these alloys are Ti-6Al-4V and Ti-6Al-2Sn-4Zr-

6Mo. 



 
 

These alloys contain an amount of β- stabilizers, the majority of which cannot 

strengthen the α phase so α- stabilizers are needed as well. The relative amounts and 

distribution of the α-β phase change the mechanical properties of alloys and they are 

controlled by processing and heat treatment. Their strength and ductility are better 

than the respective of alpha or beta alloys. 

1.4 β alloys: Some of these alloys are Ti-15Mo-3Nb-3Al-0.2Si and Ti-10V-2Fe-

3Al. 

These alloys contain a high amount of β-stabilizers. The beta alloys are metastable as 

they tend to transform to equilibrium or balance of structure. Their strength is 

attributes to the intrinsic strength of the beta structure and the condensation of other 

phases through the heat treatment after processing. So they have an excellent response 

to forgeability and respond well to cold working 

Figure 1.2 shows schematically some benefits of alloying elements on the structure 

for characteristic alloys and classes or subclasses of titanium alloys illustrating the 

effect of the obtained structures the most often used in titanium alloy design [8]. 

 
 

 

Figure 1.2. Schematic illustration of the obtained structure and the effect onselected 
properties that results from alloying Ti with certain elements [8]. 



 
 

Titanium alloysα+β have formed an increasing interest in many applications due to 

their better properties compared to other alloys. The high tensile strength (higher than 

α alloys), the relative low modulus (lower thanα alloys) and ductility (higher than 

αand β alloys) are some examples of these properties [21]. The most widely known 

and used among α+β titanium alloys is the Ti-6A1-4V [22], properties of which are 

further described in chapter 2. 

1.2  Surfaces and Interfaces 
 

Molecular interactions are known as noncovalent interactions or intermolecular 

interactions. They are attractive or repulsive forces between molecules and between 

non-bonded atoms. Specifically, a hydrogen bond forms a special type of dipole-

dipole attraction when a hydrogen atom bonded to a strongly electronegative atom 

exists in the vicinity of another electronegative atom with a lone pair of electrons. 

Other examples include dipole-dipole interactions, dispersion forces and van der 

Waals forces. Hydrogen bonds are generally stronger than these forces but weaker 

than covalent and ionic bonds. 

  The surface free energy of a material depends on intermolecular forces such as van 

der Waals forces and hydrogen interactions within the material [23]. Water as an 

example has a high surface tension of 73mN/m due to its ability to form strong 

hydrogen bonds within itself [24] and because in the bulk of the liquid, a molecule is 

surrounded by other molecules so there are more interactions than at the surface of the 

liquid. The cohesive interactions lower the energy state of the molecules, so the 

molecules in the bulk of the fluid are at a lower energy state than those molecules at 

the surface of the liquid. Because water molecules prefer to be at a lower energy state, 

water droplets take the shape of a sphere with a purpose to decrease the total number 

of higher energy state molecules [25].  

  Further than the molecular interactions there is also the gravity which acts 

downwards and tries to flatten the droplet. The body force can be neglected if the 

liquid drop size is smaller than the so-called capillary length, λc; a fundamental 

physical property that is found when body forces and surfaces forces are in 

equilibrium [26]: 



 
 

𝜆𝜆𝑐𝑐 = �
𝛾𝛾𝐿𝐿𝐿𝐿
𝜌𝜌𝑔𝑔

 

 

, where 𝛾𝛾𝐿𝐿𝐿𝐿  is the surface tension at the liquid-vapour interface and ρ is the liquid 

density.  The capillary length for clean water at ambient conditions is 𝜆𝜆𝑐𝑐 = 2.7𝑚𝑚. In 

the case that the liquid drop size is smaller than the 𝜆𝜆𝑐𝑐  then gravitational forces are 

ignored and the shape of the drop depends simply on the surface tension of the 

surface. As is shown in Figure 1.3 there are several interfacial surface tension, when a 

water droplet is placed on a smooth homogeneous surface. 

 

 

Figure1.3. The interfacial surface tensions for a water droplet with equilibrium 
contact angle θ. 

At the triple contact line, there is a balance between the interfacial energies for the 

three phases present (solid, liquid, vapour) [27]. So the degree of wetting and thus the 

contact angle (θ), depends on the surface tension of the liquid (𝛾𝛾𝐿𝐿𝐿𝐿), the surface free 

energy of the solid (𝛾𝛾𝑆𝑆𝐿𝐿 ) and the interfacial tension between the two medium (𝛾𝛾𝑆𝑆𝐿𝐿), 

according to Young’s law. Equation 1 shows the Young’s law [28]: 

 

𝛾𝛾𝑆𝑆𝐿𝐿 = 𝛾𝛾𝑆𝑆𝐿𝐿 + 𝛾𝛾𝐿𝐿𝐿𝐿 cos 𝜃𝜃(Eq. 1) 

 

Or 



 
 

cos 𝜃𝜃 = 𝛾𝛾𝑆𝑆𝐿𝐿 −𝛾𝛾𝑆𝑆𝐿𝐿
𝛾𝛾𝐿𝐿𝐿𝐿

(Eq. 2) 

 

The contact angle θ is a quantity that describes the shape of a liquid drop and the 

wettability of relatively small liquid drops on solid surfaces. 

1.2.1 Wetting properties 
 

The contact angle θ is used to define the degree of hydrophobicity or hydrophilicity of 

a surface and its values range from 0 to 180° depending on the magnitude of the solid-

vapour and solid-liquid interface as is shown in Figure 1.4. In general, solid surfaces 

can be divided in five categories depending on the contact angle of a water drop on it. 

A surface with a water drop contact angle approximately zero is called 

superhydrophillic and the liquid drop spreads out over the entire surface. A surface 

which is easily wet by water is called hydrophilic and the contact angle is lower than 

90°(θ<90°). An unwettable surface is referred to as hydrophobic with a contact angle 

greater than 90°but lower than 150° (150°>θ>90°). If the contact angle is higher from 

150° (θ>150°), the surface is called as superhydrophobic. Finally, in the case that 

contact angle is θ=180°, the surface is non-wetting and there is only a specific point 

between the droplet and the surface. 

Another way to describe the amount of wetting is the spreading coefficient. It is 

defined as the difference between the work of adhesion,𝑊𝑊𝑎𝑎 = 𝛾𝛾𝐿𝐿𝐿𝐿 + 𝛾𝛾𝑆𝑆𝐿𝐿 + 𝛾𝛾𝑆𝑆𝐿𝐿  and the 

work of cohesion,𝑊𝑊𝑐𝑐 = 2𝛾𝛾𝐿𝐿𝐿𝐿[29].The equation for the spreading coefficient in terms 

of the surface tension is: 

𝑆𝑆 = 𝛾𝛾𝑆𝑆𝐿𝐿 − 𝛾𝛾𝐿𝐿𝐿𝐿 − 𝛾𝛾𝑆𝑆𝐿𝐿  (Eq. 3) 

 

Equation 3 shows that the spreading of a liquid on a solid surface occurs if 𝛾𝛾𝑆𝑆𝐿𝐿 >

𝛾𝛾𝐿𝐿𝐿𝐿 + 𝛾𝛾𝑆𝑆𝐿𝐿 . A solid surface with large 𝛾𝛾𝑆𝑆𝐿𝐿  value is more difficult to be wet by a liquid 

than a solid surface with low interfacial energy like many polymeric materials. 

 



 
 

 

Figure1.4. Different types of wetting on solid surfaces: non-wetting (a), 
superhydrophobic (b), hydrophobic (c), hydrophilic (d) and superhydrophillic (e) 

 

There are two factors to determine the wettability characteristic of a surface: 

1. Surface Chemistry: In general high surface energy solids such as glass, ceramics 

and metals are hydrophilic and low surface energy solids like polymers, plastics and 

Teflon are hydrophobic [30]. The surface energy of the water is 73mJ/m2 while that of 

Teflon is 18.5 mJ/m2, so Teflon is hydrophobic [31]. Surfaces such as copper and 

glass with energies 1650mJ/m2 and 83.5mJ/m2 respectively are hydrophilic. 

2. Surface Roughness: A second parameter that affects hydrophobicity is the 

topography of a surface. In the case of a smooth hydrophobic surface, increase of the 

surface roughness will result in an increase of its hydrophobicity. Moreover, a 

hydrophilic surface will become more hydrophilic by roughening its topography [32]. 

The maximum contact angle that a smooth surface can achieve is 120°, so in the case 

of superhydrophobic surface, the roughness is necessary [33]. 

The effect of surface roughness on wetting properties was first discussed by Wenzel 

in 1936[34] and by Cassie and Baxter in 1944[36].According to the Wenzel model, 

the surface area of a material increases in the case of a roughened surface. As a result, 

the liquid has the tendency to spread more on a rough hydrophilic surface, in order to 



 
 

enhance the solid-liquid contact. Conversely, on a rough hydrophobic material, the 

contact is unfavorable. Thus, the roughness factor was introduced, as the ratio of the 

actual surface area (taking into account the asperities of the solid) over its apparent 

one. The surface energy is calculated from the following equation [35]: 

cos 𝜃𝜃𝑊𝑊 = 𝑟𝑟 cos 𝜃𝜃𝛶𝛶  (Eq. 4) 

, where 𝜃𝜃𝑊𝑊 is the contact angle for a rough surface, 𝜃𝜃𝑌𝑌 is the contact angle for a 

smooth surface obtained by Young’s equation and r is the roughness factor. For rough 

surfaces, r>1 so that 𝜃𝜃𝑊𝑊 > 𝜃𝜃𝛶𝛶  for hydrophobic surfaces and 𝜃𝜃𝑊𝑊 < 𝜃𝜃𝛶𝛶  for hydrophilic 

surfaces. 

   Cassie and Baxter's model corresponds to a heterogeneous state, where the water 

droplet stays onto the top of the solid surface and air is trapped between water and 

surface texture. So, liquid-air and solid-air interfaces are created underneath water 

droplet when it is placed on such surfaces and the final contact angle is defined by the 

following Equation [37]: 

cos 𝜃𝜃𝐶𝐶𝐶𝐶 = 𝑓𝑓 cos𝜃𝜃𝛶𝛶 + 𝑓𝑓 − 1 (Eq. 5) 

, where 𝜃𝜃𝐶𝐶𝐶𝐶  is the contact angle for a rough surface, 𝜃𝜃𝑌𝑌 is the contact angle for a 

smooth surface obtained by Young’s equation and f is the fraction of a solid area 

wetted by the liquid. Increasing the surfaces roughness decreases f, which leads to an 

increase in the 𝜃𝜃𝐶𝐶𝐶𝐶 . 

Some properties of the surfaces are difficult to be determined just by the 

determination of the contact angle [38]. When a surface is hydrophobic it can be at 

Wenzel or Cassie state so it is necessary to find another way to discriminate the 

situation. If the surface has a mild roughness then the apparent water contact angle 

follows the Wenzel behavior, but in the case of highly rough surfaces the most 

favorite case is the Cassie-Baxter behavior. At a hydrophobic surface with contact 

angle θY≈100 and roughness rs≈2 both Wenzel and Cassie-Baxter states can co-exist.  

[41] One method to determine the two states is the measurement of contact angle 

hysteresis as shown in Figure 1.5: 

 



 
 

 

Figure 1.5. Contact angle hysteresis for a droplet placed on a surface tilted with an 
angle α. 

 

When the surface is tilted the liquid drop becomes asymmetric and the contact angle 

of the left side (advancing angle) becomes larger and that of the right side (receding 

angle) gets reduces. When the surface tension force is smaller than the gravity then 

the liquid drop starts sliding. Therefore, the critical angle where the liquid drop starts 

sliding is called α and it can be calculated by balancing the two forces [42]: 

 

𝛾𝛾𝐿𝐿𝐿𝐿(cos𝜃𝜃𝑅𝑅 − cos𝜃𝜃𝛢𝛢) = 𝑚𝑚𝑔𝑔
𝑤𝑤

sin𝛼𝛼(Eq.6) 

 

, where m is the mass of the droplet and w is the solid-liquid contact width. 

 At this point, the advancing angle θA and receding angle θR is measured. The contact 

angle hysteresis is determined as the difference between these angles, see Equation7 

[39]: 

𝐶𝐶𝐶𝐶𝐶𝐶 = 𝜃𝜃𝛢𝛢 − 𝜃𝜃𝑅𝑅  (Eq. 7) 

Contact angle hysteresis is used for the differentiating between the surfaces states, a 

low hysteresis indicates a Cassie-Baxter state and a high hysteresis indicates a Wenzel 

state. These two equations predict that a smaller contact angle hysteresis will result in 

a smaller sliding angle and easier roll-off. It is difficult to roll off a liquid droplet if 

the contact angle is lower than 140° unless the hysteresis is very small about 4-5° 

[40].On the other hand, a liquid droplet will easily roll off if the contact angle is larger 

than 150°, even if the contact angle hysteresis is larger than 5°, due to the reduction of 

the solid-liquid contact (small w) [43]. 



 
 

1.3  Superhydrophobicity 
 

Superhydrophobic surfaces can be characterized using several properties; the most 

common is the contact angle and the contact angle hysteresis. A superhydrophobic 

surface has usually a contact angle larger than 150° and hysteresis lower than 10°. 

These properties arise from a combination of the surface roughness and the chemical 

nature of the surface material. 

There are many superhydrophobic surfaces in nature; most of them are found on 

insects or plants. A plant that is extensively studied for his properties is the lotus leaf 

(Nelumbomucifera); which is characterized by contact angleθ>150°, ultra-low water 

adhesion and self-cleaning properties [44]. The self-cleaning properties, that is to 

remove dust and particles by the moving of water droplets are derived by the Cassie-

Baxter state. This property has been attributed to the dual micro and nanopatterning of 

their surface; this hierarchical roughness is important to stabilize the Cassie-Baxter 

state [45]. At the nanoscale, the leaf contains epicuticular wax crystal, while at the 

microscale convex cell papilla are observed. 

 

(a)                                                                      (b) 

Figure 1.6. (a) Image of water drops on lotus leaf (Nelumbomucifera), (b)Contact 
angle measurement on the surface of lotus leaf, θ=160° [44]. 

   Land plants show superhydrophobic properties and high adhesion as well; an 

example may be the petal of Rosa Montana which consists of convex conical cells 

with a cuticular nanofolding [46]. The size of micro and nanostructures of the red 

petals is larger than those of the lotus leaves. These surfaces are at an intermediate 

state between the Wenzel and Cassie-Baxter states, and the water drops can enter the 



 
 

large spaces between the microstructure cells, but cannot penetrate inside the 

nanoscale cells. 

Other plants with superhydrophobic properties are Strelitzia reginae and Oryza sativa 

leaves [47, 48]. These leaves have anisotropic properties and their surface consists of 

parallel microgrooves. If the inclination of the leaf is in the direction perpendicular to 

the microgrooves a water droplet remains stuck on it; on the other hand, if the 

inclination is in the direction of the microgrooves droplets can roll. 

 

(a)                                                                 (b) 

 

(c)                                                                                (d) 

Figure 1.7. Image of water drops on the (a) petals of Rosa Montana (b) Strelitzia 
reginae (c) Oryza sativa leaves and (d) the water strider [46-49]. 

  Superhydrophobic surfaces can also be found in insects and birds; water striders 

have non-wetting legs so they can walk on water [49]. Their surface consists of 

micro-scale setae which contain nano-scale grooves. So the hierarchical structures 

together with the hydrophilic wax render the superhydrophobicity needed so that they 

can walk on water freely. Butterflies and cicadae have superhydrophobic wings, 

which are water repellent and they don’t stick together [50, 51]. On the other hand 

Nambibian beetles use superhydrophobicity to collect water droplets rather than 

repelling them [52]. These beetles have superhydrophobic tracks around hydrophilic 



 
 

elytrae; when water droplets are formed from fog or morning dew, these droplets are 

rolled down to the mouth through the superhydrophobic track. Taking advantage of 

such property, these beetles can get water in a desert environment. 

 

1.3.1 Techniques to fabricate superhydrophobic 
surfaces 

 

To fabricate superhydrophobic surface there are two important factors. First, the 

surface must be rough to allow the formation of trapped air pockets underneath water 

droplets so the surface will be at Cassie-Baxter state. Second, the surface should have 

low surface energy, which is inherently hydrophobic. There are two methods to 

produce a superhydrophobic surface: modifying a rough surface with a hydrophobic 

coating or creating a rough surface on hydrophobic material. 

 

 
Figure 1.8. (a) a) Picture of a water droplet lying on a laser structured, silane coated, 
Si surface. The static contact angle of a water drop of 0.78 mm radius on that surface 
(inset) was measured to be equal to θ = 154±1°, (b) SEM image of the surface 
comprising micrometer-sized cones and high magnification SEM image of a single 
cone (inset) depicting nanometer-sized protrusions. The surface was structured in the 
presence of 500 Torr SF6 at a laser fluence of 2.47 J cm2 with an average of 500 
pulses [53]. 

 

Laser patterning  
Several different techniques can be employed to modify the morphology and the 

chemistry of a surface. Microstructuring by ultrafast lasers in specific ambient 

environments produces a morphology that exhibits two length scales via a simple one-

step process.  



 
 

In 2009 M. Barberoglou et al. reported a method for preparing stable 

superhydrophobic and highly water repellent surfaces by irradiating silicon wafers 

with femtosecond (fs) laser under reactive gas (SF6) and coating them with 

chloroalkylsilane monolayers [53]. The surface exhibited a static contact angle of 

θ=154° and a contact angle hysteresis of CAH=5°, both very similar to the values for 

the lotus leaf surface (Figure 1.8). 

 

 

(a)                                                             (b) 

 

(c)                                                               (d) 

Figure 1.9. FE-SEM micrographs of bare Si spikes prepared by femtosecond laser 
irradiation on silicon (a) and coated with ZnO by sol-gel/spin-coating process (b). 
Contact angle measurements for surfaces with ZnO coating onto a surface with silicon 
spikes [54]. 

 

  In 2015 M. A. Frysali et al. reported the development of surfaces exhibiting both 

photocatalytic activity and reversible wettability. Initially, silicon wafers were 

irradiated with femtosecond laser produces a surface with dual-scale roughness in the 

micro- and nanoscale. Subsequently, silicon surfaces were coated with ZnO following 



 
 

a simple sol-gel process. The surfaces exhibited reversible wettability from 

superhydrophillic (upon UV irradiation) to superhydrophobic (upon heating) with a 

contact angle θ=157° (Figure 1.9). The combination of photocatalysis with reversible 

wettability with a single coating makes these surfaces appropriate for a variety of 

applications such as self- cleaning, air purification and marine coating [54]. 

 

Figure 1.10. (a) Replica surfaces produced by templating micropillars morphology. 
(b) A water droplet on the surface has a contact angle of about θ=167°[55]. 

 

In 2005, Sun M. H et al. fabricated an artificial lotus leaf using a templating technique 

[56]. They used PDMS as surface geometry negative template to replicate the lotus 

leaf, and then negative template was used for a second-time replication. An anti-stick 

monolayer of trimethylchlorosilane was used to release the PDMS. The surface 

structure of lotus lead was replicated including micro and nanotexturing on it. Figure 

1.11 shows SEM images of the surface; such a surface results in a water contact angle 

θ=160° and a contact angle hysteresis CAH=2°. 

Templating technique 

Templating method is a way to replicate 2D or 3D patterns on a surface.  The main 

idea is to cover the template surface with a superhydrophobic material, usually a 

polymer, press and then remove the solidified material from the template.  

In 1999, D. Quere et al used the method of photolithography to contrast a surface 

which had micropillar features (Figure 1.10). After that, an elastomeric mould was 

used to replicate the entire structure of the mask; the latter was utilized to cast silica 

features onto a silicon wafer. In the end, a hydrophobic monolayer was coated on 

those pillars and the static contact angle was measured at θ=167°[55]. 

 



 
 

 

Figure 1.11. (a) Illustration of the lotus leaf replication process (b) SEM image of the 
lotus leaf (c) SEM image of positive replica[56]. 

 

Another work that used a templating method was in 2009 by Sheng. L.’s where they 

used through-hole nanotemplates to prepare polymeric nanopatterns with different 

sizes and heights during anodic aluminium oxide (ΑΑΟ) template extrusion [57]. 

High-density polyethene (HDPE) was produced under heat and pressure in various 

sizes. A way to generate different roughness is by tuning the diameter of template 

nanochannels. So the superhydrophobic HDPE nanofiber arrays have achieved a 

contact angle approximately θ=160°. Figure 1.12 is shown the technique and the SEM 

images of the nanofibers. 

 

Figure 1.12. Illustration of using an AAO template for HDPE nanofiber extrusion (a) 
FE-SEM images of top view and (b) cross-section [57]. 

 



 
 

Templating is a useful technique to mimic and copy an original surface. However, this 

method has some disadvantages; that is, it is not suitable for materials like metals or 

in organics whereas it is difficult to replicate large range surfaces. 

 

 

Figure 1.13. SEM image of double-layer PS after plasma etching (left). SEM images 
of PS beads (right). The contact angles and diameters of PS are (a) 135°, 400nm (b) 
144°, 360nm (c) 152°, 330nm and 168°, 190nm. The scale bars are 1 μm [58]. 

 

Lithography 

A well-known method to create desirable features surface is lithography, where 

usually a photoactive polymer layer is irradiated by light which passes through a 

mask. The coating at the textured surface should be a low surface energy material to 

result in superhydrophobicity. Depending on the radiation source, there is the 

nanosphere lithography, the electron-beam lithography and the X-ray lithography.[58-

61] The pillar size, spacing, and the distance between the pillars can be controlled by 

the appropriate lithographic process and they are related with the resulted wettability 

of the patterned surface. 

   Nanosphere lithography uses plasma etching to pattern large scale nanosphere 

arrays and forms periodic nanostructures. In 2004, Shiu J. Y. et al., formed packed 

polystyrene (PS) arrays, which were then coated with a film of gold and were 

modified with octadecanethiol by the spin coating method [58].A change of the 

diameter of the PS arrays from 440nm to 190 nm results to an increase of the water 

contact angle of the surface from θ=132° to θ=168° . For double layer, PS arrays the 

contact angle was approximately θ~170° (Figure 1.13). 

 



 
 

In 2010, Hong L. F. et al., fabricated photopatternable superhydrophobic films by 

spray coating and thermal immobilization of polytetrafluoroethylene (PTFE) 

nanoparticles of the SU-8 polymer matrix [61]. The surfaces presented 

superhydrophobic properties with high contact angle of θ=165°, low contact angle 

hysteresis and high optical transparency (Figure 1.14). 

 

 

Figure 1.14. SEM images of photopatternable PTFE and SU-8 with scale bars (a)-(c) 
100 μm (d) 50 μm.(e) Contact angle measurements for PTFE. (f) Illustration of 
fabrication processes [61]. 

Chemical vapour deposition 

A combination of photolithography and chemical vapour deposition can create multi-

scale roughness at surfaces in order to become superhydrophobic; e.g. Si nanowires 

and carbon nanotubes bundles. Zhu L. B. et al has reported surfaces that can find 

applications in microfluidic devices [620]. Two systems with double scale roughness 

have been created and on the patterned silicon wafers carbon nanotubes arrays were 

grown (Figure 1.15). In order, the surface energy to be lowered, 20 nm fluorocarbon 

films were used as a coating at the surfaces. Silicon surfaces with microscale 

roughness were patterned by photolithography in order to attribute nanoscale 

roughness on the top; due to the nanoscale roughness, the contact angle hysteresis was 

reduced to less than 1 °. 



 
 

 

Figure 1.15. SEM image of CNT array surfaces coated with a 20 nm fluorocarbon 
film [62]. 

In 2007, Cao. L. L. et al used the chemical vapour deposition technique to grow Si 

nanowires vertical to etched Si (111) sidewall surfaces (Figure 1.16) [63].The 

nanowires were grown following deposition of Au nanoclusters onto the etched Si, 

using SiCl4as a precursor and hydrogen 10% vol Ar as the carrier gas. The 

temperature of the vapour-liquid-solid mechanism that the nanowires were grown was 

850°C. The static contact angle of these surfaces was around θ~160°. 

 

 

Figure 1.16. Typical SEM images of (a) Si surface fabricated by etching a SiO2-
masked Si (100). (b) Si nanowires are grown on the Si surfaces. The scale bars were 
5μm [63]. 

Other techniques that are used to fabricate superhydrophobic surfaces are: 

electrospinning of fibers, phase separation, layer by layer deposition and plasma 

etching. 

Electrospinning is a method that generates ultrathin fibers with sub-micrometer and 

micrometer diameters. The material that is usually used is a polymer so by tuning the 



 
 

parameters, different scales of roughness can be achieved to create a 

superhydrophobic surface. In 2007, M.L. Ma et al succeeded to create a hierarchical 

surface roughness by decorating electrospun fibres mats with nanometer-scale pores 

using a volatile solvent during electrospinning [64].More specifically, porous poly 

(methyl methacrylate) (PMMA) fibres with an average pore size of 80 nm and an 

average fiber diameter of 1.7μm were fabricated by Electrospinning from a 

chloroform solution. These surfaces had a contact angle θ=163°, self-cleaning 

properties and thermal stability (Figure 1.17). 

 

 

Figure 1.17. The water-air-solid composite interface on fibres with different surface 
roughness. The fibres are parallel and have a circular cross-section.(b) SEM images of 
as-spun porous PMMA fibres[64]. 

 

In 2003, Erbil et al used a phase separation method to fabricate superhydrophobic 

surfaces [65]. The roughness of these surfaces was controlled via the selection of the 

solvent and the temperature. The samples were tested at different solvents, drying 

temperature and different solute concentration. These experiments used the isotactic 

polypropylene (i-PP), and p-xylene and methyl-ethyl-ketone as solvent and non-

solvent mixture. It was observed that lowering the drying temperature led to lose 

network formation, which increased the contact angle of the surface (Figure 1.18). 

The maximum contact angle that can be achieved was θ=170. This method works 

relatively well for polymers as it results in films with rough and porous surface; 

however, it does not work for organic substances as the coatings show poor 

temperature stability. 

 



 
 

 

Figure 1.18. SEM pictures of i-PP obtained from a solution (20 mg/ml) in p-xylene 
on glass slides at drying temperatures of (a)30°C and (b) 60°C [65]. 

The layer-by-layer technique is used for surface fabrication by alternate deposition of 

negatively and positively charged polymers. It is suitable for large area 

superhydrophobic surfaces as it is an easy process and there is a precise control of the 

layer thickness. In 2009, Li Y. et al. used the method of layer by layer deposition to 

construct transparent superhydrophobic films [66]. They put poly (allylamine 

hydrochloride) (PAH)/SiO2 nanoparticle films on top of the 

poly(diallyldimethylammonium chloride) (PDDA)-silicate/ poly(acrylic acid) (PAA) 

film. The method was followed by calcination and chemical vapour deposition of a 

layer of fluoroalkylsilane. The transparency was improved by the nano-silica as it 

used as an antireflection layer (Figure 1.19). 

 

 

Figure 1.19. (a-b) Top-view and cross section SEM images of a (PDDA-
silicate/PAA) ×12 /(PAH/SiO2) ×4 film deposited on a quartz substrate after 
calcination. (c) UV-Vis transmission spectra of films on quartz substrates. a. Calcined 
(PDDA-silicate/PAA) ×12 film; b. Calcined (PDDA-
silica/PAA)x12/(PAH/SiO2)x4film;c.the film after CVD of a 1H,1H,2H,2H-
perfluorooctyltriethoxysilane layer; d. bare quartz[66]. 



 
 

 

Plasma etching is a dry process where reactive atoms or ions are generated by a gas 

discharge.  In the case of polymers oxygen plasma etching is used, as it does not 

require high temperatures or long processing times and can be used for large scale 

production depending on the power of the plasma chamber. [67-69] In 2005, Lacroix, 

L. M. et al., fabricated superhydrophobic and optical transparent surfaces 

usingpoly(ethylene naphthalate) or polystyrene and organosilanes or fluorocarbon 

coating by a plasma etching method [70]. 

 

 

Figure 1.20. (a-c) Fabrication of superhydrophobic Si by a plasma etching process. 
(d-e) SEM images of Si surfaces after reactive ion etching and SF6 plasma etching 
[70]. 

 

Plasma etching contains fluorine, such as ClF3, SF6, NF3, CF4 to etch Si, and the 

process can generate deep walls or grooves [71].One approach to generate high aspect 

ratio (5-50) Si nanograss, is as follows; fluorine based deep reaction ion etching 

process, followed by fluorocarbon coating for superhydrophobic nanostructured 

silicon surface(Figure 1.20d). A combination of plasma etching and lithography 

generate the roughness of the Si wafer. Εtching of photoresist by SF6 plasma 



 
 

treatment generates surface roughness on Si as shown in Figure 1.20(a-c and e).To 

lower the surface energy a coating of fluorocarbon layer has been applied. In this way, 

Si surface with a contact angle up to θ=170° has been created [72]. 

 

1.3.2 Applications of superhydrophobic surfaces 
 

Superhydrophobic surfaces are widely used on several applications due to their 

behavior when they get in contact with water droplets. Examples of these applications 

include anti-icing, oil-water separation, drug force reduction, antibacterial, anti-

fouling surfaces, etc. In the following, a few applications will be described as 

examples. 

Anti-icing properties 

Surfaces that possess anti-icing properties are extremely useful since the proper 

maintenance of highways, electricity transmission, telecommunication systems and 

airport facilities is of great importance in extremely cold areas. On a 

superhydrophobic surface the existence of air- pocket  allows water droplets to rapidly 

slide easily and fast, so that there will be not enough time for the droplet to freeze.  

An anti-icing coating composed of nanoparticles and polymer was tested both in the 

lab and the outside environment by Cao L. L. et al. [73]. In these composites the 

particles size is found critical for ice formation; when particles with size up to 10 μm 

are used the surface is superhydrophobic whereas ice formation is observed on the 

surfaces when the particles have size greater or equal to 50 nm. The probability of 

icing increases as the particle size increases and consequently the free energy barrier 

decreases. The experiment revealed that the Al plate with the superhydrophobic 

composite with 50 nm silica particles, showed little ice accumulation after one-week 

freezing rain. At the same time, a plate without coating has been covered by ice 

(Figure 1.21). Experiments carried out on satellite antenna gave similar observations. 

 



 
 

 

Figure 1.21. (a) untreated Al plate (b) Al plate coated with superhydrophobic 
composite (c-d) Satellite antenna [73]. 

 

Oil-water separation 

Removal of oil contaminants from factories and ships wastewater, to protect the 

environment is a great challenge. The accident of the deepwater horizon in 2010 at the 

Gulf of Mexico raised the interest of the scientists to produce low-cost systems that 

could remove oil contaminants from water. There are three methods for succeeding 

oil-water separation; oil removing, water removing and controllable separators. The 

most efficient method is the oil removing, as the amount of oil is always less than the 

amount of water. At this case, the material should be superoleophilic and 

superhydrophobic. 

At 2013, Gao et al. fabricated a TiO2-coated superhydrophobic and superoleophilic 

mesh; an assembly of sodium silicate and TiO2 nanoparticles on a stainless steel mesh 

which enables the convenient removal of the contaminants by ultraviolet (UV) 

illumination and allows the facile recovery of the separation ability of the 

contaminated mesh, making it promising for practical oil-water separation 

applications (Figure 1.22) [74]. 

 



 
 

 

Figure 1.22. Oil-water separation with the use of TiO2- coated mesh [742]. 

The same year Crick et al. used a silicon elastomer coating on a mesh which separates 

organic solvents like toluene, hexane and petroleum ether from water[75]. As shown 

in Figure 1.23 toluene passes through the filter but water droplet does not. 

 

Figure 1.23. The behavior of silicon elastomer coated mesh against toluene and water 
droplets [73]. 

 

Calcagnile P. et al., used polyurethane foams functionalized with colloidal 

superparamagnetic iron oxide nanoparticles and submicrometer PTFE particles, which 

can efficiently separate oil from water [76]. Their lightweight makes them float on 

water and by moving them around the oil-contaminated waters using a magnet, the 

floating oil is absorbed (Figure 1.24). 

 



 
 

 

Figure 1.24. Oil-absorbing procedures from water by the use of a polyurethane foam, 
which was moved by a magnet [76]. 

 

  

Drag force reduction 

The friction force between a solid surface as ships and submarines moving in the 

water creates a drag force which is a major problem. Superhydrophobic surfaces 

which will reduce the contact between the solid and the liquid are fabricated to reduce 

the drag forces. The inspiration to create such coatings came from the sharkskin.  

  As reported by Dong et al. experiment on a model ship with superhydrophobic 

coating revealed a 38.5% reduction of the drag force [77]. The surface has been 

created by electroless deposition of gold aggregates. (Figure 1.25) Three phases 

appear on these surfaces, water, solid and trapped air between them, where the friction 

is significantly reduced; this condition is known as plastron effect. 

On the non-coated ship, the friction force is applied between the solid surface and 

water. 

Figure 1.25. (a) Schematic of drug testing device; (b) velocity versus of the resistance 
in the circuit within the ships; (c) at the beginning (d) at the end of the drag test [77]. 

 



 
 

 

Figure 1.26. Antibacterial activity of (a) normal cotton and Ag NP modified cotton 
textiles (the lower two), and (b) normal cotton and hydrophobized Ag NP modified 
cotton textiles (the lower two) [78]. 

 

As we can see in Figure 1.26b the normal cotton samples did not show any 

antibacterial activity. The Ag NP modified cotton textiles (Figure 1.26a) placed on the 

bacterial-inoculated surfaces killed all the bacterial around them showing a distinct 

inhibition zone with an average width of 8.78mm around the samples. At these 

surfaces after the hydrophobization, the average width was reduced to 6.84mm.  

Whether hydrophobized or not, the reduction of bacterial growth in comparison to the 

normal cotton sample was 99.99%, which means a strong antibacterial efficiency. 

 

Anti-bacterial surfaces 

Superhydrophobicity was proven to be essential into antibacterial activity within the 

surgical (implants, biosensors), marine industry, food packaging etc. Surfaces with an 

antibacterial coating that reduce the bacterial adhesion are necessary, as in many cases 

after surgery bacterial grows on implants and cause inflection on the patient.   

One research in this regard was reported by Xue C-H et.al. in which silver 

nanoparticles (Ag NPs) were fabricated on cotton fibres which were then modified by 

hexadecyltrimethoxysilane to achieve superhydrophobicity [78]. Antibacterial activity 

of the fabricated surfaces was determined in terms of inhibition zone formed on agar 

medium.  

When a surface is immersed in seawater, a microorganism biofilm is formed on it 

which is later colonized by invertebrate animals. The consequences of this activity are 

Anti-fouling surfaces 



 
 

that the corrosion of the surface and the energy consumption increase dramatically, 

and the speed of the vessel decreases as well. It also has a negative impact on the 

environment and increases the frequency of the repairs[79].Since there is a large 

variety of marine microorganism and organisms, surface textures of a single length 

scale are not sufficient and therefore textures with multiple length scales should be 

designed for antifouling surfaces [80]. 

  Superhydrophobic surfaces are needed in this case as well; they can reduce the 

contact area between the solid surface and water, restricting the amount of 

microorganisms that reaches the solid surface. The air pockets at these surfaces 

should be stabilized within the pores to prevent any microorganism from adhering to 

the solid surface. Biofouling cannot be characterized by surface properties like contact 

angle, contact angle hysteresis or sliding angle due to the large volume of water. In 

this case, the only available measure of biofouling superhydrophobicity is the fraction 

of the wetted area. In order to obtain stable biofouling superhydrophobicity, the 

critical roughness ratio, is given by: 

𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚 = −
1

cos𝜃𝜃𝑌𝑌
+ 𝑓𝑓0 �1 +

1
cos𝜃𝜃𝑌𝑌

� 

, where 𝑓𝑓0 is the value of the area on the top of the roughness asperities. 

In order to obtain the mechanically stable roughness, the design should be optimized 

and the wetted area minimized [81].Resisting the adhesion of proteins and microbes, 

superhydrophobic surfaces with polyethylene glycol or oligoethylene glycol groups 

are often used, although they are costly and not durable enough in a long time 

range[82]. 

 

 

 
 



 
 

Current work 
 

The fabrication of superhydrophobic surfaces is a demanding and sometimes 

complicated tusk as realized by the performed works reported above. The (purpose) 

motivation of this work was to create a superhydrophobic metal surface using a 

procedure as simple as possible. More specifically, the procedure followed was 

application of random irradiation on the surface, without following a specific pattern 

and then placing it in a low vacuum which can be easily achieved and/or by utilizing 

heating of the surfaces at low temperatures, below 120°C.Therefore,the main 

objective of the performed work was the investigation of the effect of laser irradiation, 

pressure and residence time in vacuum) as well as temperature on the surface 

properties of a metal alloy targeting to the development of superhydrophobic surfaces. 

The material used is a hydrophilic Ti6Al4Vmetal alloy. The surface morphology 

changes via the irradiation as it acquires roughness, while through its placements 

either in the vacuum chamber or in the oven its chemical composition changes as 

well. The surface wetting properties were characterized by measuring the water 

contact angle, its morphology was studied by SEM and its chemical composition by 

EDS. High contact angles were achieved when a water drop is placed on an irradiated 

surface in all cases, nevertheless a low contact angle hysteresis and thus a water-

repellent behavior was obtained only for the cases that the surface remained under 

vacuum. Superhydrophobic surfaces have plenty applications; anti-fouling, anti-icing, 

drug force reduction, anti-bacterial etc. 
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Chapter 2- Methods and Materials 

2.1 Material-Ti6Al4V 
 

Ti-6Al-4V is one of the most widely used titanium alloys; during the twentieth 

century, it constituted 45% of the total shipped titanium alloys. Compared to other 

materials like, for example, Al alloys it shows a higher yield and fatigue strength. 

Among its various applications, this alloy is utilized for aircraft structural parts and in 

aero-engines due to its improved corrosion resistance and higher modulus of 

elasticity. Another important application of Ti-6Al-4V is in the power generation 

domain as low-pressure steam turbine material. It offers a lower modulus of elasticity 

combined with better seawater corrosion resistance than steel materials in offshore 

gas and oil production. It is also widely used in the biomedical field due to its 

corrosion resistance, biocompatibility and bio-adhesion; for example one of its 

applications is as bone ingrowth, where its modulus of elasticity which is similar to 

that of bone, its fatigue strength and its good processability are the properties that 

make it so important[1,2]. 

The chemical composition of Ti6Al4V is shown in Table 2.1 

 

Table 2.1 The chemical specification of Ti6Al4V 

Chemical specification of Ti6Al4V Weight % 

Aluminum, Al 6% 

Vanadium, V 4% 

Carbon, C 0.03% 

Oxygen, O 0.15% 

Hydrogen, H 0.03% 

Iron, Fe 0.1% 

Nitrogen, N 0.01% 

Titanium, Ti Balance 
 

The Ti-6Al-4V alloy has higher strength, modulus, toughness, corrosion resistance, it 

has the same stiffness but lower thermal conductivity compared to neat titanium. It 



 
 

can be easily machined; it is heat treatable and reacts well to a wide extent of thermo-

mechanical processes. This effective lightweight structural material has strength-

toughness combination between those of aluminum alloys and steel. Moreover, it 

exhibits excellent mechanical properties. Further than its individual properties, Ti-

6Al-4V alloy shows a good balance of characteristics as ductility, strength, fracture 

toughness, high-temperature strength, weldability, workability, creep characteristics 

and thermal processability[3].Some of the mechanical, electrical and thermal 

properties of the Ti-6Al-4V are referred at Table 2.2 [4]. 

 

Table 2.2 Mechanical, Electrical and Thermal properties of Ti-6Al-4V 

Mechanical properties  

Yield Strength 950MPa 

Ultimate Tensile Strength 1020MPa 

Elongation 14% 

Fatigue strength* @ 600MPa <10.000.000 cycle 

Rockwell Hardness 33 HRC 

Modulus of Elasticity 120GPa 

Electrical properties  

Electrical Resistivity 0.000178 ohm-cm 

Magnetic Permeability 1.00005 at 1.6 kA/m 

Magnetic Susceptibility 3.3e-006cgs/g 

Thermal properties  

Specific Heat Capacity 0.5263 J/g-◦C 

Thermal Conductivity 6.7W/m-K 

Melting Point 1604-1660◦C 

Solidus 1604◦C 

Liquidus 1660◦C 

Beta Transus 980◦C 
 

 

Alloys with a mixed alpha-beta structure can be formed by adding a mixture of alpha 

(Al, O, Zr) and beta (V, Mo, Fe) elements in metalslike titanium. The alloying with 

Aluminium (Al) stabilizes the α phase and Vanadium (V) stabilizes the β phase. The 



 
 

equilibrium microstructure mainly consists of α phase with some retained β phase at 

room temperature. As this alloy belong to the α+β alloy, a wide variety of mixture α+β 

microstructure can be obtained depending on the alloy processing history and thermal 

treatment. It makes it possible to obtain better mechanical properties through thermal 

or thermo-mechanical processing that controls size, shape and distribution of both α 

and β phases (Smith 1981). One of the most widely utilized alpha-beta titanium alloys 

is Ti-6Al-4V containing 6 wt% Al and 4wt% V. In this material, aluminum stabilizes 

the HCPα-phase- while vanadium stabilizes the BCCβ phase- at lower temperatures 

and thus there is a balance of both phases at room temperature. The temperature 

where the alpha-beta or alpha phase transforms into the beta is called a beta transus 

temperature. The transformation temperature is defined as the lowest equilibrium 

temperature in which the material as a whole is at phase beta [5]. Figure 2.1 shows the 

beta transus for the Ti-6Al-4V alloy and images obtained by Optical microscope 

showing different microstructures obtained for air cooled and water quenched 

samples. 

Above the beta transus temperature titanium is on the beta phase, between the alpha 

and beta transus temperature is on the alpha+beta phase and below the alpha transus 

temperature is on the alpha phases. The value of beta transus temperature is important 

in deformation processing and heat treatment for this alloy as they are carried out at 

incremental temperatures above or below it. The transformation temperature can be 

raised by interstitial elements as aluminum, oxygen, nitrogen and carbon which favor 

the alpha crystal structure and stabilize it. The hydrogen which is a beta stabilizer 

lowers the beta transus temperature but there are metallic impurities that can act 

towards either raising or lowering it [6]. 

 



 
 

 
 

Figure 2.1. Pseudo phase diagram and microstructure of annealed Ti-6Al-4V alloy 
after cooling from different regions of the phase field. (a) Temperature as a function 
of the amount of vanadium. (b) Acicular alpha with prior beta grain edges 
(Τ=1065°C, Air cooled). (c) Alpha prime matrix (martensite- the light one) with beta 
and prior beta grain edges (Τ=1065°C, Air cooled). (d) Grains of primary alpha (the 
light one) in a matrix of transformed beta including acicular alpha (Τ=955°C, Water 
quenched). (e) Equiaxed primary alpha in a matrix of alpha prime (Τ=955°C, Water 
quenched).Optical microscope images 500x. 
 
The microstructure of titanium alloys has a substantial effect on their properties. As 

far as Ti-6Al-4V is concerned, its α+βmicrostructure is strongly depended on both 

processing history and heat treatment. In general, three distinctly different types of 

microstructure can be obtained by changing the thermo-mechanical processing: fully 

lamellar, fully equiaxed and bimodal [7]. 

A critical parameter during the thermomechanical treatment is the βtransus 

temperature as it separates the β phase from the α+β phase; for Ti-6Al-4V the transus 

temperature is between 1.255°K and 1.266°K. Lamellar microstructures are formed 

by cooling from temperatures above the βtransus temperatures; in the case of Ti-6Al-

4V the temperature range for their formation is between1.323°K and1.338°K. If the 

temperature falls below the transus temperature then α nucleates at grain boundaries 



 
 

and then grows as lamellae into the prior β grain. Slow cooling from the β phase field 

with a rate of l°C/ min leads to pure lamellar microstructures with the lamellae 

becoming coarser in tandem with reducing the cooling rate. Such microstructure is 

illustrated in Figure 2.2 and is called Widmanstatten. Rapid cooling with a rate of 

8000°C/min results to α martensitic transformation of the βphase and the 

microstructure becomes very thin. For Ti-6Al-4V the cooling rate for this 

transformation is faster than 1000°C/min [8]. 

Equiaxed microstructures unlike lamellar microstructures are formed by a 

recrystallization process, so the titanium alloy first is highly deformed in the α+β 

phase to introduce enough cold work into the material. The plastic deformation should 

be high enough to achieve complete recrystallization of the α and β phase through 

heat treatment of the alloy at temperatures between 1.225°K and 1.300°K for 10min 

that produces a recrystallized and equiaxed microstructure for Ti-6Al-4V alloy as is 

shown in Figure 2.3. Just below the βtransus temperature the alloy heat treatment 

leads to bimodal microstructures that consist partly of α equiaxed phase within a 

lamellar α+βmatrix. As is shown in Figure 2.4 bimodal microstructures are a 

combination of lamellar and equiaxed microstructures [8]. 

 

 

Figure 2.2. Widmanstatten microstructure of Ti-6Al-4V following slow cooling 
froma temperature above than βtransus. The white illustrations are at the α phase 
while the dark ones correspond to the β phase. Optical microscope images [1]. 

 



 
 

 

Figure 2.3. Equiaxed microstructure of Ti-6Al-4V following slow cooling from the 
α+β phase region. The white illustrations are at the α phase while the dark ones 
correspond at the β phase. Optical microscope images[1]. 

 

 

Figure 2.4. Bimodal microstructure of Ti-6Al-4Vfollowing slow cooling from a 
temperature below than βtransus. The white illustrations are at the α phase while the 
dark ones correspond at β lamellar α+β phase. Optical microscope images [1]. 

 

2.2 Sample Fabrication 
 

There are three methods to obtain hydrophobic or superhydrophobic surfaces: the first 

one is via modifying the surface to increase the surface roughness [9], the second 

involves changing the surface chemical composition or making a chemical 

modification to lower the surface free energy whereas the third is a combination of the 

above two approaches [10]. In the current work, a combination of surface irradiation 

to increase its roughness in conjunction with its chemical modification is utilized to 

obtain superhydrophobic surfaces. More specifically, the former is achieved by 

irradiating the Ti-6Al-4V metallic alloy by a femtosecond laser whereas the latter via 



 
 

putting the irradiated surface at a vacuum chamber or at a temperature higher than 

room temperature. 

 

For fs-laser irradiation, the laser-matter interactions are complicated as there are 

various effects and processes that happen over a short duration of time. For metals, 

the main absorption mechanism is linear absorption. The photons are initially 

absorbed by electrons and then the electrons are excited on a time scale of 100fs. The 

thermalization of hot electrons leads to an electron temperature which is much higher 

than the temperature of the lattice. In the following, the hot electrons are cooled down 

by hot electron diffusion and photon-electron interaction and thus a thermal 

equilibrium is established between the electrons and the lattice. This two-temperature 

model is usually used to explain temperature dynamics before the establishment of 

thermal equilibrium between lattice and electrons [15,16]. After a few picoseconds, 

laser-matter interactions are considered a thermal process nevertheless; events 

happening at shorter times are considered as non-thermal processes. 

Surface Irradiation 

Laser texturing is an effective method to fabricate structures for a variety of materials 

surfaces, as metals, polymers etc. More specifically, femtosecond (fs) laser 

micromachining, which is a precise machining process of high resolution, is 

considered as a promising method in surface modification due to the unique periodic 

surface nano- or micro-scale topography formed after irradiation [11]. The properties 

which are related to the surface structuring include electrical, mechanical, chemical, 

tribological optical and wetting. There are various applications of laser-textured 

surfaces based on these modified material properties. For instant superhydrophobic 

surfaces which are fabricated by laser texturing have many applications as anti-icing, 

anti-corrosion, self-cleaning and drag reduction. 

There are three different ways for surface structuring utilizing fs-laser,the 

interferometric fs laser structuring [12], the fs pulsed laser deposition [13] and the 

direct fs-laser writing [14]. The third method is the one used to fabricate/modify the 

surfaces of the current work. During direct fs-laser writing there is laser-matter 

interaction that leads to removal of material (ablation) and ultimately to the formation 

of micro/nanostructures. The mechanism of fs ablation depends on the material, laser 

parameters and the machining environment.  



 
 

Ablation occurs on a time scale of 100 ps after a pulse of a fs laser impinges on the 

material [17]. There are many ablation mechanisms like phase explosion [18], critical 

phase separation [19], fragmentation [20], spallation [21], melting [22], Coulomb 

explosion [23] and vaporization [24]. At the phase explosion model, high-

temperature, density and pressure of the material under fs superheating conditions are 

taken into account and the material is modified into a superheated liquid. At the end, 

the ablated material cools down fast and leads to the formation of microstructures on 

the surfaces. Moreover, the redeposition of the ablated particles affects the 

morphology of the irradiated surface. 

Surface structuring with a fs-laser creates many structures with different 

characteristics on the materials; the two main ones are laser-irradiated structures and 

laser-inscribed structures which are further divided to sub-categories depending on the 

size of the created pattern as well as its size, shape and periodicity. The classification 

of surface structures formed by laser irradiation is shown in Figure 2.5. 

 

Figure 2.5. Classification of laser-patterned surface structures. 

Femtosecond direct laser machining creates nanostructures or micro/nanostructures, 

which can be either random or periodic. Micromachining parameters like laser 

fluence, number of pulses, environment etc., affect the formation and the 

characteristics of the patterned surfaces. 

 

The laser that has been utilized in the current experiments is a Pharos laser from Light 

Conversion, a high power Femtosecond laser at wavelength λ=1030nm with a 

frequency doubling module that results in an output of λ=515nm. The power level is 

Pharos laser 



 
 

sufficient for most material processing applications at high machining speeds 

allowing convenient control of the laser output in pulse-on-demand mode [25, 26]. 

Laser ablation machining of metal composite materials needs special specifications 

regarding the recording velocity of the stages along with the controlling method of the 

laser power.  Aerotech XYZ linear nanopositioning translation stage, which can move 

up to 160mm are used since they provide nanometer resolution, accuracy, 

repeatability and in-position stability. Additionally, there are many tunable parameters 

including pulse duration, repetition rate, pulse energy and average power; in the 

current work the values of the laser power and repetition rate along with several 

machining velocities have been kept fixed to achieve the desired outcome. 

More specifically, the frequency of the laser system was doubled to have a 

wavelength of 515nm with a repetition rate of 20kHz and pulse energy at 6μJ/pulse 

(power of 120mW) with pulse duration 167fs and p-polarization. The laser beam was 

focused on the surface of our sample with a Nikon microscope objective lens 10x, NA 

0.25 and working distance 5.6mm that resulted in a final spot size of 2.5μm (FWHM). 

The linear moving velocity of the stages was set to 5mm/sec which leads to an 

approximation of 10 pulses/spot at one direction, whilst in the vertical direction, steps 

with 2.5μm size were made to have a half overlapping between lines. The irradiation 

procedure is illustrated in Figure 2.6 and the assembly of the laser setup is shown in 

Figure 2.7.1

 
 

 

Figure 2.6. The way of irradiation for the sample Ti-6Al-4V. 

 

                                                            
1The irradiation process has been performed in collaboration with Prof. Stelios 
Tzortzakis and Mr. Mihalis Loulakis and were materialized at the laboratory UNIS by 
Mr. Mihalis Loulakis. 
 



 
 

 

Figure 2.7. The assembly of the laser irradiation setup from a top (a) and a side 
(right) view. 

 

 

The vacuum (or pressure) can be categorized as rough (10-3-10-6Atm), high (10-9 Atm) 

and ultrahigh (10-11 Atm) vacuum depending on the final value of the obtained 

pressure and the chemical composition [28]. Rough vacuum is related with the 

removal of the bulk gas from the system. In the chamber, there are many gas 

molecules which interact with each other in a viscous flow. The volume of the 

chamber and the pump speed determine the pump downtime. High vacuum is 

dominated by molecule-chamber wall collisions with the mean free path between 

molecule-molecule collisions being higher than dimensions of the chamber. In this 

case rather than sucking the gas molecules out of the system, the pump waits for gas 

molecules to enter its tube. In contrast with rough vacuum, the high vacuum pumps 

cannot pump atmospheric pressure gas and cannot be exhausted to the atmosphere. 

They are secondary pumps and require either backing or periodic regeneration by a 

Vacuum System 

Vacuum chamber is a compartment with an environment where air and other gases 

have been removed by a vacuum pump. All gas cannot be removed; the amount 

removed depends on the vacuum pump and as anticipated the higher this amount is 

the lower is the pressure in the chamber [27]. 

 



 
 

rough vacuum pump. Whereas the dominant species in high vacuum is usually water, 

in ultra-high vacuum which is almost completely dry, hydrogen is the most prevalent 

residual gas. Hydrogen is light and mobile so it is difficult to pump, requiring 

specialized UHV pumps. 

A vacuum system is a combination of pumps, valves, and pipes as is shown in Figure 

2.8. The assembly utilized in the current work, consists of a vacuum chamber 

EV018,a Rotary vane pump RZ 2.5, a monitor combivac it23 and a sensor thermovac 

TTR91. 

 

 

Figure 2.8. The assembly of the vacuum system. 

 

The two-stage RX 2.5 is a high-performance rotary pump with extra compact design 

and low weight. It is ideal for low ultimate vacuum at a medium gas flow rate. The 

rotary vane pumping unit PC 3 with cold trap (GKF 1000i) at the inlet helps the pump 

to handle larger volumes of condensable vapors. The pumping unit is compact, user-

friendly and well-arranged, with oil mist filter at the outlet, a valve and a T-

connection for a gauge. 

EV 018 vacuum oven optimizes the control of temperature and pressure. There are 

two spherical valves, one for vacuum connection and the other for adding dry air or 

inert gasses. The programmable microprocessor control system has two digital 

displays for temperature and time. The temperature Range is 70◦C -200◦C and the 



 
 

vacuum gauge range is -1bar-1bar with a reading sensitivity 0.05bar. The vacuum 

level can be followed on the vacuum gauge on the control panel. To have a precision 

at the value of pressure, a sensor and a monitor are appropriately assembled in the 

system. The sensor has a range of 5x10-5-103mbar. 

2.3 Experimental techniques 

Sample preparation 

The sample that is used is a metal alloy named Ti-6Al-4V. First it has been irradiated 

by a Pharos Femtosecond laser which creates random nanostructures at the surface. 

Immediately after the irradiation the sample was placed at the vacuum chamber at 

different values of pressure, for different time intervals and/or at different 

temperatures.  

 

In order to characterize the wetting properties of the irradiated surfaces contact angle 

measurements were performed utilizing a contact angle measurement apparatus 

whereas their morphology was investigated by Scanning Electron Microscopy and 

Energy Dispersive Spectroscopy [4-6]. 

 

Contact angle measurements 
When one droplet of a liquid is placed on a flat, solid surface, we can distinguish three 

interfaces in the system: a liquid-gas, a liquid-solid and a solid-gas. As contact angle 

is defined the angle formed by the intersection of the liquid-solid and liquid-gas 

interface. As mentioned above the contact angle of a liquid on a solid surface is 

associated to the surface wetting. A contact angle less than 90 ° (θ <90 °) implies good 

surface wetting , indicating an hydrophilic character, while an angle greater than 90 ° 

(θ> 90 °) is associated with poor wetting characterizing a surface as hydrophobic. 

Contact angle measurement is performed using a contact angle protractor. The device 

consists of four main elements: one camera, one stand (capable of moving and tilting), 

one syringe pump and one light source (Figure 2.11). The whole device is usually 

positioned on a well fixed table in order to reduce vibrations. 

 



 
 

 

Figure 2.9. Contact angle measurement apparatus OCA-35. 

 

The most common method for measuring contact angle is the sessile drop method; a 

drop of liquid is placed on the surface of the material, creating a three-phase system, 

namely: solid (the solid surface), liquid (the drop of the respective liquid), gas 

(atmospheric air or inert atmosphere). In modern contact angle goniometer the angle 

determined between the tangent of the deposited drop and the solid surface, is called 

static contact angle (θs). 

 
The procedure for measuring the contact angle   is as follows [29-31]: 

• The base to place the surface is set in horizontal position, so the drop does not 

roll to any direction during deposition. 

• The liquid drop is deposited on the solid surface (by adjusting the syringe 

pump) while at the same time the drop is illuminated by the light source. At 

the same moment the camera (magnification and focus are adjusted 

accordingly), is recording the drop image when this is balanced on the surface.  

• The contact angle is determined through the software image analysis. 

 



 
 

 
Figure 2.10. A schematic illustration for the contact angle measurement. 

 

All measurements for contact angle and hysteresis were performed by 

Hysteresis 
The specific roughness of a surface allows the interface of liquid and solid to interact 

with its heterogeneities generating various contact angle values. As “hysteresis” is 

defined the difference between the advancing and receding angles, a value of a great 

importance  for the evaluation of  the surface water repellency which can be measured 

with a contact goniometer.  

In this work the contact angle hysteresis is measured by tilting method. In this method 

one drop is placed on the substrate which initially is completely level (horizontal). 

The initial position of the substrate is defined as an angle of 0 ° and then begins to 

rotate reaching up to 90 °. The rolling angle is defined as the angle at which the drop 

begins to move. The advancing and receding angles are measured at the angle right 

before the scroll angle; the difference between these two is defined as hysteresis. In 

the case the drop does not roll off, the hysteresis can be defined as the difference 

between advancing and receding angles at a tilt of 90 °.The advantage of this 

technique is that at the same time the roll-off angle can be determined . 



 
 

DaraphysicsOCA-35 goniometer and SCA-20 software while the syringe was 

Hamilton 500μL. The contact angle was determined for drop volume 10μL with a 

deposition rate of 0.5μL/sec, while hysteresis was measured for 16μL drop volume. 

The liquid used in order to determine hydrophobicity was nanopure water and all 

measurements were performed at ambient condition. 

For the contact angle measurements, the following method was used; a drop of water 

was placed at five different positions (Figure 3.1) at the surface, the contact angle was 

measured for each one and the final value that is utilized as contact angle was the 

average of all measurements. In all cases, both the shape of the drops as well as the 

measurement of the contact angle did not significantly differ between the different 

drops; this ensures that the surface is homogeneous. 

 

 

 

Figure 2.11. A schematic that illustrates the procedure that was followed for the 
contact angle measurements in the current work. 

The value of the contact angle is the average of the individual values and the error of 

the average can be calculated by the Equation 1: 

𝜎𝜎𝑎𝑎 = �∑ (𝑥𝑥𝑚𝑚−𝑥𝑥̅)2𝑚𝑚
𝑚𝑚
𝑚𝑚(𝑚𝑚−1)

  Eq. 3.1 

All the contact angle measurements that will be discussed in the following of this 

work have been calculated similarly to the above method and the values that are 

reported correspond to the average value. 

 



 
 

Scanning electron microscopy (SEM)2

With a high resolution of 3.0nm at 30kV, it delivers clarity of the finest structures. In 

 
Scanning electron microscopy is a technique widely used in science and engineering. 

Some of the innumerable applications of SEM are in materials science, biology, 

geology, medicine and forensic science [32]. It is a technique suitable for imaging the 

surface topology of metals, alloys, ceramics, polymers and biological materials. Many 

aspects of high technological developments in aerospace, energy, environmental, 

biomaterials, marine would be impossible without the data provided by SEM. 

A Scanning Electron Microscope (SEM) uses a focused beam of high energy 

electrons by an electron gun to generate a variety of signals at the surface of solid 

specimens and to create a magnified image of a sample. The electron beam is scanned 

in a regular pattern across the surface of the sample and the electrons that come out of 

the sample are used to create the image. The electron beam causes various kinds of 

emitted species; primary backscattered electrons, primary electrons, secondary 

electrons, Auger electrons and electrons of the continuum [33]. Only secondary 

electrons (SEs are most valuable for showing morphology and topography of 

samples) and backscattered electrons (BSEs most valuable for illustrating contrasts in 

composition in multiphase samples) are used to form the SEM images. The 

signals reveal information about the sample including external morphology (texture), 

chemical composition, and crystalline structure and orientation of materials consisting 

the sample surface. The modern optical microscopes can succeed zoom ≈1.000x, at 

the same time SEM can reach over 30.000x. SEM does not use light for the image 

creation and thus the outcoming images appearing black and white. 

The major components of an SEM are: i) the electron gun, ii) electromagnetic lenses, 

iii) vacuum system, iv) specimen chamber, v) electron detector (SE and BSE) and vi) 

imaging system [34].The JSM‐6360LV low vacuum SEM is a scanning electron 

microscope for fast characterization and imaging of fine structures. The selectable 

Low Vacuum mode allows for observation of specimens that cannot be viewed at high 

vacuum due to excessive water content or because they have a non‐conductive 

surface. 

                                                            
2The SEM images were taken in the Electron Microscopy laboratory located in the 
Biology Department at the University of Crete with the kind technical assistance from 
Mr. Stefanos Papadakis. 



 
 

addition to routine imaging at hundreds of times greater resolution than the optical 

microscope, and with a focal depth (x5 up to 300.000), several times greater than the 

optical microscope, the SEM allows for detailed measurements. Dual image display 

of the secondary electron image and a backscattered composition image it gives the 

ability to contrast and compare specific details. An energy dispersive X‐ray 

spectrometer (EDS) provides elemental analysis. 

 

 

 

Figure2.12. (a) Detailed structure of SEM, (b) SEM JSM-6390LV 

 

An X-ray (electron) beam is focused onto the sample to be studied, with an energy of 

Energy Dispersive Spectroscopy (EDS) 
Energy-dispersive X-ray spectroscopy is an analytical technique used for the 

elemental analysis or chemical characterization of a sample. It is used to determine 

which chemical elements are present in a sample, to measure the multi-layer coating 

thickness of metallic coatings, for the analysis of various alloys where it can be used 

to estimate their relative abundance whereas it is also the most common chemical 

analysis tool in semiconductors failure analysis. It is used as an attachment to the 

SEM and enables the analysis of near-surface elements and their amount at different 

positions providing a map of the sample [35]. It presents significant advantages as a) 

analysis is performed within minutes b) the spectra are easily interpreted and c) it 

gives a satisfactory spatial resolution [36]. 



 
 

10-20keV which by impinging on the conducting sample’s surface, causes emission 

of X-rays from the material; the energy of the emitted X-rays depends on the material 

under examination. The number and energy of the X-rays emitted from a specimen 

can be measured by an energy-dispersive spectrometer. 

 Its characterization capabilities are, in a large part, due to the fundamental principle 

that each element has a unique atomic structure allowing a unique set of peaks on its 

X-ray emission spectrum [34].More specifically, an atom within the sample contains 

unexcited (ground state) electrons in discrete energy levels (electron shells) bound to 

the nucleus. The incident beam may excite an electron, ejecting it from the shell thus 

creating an electron-hole which is filled by an electron from an outer, higher energy 

shell. The energy difference between the higher and the lower energy shells is 

released with the form of X-rays. The latter depend on the number and energy of the 

X-rays emitted and can be measured by an energy-dispersive spectrometer. Thus, an 

X-ray spectrum can be acquired giving information on the elemental composition of 

the specimen to be examined. An image of the sample elements can be accomplished 

by the electron beam movement over the material. 
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Chapter 3-Results and discussion 
 

 

                 (a)                                       (b)                                  (c) 

 

 

Smooth non-Irradiated surface 

The material utilized was a metal alloy named Ti6Al4V. The metallic surface was 

smoothed and cleaned with acetone before the contact angle measurements. A drop of 

water was placed at five different positions (Figure 3.1a-f) at the surface, the contact 

angle was measured for each one and the final value that is utilized as contact angle is 

the average of all measurements. 

 

 

                                (e)                                     (f) 

Figure 3.1: Contact angle measurements of a water drop atfive different positions on 
a flat Ti6Al4Vsurface. 

 

As we can see in Figure 3.1 in all cases, both the shape of the drops as well as the 

measurement of the contact angle did not significantly differ between the different 

drops; this ensures that the surface is homogeneous. The measurements for the 

smooth non-irradiated surface are shown at the Table 3.1: 



 
 

 

Table 3.1:The values obtained for the contact angles that correspond to the images of 
Figure 3.1 for a smooth non-irradiated surface. 

 

Drop Contact 
angle 

a 60.12 

b 58.30 

c 60.32 

d 59.45 

e 61.85 

 60.00 

 

Averaging of the different contact angle measurements results in that the contact 

angle of a smooth surface of theTi-6Al-4V alloy is 60±1° classifying it in the class of 

hydrophilic surfaces. Further than the measurements of the wetting properties of the 

smooth Ti6Al4V surface, its topology was imaged by Scanning Electron Microscopy 

(SEM).Figure 3.3 shows typical SEM images illustrating the morphology of the 

smooth surface.  

 



 
 

 

Figure 3.2: SEM images for the smooth non-irradiated Ti6Al4V alloy surface for (a) 
x200, (b) x1.000, (c) x5.000 and (d) x10.000 zoom. 

 

As we can see in figure 3.2 the Ti6Al4V surface appears smooth in the SEM images, 

regardless the magnification, it does remain smooth even at x 10,000 zoom. 

 

 

Figure 3.3: Contact angle measurements of a water drop on a flat Ti6Al4Vsurface (a) 
before and (b) after it's residence in a vacuum oven under dynamic conditions for 24 
hours. 

 

Figure3.3 shows the contact angle measurements of a water drop deposited on a flat 

Ti6Al4V surface before (Figure 3.3a) and after (Figure 3.3b) it remained under 

dynamic vacuum for 24 hours; we observe that two droplets are similar. The non-

irradiated smooth surface can be characterized as hydrophilic as it had a contact angle 

of about 60±2° which is confirmed by the drop shape on the surface which appears 

relatively flat. Following the initial measurement, the surface was placed in a vacuum 

for 24 hours; the contact angle measured to be 67±1°, so the vacuum does not have 

any effect on the wetting properties of the non-irradiated smooth surface. 



 
 

The fact that the wetting properties of the Ti6Al4V surface are not affected by its 

residence in vacuum is corroborated by the fact that the morphology of the surface 

does not change as shown in Figure 3.4. 

 

 

Figure 3.4: SEM images of Ti6Al4V alloy surface (a) before and (b) afterit's 
residence in a vacuum chamber for 24 hours under dynamic conditions. 

 

We see in Figure 3.4b the surface remains smooth after its residence in a vacuum 

chamber for 24 hours under dynamic condition. So, as mentioned Chapter 1, changing 

the wetting properties of a surface necessitates either a change of its roughness or of 

its chemical composition or a combination of both. In the following, an attempt will 

be performed to alter the change of the surface roughness and evaluate its effect on its 

surface properties. 

3.1 Irradiated surface 
 

Following the initial surface characterization of the flat Ti6Al4V surface, it was 

irradiated using the procedure described in Chapter 2 and its surface morphology and 

wetting properties were characterized. The contact angle measurements were 

performed right after the irradiation and revealed a significant change of the surface 

properties. Figure 3.5 shows a typical measurement of the contact angle of such a 

surface that shows that the water drop completely wets the surface making impossible 

the determination of the contact angle value which can be estimated to be smaller than 

~5-10° and thus the surface can be characterized as superhydrophillic; which means. 



 
 

 

Figure 3.5: Contact angle measurements of aTi6Al4V surface immediately after laser 
irradiation. 

 

The morphology of the irradiated surface was examined via SEM and images are 
shown in Figure 3.6. 
 

 

 

Figure 3.6 SEM images of a just irradiated Ti6Al4V alloy surface for (a) x200, (b) 
x1.000, (c) x5.000 and (d) x10.000 zoom. 

 

It is clear that the radiation affected the morphology of the surface as it provides it 

with a roughness. The difference in the surface morphology between the smooth and 

the laser irradiated surface is illustrated more clearly by a direct comparison of their 

SEM images that shown in Figure 3.7. 



 
 

 

 

(a)                                                                  (b) 

Figure 3.7 SEM images of Ti6Al4V alloy surface (a) before and (b) after the 
irradiation. 

 

The difference in the morphology of the two surfaces justifies the results obtained by 

the contact angle measurements since, as it is predicted by the Cassie-Baxter model 

when a hydrophilic surface like the alloy we use obtains increased roughness then it 

becomes even more hydrophilic. 

After the irradiation, the surface was left at ambient conditions and the wetting 

properties were evaluated at certain time intervals. Figure 3.8images of water drops 

on an irradiated surface and the respective contact angle measurements for the surface 

which was left on air for certain time intervals up to a total of 82 days. 
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(e)                                     (f) 
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(i)                                        (k) 

 

Figure 3.8: Contact angle measurements of a water drop on an irradiated surface after 
(a) 0 days, (b) 1 days, (c) 5 days, (d) 12 days, (e) 15 days, (f) 18 days, (g) 24 days, (h) 
32 days, (i) 72 days and (k) 82 days on air. 

 

It is clear that an important change occurs that leads to a significant increase in the 

hydrophobicity as the surface became progressively hydrophobic from its initial 

superhydrophillic state with a maximum contact angle of 129±2°. So if the surface 

remains at room temperature and pressure, wetting properties can change due to the 

contact with the air molecules. Nevertheless, although the metallic surface became 

hydrophobic, this property is not stable since after 72 days on the air the contact angle 

starts to decrease. Table 3.2 as well as Figure 3.9 show the results concerning the way 

contact angle changes as a function of time. 

 

Table 3.2: Contact angle measurements as a function of time that the surface remains 
at ambient conditions after the irradiation. 

 

Time on air 
(days) 

Contact angle 
(°) 

Error 
(±°) 

0 5 1 

1 10 2 

5 50 1 

12 80 1 

15 100 2 



 
 

18 123 1 

24 125 1 

32 129 2 

42 129 2 

52 129 2 

62 129 2 

72 110 1 

82 90 1 
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Figure 3.9: Contact angle measurements of a water drop as a function of time that a 
surface remains at ambient conditions after the irradiation. 

 

As shown in Figure 3.9 the contact angle of the surface which remained in the air 

immediately started to increase and it reaches its maximum value which is 

129±2° after 32 days. This value remains constant for ~30 days up to day 62. Then 

begins to decrease and after 82 days it has reached the value of 90±1°. The instability 

of the surface over time can be attributed to the fact that the surface begins to wear 

out as shown in the SEM images shown in Figure 3.10below. 



 
 

 

 

(a)                                                                  (b) 

 

 

(c)                                                                  (d) 

 

 

(e)                                                                  (f) 



 
 

 

(g)                                                                 (h) 

 

(i)                                                                  (k) 

Figure 3.10: SEM images of an irradiated Ti6Al4V after (a) 0 days, (b) 1 days, (c) 5 
days, (d) 12 days, (e) 15 days, (f) 18 days, (g) 24 days, (h) 32 days, (i) 72 days and (k) 
82 days on air. 

 

The fact that the surface does not have stability in time may be understood by the 

SEM images. The morphology of the surface as soon as it is irradiated (Figure 3.10a) 

is somewhat "full" and there it is a superhydrophillic behavior. Over time the 

morphology changes and appears to solidify (Figure 3.10b-i) in this case it has begun 

to acquire hydrophobic properties. However, after 72 days (Figure 3.10i-k) the contact 

angle has decreased considerably which is due to the fact that the surface loses its 

homogeneity. 

3.2 Temperature Effect 
 

The vacuum chamber used in the current work can also function as an oven within a 

temperature range of 40°C-200°C. The irradiated surfaces were placed in the oven for 



 
 

various temperatures for 24, 72 and 96 hours. The measurements of the contact angles 

are shown in Figure 3.11. 
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(g)                                                                   (h) 

 

Figure 3.11: Contact angle measurements of the surfaces that have been heated at 
temperatures (a) 25°C, (b) 40°C, (c) 60°C, (d) 70°C, (e) 80°C,(f) 90°C, (g) 120°C and 
(h) 180°C for 24 hours. 

 

As we can see from Figure 3.11, initially the drop completely wets the surface which 

is heated for 24 hours at 25°C. By increasing the surface heating temperature, the 

drop shape changes and wets the surface less. At 90°C and above the drop has a 

spherical shape as at this point the surface is hydrophobic. More quantitately, the 

dependence of the contact angle on temperature for 24 hours is shown in Table 3.3 

and in Figure 3.12. 

 

Table 3.3: Contact angle measurements as a function of the temperature that a surface 
remains for 24 hours. 

Temperature 
(°C) 

Contact angle 
(°) 

Error 
(±°) 

25 10 1 

40 45 2 

60 60 1 

70 65 1 

80 70 1 

90 135 2 
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180 149 2 
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Figure 3.12: Contact angle measurements as a function of the temperature that a 
surface remains for 24 hours. 

 

As the temperature at which the surface increases, so does its contact angle. The 

maximum contact angle that a surface can reach is 149±2°at 120° C and above.The 

contact angle of water drops on the irradiated metallic surface shows an increasing 

dependence on temperature when the latter is increased from 25°C to 80°C. At higher 

temperatures, a jump at the temperature of 90°C is observed. At this temperature, the 

contact angle is increased from 70±1° to 135±2°. At even higher temperatures, the 

contact angle increases further until 120°C where the reach a constant value. 

Therefore, in order to achieve a hydrophobic surface, it is enough to heat the surface 

at 120°C for 24 hours. 

We then placed each surface for another 48 hours i.e. for a total of 72 hours at each 

temperature. Contact angle measurements of the surfaces that have been heated for 72 

hours are shown in Figure 3.13. 

 

 



 
 

 

(a)                                                                (b) 
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(e)                                                                 (f) 



 
 

 

(g)                                                                      (h) 

Figure 3.13: Contact angle measurements of the surfaces that have been heated at 
temperatures (a) 25°C, (b) 40°C, (c) 60°C, (d) 70°C, (e) 80°C, (f) 90°C, (g) 120°C 
and (h) 180°C for 72 hours. 

 

By heating the surface for a total time of 72 hours at different temperatures, we can 

see that the drop shape becomes spherical from 60°and above. We can observe that 

for the temperatures 120°C and 180°C the shape does not change as from the first 24 

hours it has reached its maximum value. The quantitative dependence of the contact 

angle on temperature for surfaces that have heated for 72 hours (in total) is shown in 

Table 3.4 and Figure 3.14. 

Table 3.4: Contact angle measurements as a function of the temperature that a surface 
remains for 72 hours. 

Temperature 
(°C) 

Contact angle 
(°) 

Error 
(±°) 

25 15 1 

40 70 2 

60 105 1 

70 110 2 

80 112 1 

90 142 2 

120 149 2 

180 149 2 
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Figure 3.14: Contact angle measurements as a function of the temperature that a 
surface remains for 72 hours. 

 

The contact angle increases with temperature in the range 25°C to 80°C, in this case 

as well. A jump in the contact angle values is also observed at the temperature of 

90°C nevertheless is smaller than the respective one that was observed in the case of 

the surface that had remained in temperature for 24 hours. At this temperature, the 

contact angle is increased from 112±1° to 142±2°. At T=120°C , we can assume that a 

plateau in the values of contact angles has been obtained and above this temperature 

the contact angle does not increase further. Each surface was placed in the oven for 

another 24 hours and thus for a total of 96 hours at each temperature and images of 

water drops on them are shown in Figure 3.15. 
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(g)                                                                (h) 

Figure 3.15: Contact angle measurements of the surfaces that have been heated at 
temperatures (a) 25°C, (b) 40°C, (c) 60°C, (d) 70°C, (e) 80°C, (f) 90°C, (g) 120°C 
and (h) 180°C for 96 hours. 

 

After a total time of 96 hours all heated surfaces exhibit hydrophobic properties and 

the drops are having a spherical shape, except the surface which heated to 25°C. The 

dependence of the contact angle on temperature for 96 hours is shown in Table 3.5 

and Figure 3.16. 

 

Table 3.5: Contact angle measurements as a function of the temperature that a surface 
remains for 96 hours. 

Temperature 
(°C) 

Contact angle 
(°) 

Error 
(±°) 

25 40 1 

40 90 2 

60 120 1 

70 123 2 

80 125 1 

90 146 2 

120 149 1 

180 149 1 
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Figure 3.16: Contact angle measurements as a function of the temperature that a 
surface remains for 96 hours. The results for the contact angle measurements for 
surfaces that have remained in the oven for shorter times are included for comparison. 

 

The findings are very similar with the results obtained for the surfaces that remained 

in the oven at various temperatures for shorter times. The contact angle values 

increase for temperatures ranging from 25°C to 80°C, and the jump at 90°C is 

observed. At this temperature value, the contact angle is increased from 125±1° to 

146±2°.  

The irradiated and then heated to 120°C for96 hours surface obtaining a contact angle 

of 149±1° was examined with SEM and its morphology is shown in Figure 3.17. 
 

 

(a)                                                                   (b) 



 
 

 

(c)                                                                   (d) 

Figure 3.17:SEM images for a surface that has been heated for 96 hours (a) x200, (b) 
x1.000, (c) x5.000 and (d) x10.000 zoom. 

 

It is clear that there is an immediate relation of the obtained water contact angle to the 

time that surfaces remained under a certain temperature. This relation is illustrated in 

Figure 3.18, as well. 
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Figure 3.18: Contact angle measurements as a function of the time that the surface 
remains at a certain temperature. 



 
 

At temperatures of 120°C and above, when the sample remains for 24 hours in the 

oven the peak point of the contact angle is observed. Any additional increase of the 

residence time in these temperatures does not have any further effect on the contact 

angle. At the temperature of 90°C, the contact angle is already high enough since the 

first 24 hours and it reaches the value of 146±1°, after 96 hours. At lower 

temperatures, the initial contact angle (after 24 hours) is even lower and the time to 

reach the maximum value is longer (not reached in most of the cases). When we 

hypothetically heat the surfaces for a longer time, they may eventually reach the 

maximum contact angle of 149±1° , for the best of our knowledge the surface which 

remains in the air can reach the maximum contact angle of 129±1° which, however, 

has no stability in time, therefore we assume that it is not going to obtain the 

maximum contact angle of 149±1°. 

3.3 Effect of vacuum 
 

As we have seen, the wetting properties of the surface can change if it comes in 

contact with air molecules, achieving hydrophobic properties, which, however, 

require a lot of time and they do not indicate stability. Thus, we wanted to study the 

result that can occur when the irradiated surface instead of being left in the air is 

placed in a vacuum chamber in order to evaluate the effect of pressure on the kinetics 

of the surface properties change and examine whether the time required to change 

these wetting properties can be reduced but also maintained. The chamber that was 

used is connected to a vacuum pump which can reach a pressure value inside the 

chamber of P=2x10-2mbar under dynamic conditions when it pumps continuously for 

24 hours. 

The surface was placed in the vacuum for continuous and non-continuous time 

intervals since the time that the pump operates, is related to the pressure inside the 

vacuum chamber. Finally, we will study the influence of the type of pump in use, i.e. 

whether it contains oil or not, as it is important to investigate beyond the morphology 

how the chemical composition of the surface changes and whether if this is true 

whether it is related to the way the pump operates. 

 



 
 

 

(a)                                                                                (b) 

 

Irradiated surface on vacuum 

As we noticed before by placing the smooth surface in the vacuum did not obtain any 

effect on its wetting properties. Thus, by radiating the surface and creating some 

roughness, we placed it in vacuum for 24 hours, the morphology of which is shown in 

figure 3.19 

 

 

(c)                                                                                (d) 

 

Figure 3.19:SEM images for remained surface under residence in a vacuum oven 
under dynamic conditions for 24 hours(a) x200, (b) x1.000, (c) x5.000 and (d) 
x10.000 zoom. 

Comparing Figures 3.19 and 3.7 we observe that the surface which was placed in a 

dynamic vacuum for 24 hours (Figure 3.19 a) has a morphology that differs from the 

smooth (Figure 3.7a) and also from the just irradiated surface (Figure 3.7b) but it is 

similar with the surface that have been heated (Figure 3.17). The effect of the 24 



 
 

hours dynamic vacuum process on the irradiated surface wetting properties is shown 

in Figure 3.20. 

 

 

Figure 3.20: Contact angle measurements of a water drop onirradiated surface after 
it's residence in a vacuum oven under dynamic conditions for 24 hours. 

 

As we can see from the picture above, the vacuum only affected the surface which has 

been irradiated while the smooth surface contact angle was not considerably changed 

after 24 in dynamic vacuum (Figure 3.3 a, b). On the contrary, the irradiated surface 

while its initial contact angle was ~5-10° (Figure3.5) after 24 hours in dynamic 

vacuum; it increased to 149±1° (Figure 3.20).  Concluding, irradiation seems to be the 

necessary process in order to change the metal alloy wetting properties. 

Discrete time intervals 
Initially, a laser irradiated surface was placed in the vacuum chamber for various time 

intervals. More specifically the procedure that was followed was: as soon as it was 

irradiated the surface was placed in the vacuum for 10 minutes, then it was removed 

from the vacuum, the contact angle was measured and then it was placed for another 

10 minutes and so on. The same procedure was done for 30 min and for 1 hour. The 

measurement results are shown below where the reported time is the total time the 

surface remained in the vacuum chamber. 
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(l)                                                                  (m) 

Figure 3.21: Contact angle measurements of a water drop on an irradiated surface 
after total time of (a) 0 minutes, (b) 10 minutes, (c) 20 minutes, (d) 30 minutes, (e) 60 
minutes (f) 90 minutes (g) 120 minutes, (h)150 minutes, (i) 180 minutes, (k) 210 
minutes, (l) 270 minutes and (m) 1590 minutes total time on dynamic vacuum 
process. 



 
 

As we observe from the measurements when the surface is placed in the vacuum 

chamber can reach a contact angle of 149±1°, i.e., a much larger value than the 

contact angle that can be reached when it is left in the air. The morphology of a 

surface that has remained under vacuum for 1590min is shown in Figure 3.22. 

 

 
Figure 3.22:SEM images for remained surface under dynamic vacuum for 1590 
minutes (a) x200, (b) x1.000, (c) x5.000 and (d) x10.000. 

 

The morphology of the surfaces that remained under dynamic vacuum for 1590 

(Figure 3.22) is similar with the morphology of the surface which remained for 24 

hours under dynamic vacuum (Figure 3.19). The dependence of the contact angle to 

the total time the surface remains in the vacuum chamber is shown in Table 3.6 and in 

Figure 3.23. 

Table 3.6:Contact angle measurements as a function of the time that the sample non 
continuously remained inside the chamber. 

 

Time 
intervals 
(minutes) 

Total time 
(minutes) 

Contact 
angle 

(°) 

Error 
(±°) 

10 10 8 1 
10 20 10 2 
10 30 17 1 



 
 

30 60 35 1 
30 90 40 2 
30 120 50 1 
30 150 120 1 
30 180 130 2 
30 210 137 2 
60 270 149 1 

1320 1590 149 1 
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Figure 3.23:Contact angle measurements as a function of the time that the sample 
remained(non -continuously) into the chamber. 

 

As we observe from Figure 3.23 the value of the contact angle is increasing with time 

until it reaches a plateau value. More specifically, for a total time from 10 minutes to 

120 minutes, the contact angle is increasing almost linearly. Following this initial 

increase, a jump appears in the contact angle value since after 120 minutes total time, 

the contact angle is measured 50±2° and at the next interval 30 minutes i.e. minutes 

total time, the contact angle has increased up to 120±1°. After that jump, the contact 

angle keeps increasing nevertheless with a slower rate reaching a maximum contact 

angle of about 149±1° for a total time of 270 minutes. The contact angle value of 

149±1° reveals as maximum because it does not increase further even if the surface 

remains under vacuum for a long time like 1590 minutes. 
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Continuous time on vacuum chamber 

By studying the vacuum chamber effect on the surface for non-continuous times was 

revealed that after 4.5 hours this acquires the maximum contact angle 149±1°. As a 

next step we irradiated different surfaces and placed each one in the vacuum chamber 

for various continuous times (10, 20, 30, 40 minutes etc.) and we measured the 

contact angle. The effect of the vacuum for continuous times is shown in Figure 

3.24below. 
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(g)                                                                  (h) 

 

 

 

(i)                                                                  (k) 

Figure 3.24:Contact angle measurements of a water drop on an irradiated surface 
after (a) 0 minutes, (b) 10 minutes, (c) 20 minutes, (d) 30 minutes, (e) 40 minutes (f) 
60 minutes (g) 180 minutes, (h) 960 minutes, (i) 2880and (k) 4320 minutes time 
continuously on vacuum process. 



 
 

As we observe from the measurements when the surface is placed in the vacuum 

chamber continuously it can reach a contact angle of 149±1° faster than the surface 

that was placed non-continuously in the vacuum in just 3 hours. 

Table 3.7:Contact angle measurements as a function of the time that the sample 
continuously remained into the vacuum chamber. 

 

Time 
(hours) 

CA 
(°) 

Error 
(±°) 

10 8 
 

1 

20 14 2 

30 25 1 

40 45 1 

60 133 2 

180 149 1 

960 149 1 

2880 149 1 

4320 149 1 
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Figure 3.25: Contact angle measurements as a function of the time that the sample 
continuously remained into the chamber. 

 



 
 

As we can observe from Figure 3.25 that there is a similarity to Figure 3.23, since a 

jump appears at the contact angle value. More specifically by placing the surface into 

the chamber for gradually increasing time intervals from 10 to 40 minutes 

continuously, the contact angle increases with a slow rate, reaching the value of 25±1° 

after 40 min. By letting the surface continuously for 1 hour under vacuum, we can 

observe that the contact angle increases to 133±2°.When we let the surface 

continuously for 3 hours under vacuum, we can observe that the contact angle reaches 

its maximum value of 149±1° since it does not further increases even if the surface 

remains under vacuum for longer times; measurements after 19hours, 48 hours, and 

72hours result in similar contact angle values. In conclusion residence of a recently 

irradiated surface under vacuum for 3 hours continuously results in the development 

of the desired hydrophobic properties. 

The difference between the two methods has to do with how fast the contact angle 

will reach its maximum value which in both cases is 149±1°. After 1 hour 

continuously in a vacuum, the surface reaches a contact angle of 133±2° while after 1 

hour of total time for non-continuous times it has reached only 50±2°. In the case that 

we have continuous times the maximum value of the contact angle is achieved after 3 

hours, while in non-continuous times after a total time of 4.5 hours. In the case that 

we have continuous times the maximum value of the contact angle is achieved after 3 

hours, while in non-continuous times after a total time of 4.5 hours. Therefore we 

conclude there is a difference between placing the surface in the vacuum chamber for 

30 minutes continuously and by placing it three times in a row for 10 minutes. This is 

due to the fact that the pressure inside the vacuum chamber depends on time, the 

longer the vacuum pump operates, the lower the pressure inside the vacuum chamber. 

 

The difference in the contact angle values between the two described experiments 

(continuously under vacuum and total time with measuring intervals), can be 

explained by measuring the obtained values of the pressure depending on the time. 

During the vacuum process, the pump starts pumping and the pressure inside the 

vacuum chamber decreases continuously as a function of time until a certain value. 

Dependence of the pressure 

 



 
 

Therefore, in the beginning the pressure has a high value which decreases within time, 

to the minimum value of 2x10-2mbar when the pump is running continuously for 24 

hours. It is noted that when a certain value of pressure is reported at a certain time, it 

is the value measured at that time; nevertheless its value is constantly changing over 

time. The dependence of pressure for dynamic/static vacuum on time is shown at 

Figure 3.26 and Figure 3.27. Using these Figures we can find out the pressure value in 

the oven with the pump running for a specific time 
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Figure 3.26Dependence of pressure on the time that dynamic vacuum conditions are 
applied. 
 
In figure 3.26 we see the pressure dependence to time from the moment the vacuum 

pump starts running. Initially the chamber is at atmospheric pressure; 103mbar, after 5 

minutes pumping the pressure decreased to 0.8mbar while after 180 minutes   the 

pressure does not change significantly having the value of 0.03 mbar. Finally, after 24 

hours it reached the minimum value of 0.02mbar. 
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Figure 3.27.Dependence of pressure on the time that static vacuum conditions were 
applied. 

 
The pressure in the vacuum chamber changes when we convert the vacuum from 

dynamic to static. When the pump is running continuously for 24 hours the minimum 

value of 2x10-2mbar; as soon as the pump is stopped the chamber remains in a static 

vacuum. As we observe from Figure 3.27 since the chamber remains in static vacuum 

the pressure begins to increase as a function of time; after 1340 minutes the pump is 

stopped the pressure inside the vacuum chamber has reached the value P = 8.34 mbar. 

 

The contact angle measurements as a function of pressure for continuous times are 

shown in Table 3.8 and Figure 3.28. 

 

Table 3.8: Contact angle measurements as a function of the pressure of the chamber 
for continuously times. 

Pressure 
(mbar) 

CA 
(°) 

Error 
(±°) 

0.3 8 
 

1 

0.13 12 2 

0.0854 25 1 

0.0698 45 1 



 
 

0.0572 133 2 

0.0371 149 1 

0.0347 149 1 

0.0324 149 1 

0.0304 149 1 
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Figure3.28: Contact angle measurements as a function of the pressure of the 
chamber. 

As we can observe the smaller the value of the pressure, the greater the contact angle 

becomes. It is also observed that when the vacuum/pressure reaches the value of 

P=3,71 x 10-2 mbar which corresponds to pump running continuously for 3 hours, the 

maximum value of 149±1° for the contact angle is obtained. In a conclusion, by 

leaving the surface into the chamber for a short time, the vacuum value is not 

sufficient to give a satisfactory effect to the hydrophobicity of the surface. Figure 3.29 

displays the relation of contact angle to the vacuum value for non-continuous time. 

 

Table 3.9 Contact angle measurements as a function of the pressure in the chamber 
for specific values. 

Pressure 
(10-2mbar) 

CA 
(°) 

Pressure 
(10-2mbar) 

CA 
(°) 

Pressure 
(10-2mbar) 

CA 
(°) 



 
 

30 8 4.9 35 3.04 149 
30 10 4.9 40 3.04 149 
30 17 4.9 50   
  4.9 120   
  4.9 130   
  4.9 137   
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Figure 3.29: Contact angle measurements as a function of the pressure in the chamber 
for specific values. 

 

As we can see in Figure 3.29when we leave the surface for 10 minutes in the vacuum 

chamber the pressure reaches the value of 0.3 mbar, which means that by leaving the 

surface for a total of half an hour, i.e. three times ten minutes each, the pressure is 0.3 

mbar each time, while leaving it for half an hour continuously the pressure reaches the 

value of 0.049mbar.Therefore, the difference between continuously leaving the 

surface for half an hour or by leaving it cumulatively for half an hour, the vacuum has 

a different value. The same applies to times 30minutes, 60minutesetc. 

It is observed that after 10minutes at a pressure of 0.3 mbar in the vacuum chamber it 

has a contact angle of 8±2°, then we open the chamber vacuum, we carry out the 

measurements and then place it back in the chamber for another 10 minutes at the 



 
 

same pressure as before; we notice that the contact angle increases to 10±2°, 

respectively for another 10 minutes the contact angle rises to 17±1°. Then the time 

that the surface remains in vacuum is changed to 30 minutes consecutively i.e. 

pressure 0.049 mbar. At the first stage the contact angle measured to be 35±1°, for the 

second to 40±2°, for the third 50±1°. During the fourth stage the contact angle 

displayed one jump from 50±1° to 120±2°. The contact angle continues to increase 

during the next times. When the surface placed in the chamber for the fifth time for 30 

minutes the contact angle is 130±2°, and for the sixth time the contact angle of 

137±2° is reached. When it stays for 60 minutes in vacuum continuously, i.e. the 

pressure of 0.0304 mbar, after the first time it acquires the maximum contact angle of 

149±1°. Further than this time of 60 min, the longer the surface remains in the 

vacuum, the contact angle does not increase any more. As we can see during the first 

10 minutes there is no effect on the maximum contact angle although there is an effect 

on the surface contamination and the surface does not remain the same since in enters 

in the dynamic vacuum chamber. 

 

 

(a)                                                                 (b) 

Time intervals between the irradiation and the entrance to vacuum 
chamber 

So far the irradiated surface has been placed directly in the vacuum chamber. We 

would like to investigate whether the time the surface remains in the air before being 

placed in the vacuum chamber affects its properties. 



 
 

 

(c)                                                                 (d) 

 

 

(e)                                                                 (f) 

Figure 3.30:Contactangle measurements of a water drop on an irradiated surface after 
remaining at ambient conditions for (a) 5 minutes, (b) 30 minutes, (c) 60 minutes, (d) 
120 minutes, (e) 180 minutes and (f) 240 minutes before it was placed on the vacuum 
chamber for 24 hours. 

 

The wetting properties of the surface are directly dependent on the time the surface is 

positioned in the vacuum after it is irradiated, as well. Nevertheless, the time the 

surface stays in the air does not affect the maximum contact angle which the 

irradiated surface can reach. 

 

The dependence of the contact angle on the time that the surface remains in the air 

until it enters the vacuum chamber is shown in Figure 3.31. 

Table 3.10: Contact angle measurements as a function of the time that the surface 
remains on air before is ser under vacuum. 

 



 
 

Time 
(minutes) 

CA 
(°) 

Error 
(±°) 

5 149 1 

30 139 2 

60 125 1 

120 110 1 

180 100 2 

240 90 1 

0 50 100 150 200 250

100

120

140

 

 
 Contact Angle

C
on

ta
ct

 A
ng

le
 (°

)

Time (minutes)
 

 

Figure 3.31: Contact angle measurements as a function of the time that the surface 
remains on air before it is placed in vacuum under dynamic conditions for 24 hours. 

 

As we can see from the diagram, the longer the surface stays in the air before it is 

placed in the vacuum chamber, the smaller the contact angle that the surface can reach 

after 24 hours. More specifically, by irradiating the surface and by placing it almost 

immediately in the vacuum chamber, results in the acquisition of the desired contact 

angle of 148°, nevertheless the larger the delay the larger the decrease in the final 

contact angle value. It is, therefore, necessary in order to achieve 



 
 

superhydrophobicity, the surface, to be placed directly in the vacuum chamber and it 

should not stay in the air since this affects the surfaces wetting properties. 

 

 

(a)                                            (b) 

Oil free vacuum pump 

Considering the possibility that due to the lubricating oil contained in to the vacuum 

pump, some kind of contamination may have occurred on the treated surface, we are 

going to repeat the procedure by placing the surface in vacuum created by an oil-free 

pump, in order to study the effect on its wetting properties 

After the irradiated surface was placed in the vacuum with oil free pump for 24 hours 

and the morphology of the surface is shown in Figure 3.32. 

 

(c)                                                                           (d) 

Figure 3.32:SEM images for a surface that has remained in a vacuum chamber that is 
connected to an oil free vacuum for 24 hours (a) x200, (b) x1.000, (c) x5.000 and (d) 
x10.000 zoom. 

As we can see from Figure 3.32 and Figure 3.19 the morphology of the surfaces 

which were placed in the vacuum (oil-free and oil pump) are very similar. However, 

the effect that the different set-up has on the wetting properties is quite different as we 

see in Figure 3.33. 



 
 

 

 

(a)                                                                    (b) 

Figure 3.33: Contact angle measurements of a water drop on an irradiated surface 
after 24 hours in a vacuum chamber connected to an (a) oil-free and (b) oil pump. 

 

The irradiated surface which was placed in the vacuum chamber with an oil-free 

pump for 24 hours has a similar morphology to the one which entered the oil pump 

vacuum chamber for a similar time interval, thus similar effect on hydrophobicity was 

anticipated. However, the surface that entered the oil-free pump vacuum chamber did 

not show any increase in the contact angle. Namely, the drop completely wetted the 

surface (Figure 3.33a) in contrast to the surface which was placed in an oil pump 

vacuum chamber (Figure 3.33b) where the contact angle reached the maximum value 

of 149±1°. Therefore, since the morphology is similar but there is a different contact 

angle each case, it its assumed that the chemical composition of each surface differs, 

as the wetting properties are related not only to the morphology of the surface but to 

its chemical composition as well. 

 

Stability over time 

It is of major importance that the fabricated surfaces are able to maintain their wetting 

properties over time, i.e. they do not show any surface wear, or contact angle 

reduction. As mentioned above, an increase of the contact angle is observed for the 

surface which remained in the air, reaching a maximum of 129±2°. However, while 

time passed and the surface remained in contact with the air molecules, the surface 

began to wear out and consequently its contact angle decreased a fact that indicates 

reduced durability over time. 



 
 

 
 

(a)                                                                          (b) 
Figure 3.34: SEM images of an irradiated Ti6Al4V after82 days on-air for the surface 
after it (a) placed on the vacuum chamber and (b) irradiated. 
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Figure 3.35:Contact angle measurements as a function of the time that the surfaces 
have remained at ambient conditions following 24 hours on vacuum (red, blue and 
green points) or directly (black points) after irradiation. 

 

The instability of the surface which was irradiated and remained in the air is shown 

from figure 3.34b where the surface has been worn out and lost its homogeneity.On 

the contrary, the surface which has entered the vacuum chamber and became 

superhydrophobic is observed to maintain its durability over time. Moreover, the 

acquired wetting properties did not change with time as shown in Figure 3.35 in 

comparison to the contact angles of the irradiated surface that remained at ambient 



 
 

conditions. In Figure 3.35 the black dots correspond to the contact angle 

measurements for the surface which has been irradiated and remained in the air for a 

certain time. We can see that while in the beginning, the contact angle shows an 

increase, 72 days later it starts to decrease; this result indicates that the obtained 

wetting properties do not have durability over time. The red, green and blue symbols 

refer to three different surfaces which have been irradiated, entered in the vacuum 

chamber and then left in the air for the corresponding period of 82 days. As we can 

see, it is confirmed for all 3 surfaces, that they do not change over time since the 

surface acquires the desired properties. This indicates stability over time, in 

opposition to the surface which remained in the air without entering the vacuum 

chamber at all. In conclusion, when the surface is treated under vacuum, it acquires a 

larger contact angle and stability over time. 

 

 

Hysteresis and Water Repellency 

In the current work hydrophobic surfaces with a contact angle of about 150° have 

been fabricated via their laser irradiation and their subsequent residence under 

vacuum or under heating. The contact angle of the surfaces for both cases and the 

morphology are shown in Figures 3.36 and 3.37. 

 

 

Figure 3.36: Contact angle measurements for a surface which (a) was placed under 
vacuum for 24 hours and (b) was heated at a temperature of 120 ° C for 24 hours. 

 



 
 

 

(a)                                                                   (b) 

 

(c)                                                                                (d) 

Figure 3.37: SEM images of a surface which has placed under vacuum for 24 hours 
(a) x 200, (b) 1.000 and has heated at a temperature of 120 ° C for 24 hours (c) x 200, 
(b) x1.000 zoom. 

 

In the above figures two identical drops with similar morphology are illustrated. In 

figure 3.37 (a, b) the surface remained under vacuum for 24 hours continuously and 

has a contact angle of 149 ± 2 ° while in figure 3.37 (c, d) the surface was heated for 

24 hours continuously at a temperature of 120 ° C. Although both surfaces appear to 

have a high contact angle, they do differ in water repellency. Specifically, the surface 

which has been placed under the vacuum is water repellent with a low contact angle 

hysteresis of <5 ° while the second surface which was heated shows no water 

repellency properties. 

 
 



 
 

 

(a)                                                                 (b) 

 

(c) 

 

Figure3.38: Contact angle measurements for a droplet (a) at the moment it was 
placed on the surface, (b) at an intermediated point before it rolled of, (c) when it 
rolls-off. 

 

In order to measure the contact angle hysteresis, a droplet is placed on the surface, 

then the OCA system begins to tilt until the drop rolls off, if (the surface) is water 

repellent. 

In Figure 3.38, contact angle measurements are shown for Ti6Al4V surface at the 

very moment the droplet was placed on the surface (Figure 3.38a) with a contact 

angle of 149 ± 2 °, at an intermediate point where the droplet moves but not yet 

rolled-off (Figure 3.38b), and finally at the moment where the drop rolls-off the 

surface (Figure 3.38c). The surface roll-off angle is very small and is estimated at 

1.5°. 



 
 

 

(a)                                                                           (b) 

 

 

    (c) 

Figure 3.39: Contact angle measurements for a droplet (a) at the moment it was 
placed on the surface, (b) at an intermediated point, (c) after 90 ° rotation of the 
system 

  

In the case where the surface was heated up to 120 °C for 24 hours, the contact angle 

reached the value of 149 ± 2 ° without the surface being water-repellent. At the above 

figure contact angle measurements are shown for Ti6Al4V surface at the moment the 

droplet was placed on the surface (Figure 3.39a) which has a contact angle of 149 ± 

2°, and at an intermediate point where it appears that the receding and advancing 

angles are different (Figure 3.39b). Finally, after 90 ° rotation of the system, the 

droplet does not roll off (Figure 3.39c). 

Therefore, we can achieve such a superhydrophobic surface which finally develops a 

contact angle of about 149±1° and a contact angle hysteresis 1.5°, by irradiating a 

Ti6Al4V alloy and by placing it under dynamic vacuum for 24 hours continuously. 

While irradiating a surface and simultaneously heating it to 120 ° C, we can achieve 



 
 

such a hydrophobic surface with a contact angle of about 149±2°, although not being 

water repellent. 

3.4 Chemical Analysis 
 

In addition to the surface morphology, the wetting properties of the material are 

strongly influenced by its chemical composition [1-3]. Usually, the surface of metals 

and their alloys are covered by oxide films of those metals, resulting in high surface 

energy and hydrophilic properties. However, the situation changes when the surface is 

exposed to laser irradiation or other aggressive conditions that initiate adsorption, 

chemisorption and chemical interactions of gases or moisture presented in ambient air 

with the surface. It is well known that hydrophilic surfaces with the high surface 

energy are rich in polar functional groups, while hydrophobic in non-polar functional 

groups. All these statements suggest (assuming that the morphology of all surfaces is 

the same) that as the oxygen content increases, the surface hydrophilicity should 

increase as well, while increasing carbon content (for example chemisorption of non-

polar hydrocarbons presented in an air atmosphere) leads to hydrophobic properties. 

The EDS analysis of the surfaces of the current work showed the relation between 

chemical composition and wetting properties. 

In the case of metal oxides exposed to air (like thin passivation layers or those formed 

by the laser processing), which possess coordinatively unsaturated metal and oxygen 

atoms in their surface, the hydroxylation takes place mainly by the adsorption of 

atmospheric water using heterolytic dissociation. This explains the hydrophilic 

character of most of the metallic surfaces, as well as the freshly prepared laser 

patterned samples. Nevertheless, TiO2 surfaces are generally hydrophobic, but after 

the exposure to UV light they become hydrophilic due to the creation of oxygen 

vacancies which facilitate the dissociative adsorption of water, forming microscopic 

hydrophilic domains [4]. About the TiO2 films that are present in the surface of the 

samples used in this work, which have been handled under normal ambient conditions 

of humidity and illumination, it is expected that the surface contains defects like 

surface oxygen vacancies, which promote the hydroxylation process of these surfaces. 

This can explain the hydrophilic character of the freshly laser prepared samples.In 

particular, for laser textured surfaces of pure Ti and Ti-6Al-4V alloys [6,7], it has 



 
 

been reported that times ranging between 5 and 10 days are required after laser 

treatment to attain contact angles of approximately 100°, and 15 days (saturation 

time) to reach 120° or higher. 

To fabricate superhydrophobic surfaces can be by reducing the surface energy as 

water is a polar molecule. The resulting surface has a monolayer of adsorbed organic 

molecules that create hydrophobic domains which decrease the surface free energy. 

The formation of a thin carbonaceous layer with a non-polar character, which covers 

the surface, decreases drastically the surface energy and the wettability of the surface 

[5].It has been demonstrated in the past that the carbon composition over the surface 

plays a key role in the wetting behavior (transition from hydrophilic to super or ultra-

hydrophobic) of laser patterned metallic surfaces [8, 9]. The carbon contamination on 

the surface of the sample is due to the adsorption of air-borne small organic 

molecules, such as formic or acetic acids, methanol, polymeric hydrocarbons, etc. 

This fact is well known in surface physics and its influence on the wetting behavior of 

metallic surfaces has been reported in the literature [8]. The main difference between 

the samples before and after the vacuum process is the surface carbon content, which 

is higher for the latter. This correlates with the increase of contact angles measured 

for the samples after the vacuum process. 

 

EDS analysis for all the surfaces: 

Table 3.11: EDS analysis for a non-irradiated smooth surface. 

Element App Conc. Intensity Weight% Weight 
Sigma 

Atomic% 

C 1.6 0.6 1.4 0.4 4.8 
O 0.5 0.2 1.6 1.7 4.1 
Al 5.7 0.8 5.5 0.3 8.5 
Ti 128.2 0.9 90.1 1.8 81.9 
V 2.1 0.8 1.4 0.3 0.7 
 



 
 

 

Figure 3.40: EDS analysis for a non-irradiated smooth surface. 

 

Table 3.12: EDS analysis for just irradiated surface. 

Element App Conc. Intensity Weight% Weight 
Sigma 

Atomic% 

C 3.4 0.7 3.1 0.4 6.4 
O 16,6 0.3 35.4 1.2 58.1 
Al 7.2 0.7 4.2 0.2 4.1 
Ti 120.1 0.9 55.9 1.2 30.7 
V 2.4 0.9 1.4 0.3 0.7 

 

 

Figure 3.41: EDS analysis for just irradiated surface. 

 

 

 



 
 

Table 3.13: EDS analysis for irradiated surface and remained 5 days on air. 

Element App Conc. Intensity Weight% Weight 
Sigma 

Atomic% 

C 5.52 0.7 4.1 0.45 8.91 
O 25.7 0.3 34.1 1.3 55.7 
Al 5.9 0.7 4.1 0.2 4.1 
Ti 103.1 0.9 56.5 1.2 31.6 
V 2.1 0.9 1.2 0.2 0.6 

 

 

Figure 3.42: EDS analysis for just irradiated surface and remained 5 days on air. 

 

Table 3.14: EDS analysis for irradiated surfaceand 24 hours on the vacuum. 

Element App Conc. Intensity Weight% Weight 
Sigma 

Atomic% 

C 16.4 0.7 7.3 0.43 15.41 
O 29.3 0.3 32.1 0.9 50.7 
Al 11.1 0.7 4.5 0.2 4.2 
Ti 166.7 0.9 57.0 0.8 28,9 
V 4.35 0.9 1.3 0.3 0.67 
Si 0.5 0.8 0.4 0.1 0.3 

 



 
 

 

Figure 3.43: EDS analysis for irradiated surface and 24 hours on the vacuum. 

 

Table 3.15:EDS analysis for just irradiated surface and 24 hours on the oil-free 
vacuum. 

Element App Conc. Intensity Weight% Weight 
Sigma 

Atomic% 

C 3.5 0.7 3.2 0.5 6.8 
O 15.7 0.3 34.8 1.2 54.2 
Al 7.3 0.7 5.1 0.2 4.4 
Ti 114.2 0.9 58.4 1.1 34,6 
V 2.2 0.9 1.5 0.3 0.8 

 

 

Figure 3.44: EDS analysis for irradiated surface and 24 hours on oil-free vacuum. 

 



 
 

Table 3.16:EDS analysis for an irradiated surface and heated at T=120°C for 24 
hours. 

Element App Conc. Intensity Weight% Weight 
Sigma 

Atomic% 

C 9.51 0.7 6.7 0.7 14.9 
O 16.0 0.3 28.9 1.9 50.6 
Al 7.4 0.7 5.8 0.3 4.7 
Ti 110.6 0.9 57.4 1.7 29.2 
V 2.2 0.9 1.2 0.4 0.6 

 

 

Figure 3.45:EDS analysis for an irradiated surface and heated at T=120°C for 24 
hours. 

In many scientific articles is reported that a freshly irradiated metallic surface shows 

superhydrophillic properties due to the increase of the oxygen content [10,11]. 

Respectively at this current work the freshly irradiated metallic alloy Ti6Al4V was 

superhydrophillic and was observed that the oxygen content on the surface increased 

4.1%to 58.1% (Atomic%) we conclude from the EDS (Table 11 and 12) which is 

according to the existing literature.Ιt can infer that the hydration of the surface is one 

of the reasons why several days (up to 30 in some cases, depending on the surface 

pattern) are needed for laser patterned samples to get hydrophobic domains formed by 

adsorbed organic material.[12] XPS results reported by Li et al., [7] for Ti-6Al-4V 

alloy showed carbon content of 47.5% and 53% before and after 20 days of laser 

respectively. In contrast, our results have shown that the surface which was irradiated 

and then left in the air for 5 days, showed an increase of the contact angle from 5±2◦ 

to 50±2° plus an increase of the amount of carbon from 6.4% to 8.9% (Atomic%) 



 
 

according to the results from the EDS analysis (Table12 and 13). The observed 

differences on the wetting properties may be attributed to the different irradiation 

parameters that were utilized in the different works. 

In 2019,R. Jadheeshet. et.al. fabricated dual geometry laser patterned structures by 

femtosecond laser [13]. These specimens were stored in high vacuum (10-6mbar) for 

90 minutes and the contact angle was approximately 150°. XPS results reported an 

increase at carbon component from 27.10 % (before vacuum process) to 61.94 (after 

vacuum process). At this work we fabricated surfaces with a random structure by 

femtosecond laser and then we stored them in low vacuum (10-2mbar) for 180 minutes 

and the contact angle was 149°±2. EDS results reported and increase at carbon 

component (Table 12 and 14) from 6.4% (before vacuum process) to 15.4% (after 

vacuum process). This increase is due to the carbonaceous contamination of the 

surface as a consequence of adsorption of organic molecules during vacuum 

processing. This is a well-known process that usually occurs in vacuum chamber 

walls and can come from different sources, such as atmospheric CO2, airborne 

hydrocarbons or the oil pump. The increase in the amount of carbon due to the oil 

pump can be confirmed by the measurements, as the irradiated surface which entered 

a vacuum chamber with oil-free pump did not show any effect as the surface remained 

superhydrophillic and the amount of carbon did not significantly increase from 6.4% 

to 6.8% (Atomic%) according to the results from the EDS (Table 12 and 15). 

In 2019 Z. Lian et al reported a simple two-step approach for the fabrication of 

superhydrophobic aluminum alloy surfaces [14]. They first structured the surface 

using nanosecond laser and then placed it in an oven at temperature 100°C; after 24 

hours of heating the contact angle increased to 153°. XPS results shown an increase at 

the amount of carbon from C/Al=0.57 (just irradiated) to C/Al=1.63 (after annealing). 

At this work we irradiated a titanium alloy with femtosecond laser and then the 

surfaced heated at temperature 120°C for 24 hours; the contact angle of the surface 

was 149°±2. We also observed by EDS analysis an increase at the amount of carbon 

(Table12 and 16) from 6.4% to 14.9% (Atomic %). Our results are quite close 

although different alloys and laser parameters were used. 
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Conclusions 
 

The surface properties of a Ti6Al4V metal alloy were investigated without and after 

laser irradiation and the effect of the pressure, temperature and environment on the 

contact angle of a water drop was evaluated. The initial smooth surface of the 

Ti6Al4V alloy can be characterized as hydrophilic since its contact angle is 60 ±2°. 

By irradiating the surface with a femtosecond laser a random roughness is fabricated 

and the surface becomes superhydrophillic. The wetting properties of the surface are 

affected by two factors; temperature and pressure. As far as the temperature is 

concerned, the higher the temperature at which the surface is heated, the greater the 

contact angle we can succeed and the faster this value is attained. For temperatures 

equal and higher than 120°C, the surface can become hydrophobic is less than 24 

hours. On the other hand, there is a significant and not trivial dependence of the 

contact angle on the pressure of the vacuum chamber on which the surface is placed. 

It is both the value of the pressure as well as the time that the surface remains at the 

specific vacuum that affect the behavior. The lower the pressure, the higher the 

hydrophobicity of the surface. Residence of the surface for at least 3 hours under 

dynamic vacuum conditions results in a contact angle of about 149±1°. Although both 

temperature and pressure lead to surfaces with similar hydrophobicity, i.e. in both 

cases the maximum measured contact angle was the same, there is a significant 

difference concerning their water repellent ability; surfaces that remained under 

vacuum were water repellent with a very low contact angle hysteresis, whereas for the 

ones that had gone through a thermal processing, a water drop did not roll even when 

the surface was tilted by 90° despite its hydrophobicity. An irradiated surface which 

remained at ambient conditions became hydrophobic with a maximum contact angle 

of 129±2°, although at long times it lost this property and the contact angle decreased 



 
 

again in contrast to the surfaces which remained under vacuum that retained their 

surface properties and their hydrophobicity over time.   

 

 

 

Future steps 
 

Through our next steps, we intend to deliberate the alloy properties by altering the 

laser parameters, which in the current work were kept constant for all irradiations that 

were performed. These parameters include repetition rate, pulse energy and FWHM 

and thus, by changing each parameter separately, one can study how they may affect 

the surface wetting properties and even fabricate surface with superhydrophobic and 

water repellent characteristics. Furthermore, the work can be expanded towards 

fabricating surfaces with a specific periodic pattern instead of the random one that 

was performed in this work. Moreover, so far we have used a specific alloy without 

any coating; the utilization of an appropriate polymer coating may affect its surface 

properties in combination to the temperature or the placement of the surface in the 

vacuum and/or provide the surfaces with additional functionalities like responsiveness 

in certain parameters. 

 

 
 

 


	Abstract
	Περιληψη
	Acknowledgments
	Chapter 1 –Introduction
	Metals
	Titanium
	Titanium alloys

	Surfaces and Interfaces
	Wetting properties

	Superhydrophobicity
	Techniques to fabricate superhydrophobic surfaces
	Applications of superhydrophobic surfaces

	Current work
	Bibliography
	Chapter 2- Methods and Materials
	Material-Ti6Al4V
	Sample Fabrication
	Experimental techniques
	Bibliography
	Chapter 3-Results and discussion
	Irradiated surface
	Temperature Effect
	Effect of vacuum
	//

	Chemical Analysis
	Bibliography
	Conclusions
	Future steps


