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RESUMEN

Durante esta tesis estructuras de microceldas con diferentes tamaños

se han texturizado en placas de Al2024 de 2 mm de espesor, usando

láseres de nanosegundo de infra-rojo cercano y ultra-violeta. La in-

fluencia de los parametros del láser en la forma y el tamaño de los

patrones generados se estudia junto con la evolucion temporal de las

propriedades de mojabilidade bajo diferentes condiciones de almacio-

namento. Se ha observado que se consigue la superhidrofobicidad de

las muestras mediante el texturizado con láser en un único paso, sin

necesidade de tratamientos adicionales.

La exposicion de las muestras texturizadas con láser al ambiente se

revela como uno de los factores clave en el cambio de las propriedades

de las muestras con el tiempo. Las texturas generadas con el láser han

sido después correlacionadas con las medidas del angulo de contacto,

mostrando la enorme influencia de la cantidad de material refundido en

las propriedades de hidrofobicidad. La espectroscopia de elétrones por

rayos-X ha sido usada para estudiar la influencia de los cambios quimi-

cos superficiales en la hidrofobicidad. Los analisis de la composicion

elemental demostrarón que las moleculas organicas adsorbidas del aire

ambiental son responsables de la transformación en el comportamiento

de hidrof́ılico a hidrofóbico.

Las estruturas hierarquicas multi-escaladas fueron fabricadas en

Al2024 usando escritura direta por láser y texturizado de interferencia

directo por láser. Durante el proceso de fabricación dos fuentes de láser

distintas han sido usadas, incluyendo un láser ultravioleta de nanose-

gundos que produce estruturas de microcelda con diferentes dimen-

siones mediante escritura direta por láser. Posteriormente, una fuente

láser de picosegundos se usa para fabricar estruturas sub-micrometricas

encima de las microceldas previamente texturizadas. Como consecuen-

cia, las estruturas jerarquicas multi-escaladas suponen una repres-
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entación mas cercana de lo que se observa en la naturaleza.

Mediciones estáticas de ángulo de contacto con agua se han realiz-

ado para evaluar la respuesta de mojabilidad de las muestras textur-

izadas con estruturas hierarquicas, las cuales mostraron superhidro-

fobicidad tras solo una semana después de su fabricacion con angulos

de contacto medidos hasta 161.5 ± 3◦.

Las microceldas y las estruturas jerarquicas texturizadas con láser

demonstraron un comportamiento ultrahidrofobico bajo mediciones

estáticas de ángulo de contacto con agua tras 10 semanas desde el

proceso de fabricación. Mediciones de corrosión han sido llevadas

a cabo y las muestras revelan tener propriedades anti-corrosivas ex-

tremadamente efectivas. Las caractéısticas del proceso láser han sido

correlacionadas con el comportamiento anti-corrosivo de las muestras

y los resultados revelan que la distancia de separación entre las mi-

croceldas y que la potencia del láser durante el proceso de escritura

directa influencian enuermemente las propriedades de corrosión. Se ha

encontrado que las muestras texturizadas jerarquicamente estabilizan

las propriedades de corrosión y mediante la reducion de la distancia

de separacion entre las microceldas la resistencia a la corrosión mejora

hasta un 99.996 % en comparación con los valores originales de referen-

cia. Las medidas en el microscopio electrónico de barrido posteriores

a las pruebas de corrosión muestran superficies con daños de pequeño

tamaño y las muestras retienen sus propriedades de hidrofobicidad

durante todo el proceso.

El rendimiento ante la hielofobicidad de las microestruturas trata-

das con láser en la superficie de Al2024 en relación a las condiciones

ambientales de congelación de aviones en vuelo son evaluadas acerca

de su aplicacion potencial en aviones. Las microceldas de 35 µm no

son capaces de reducir la congelación en condiciones de vuelo. Las mi-

croestructuras favorecen el agarre del hielo a la superficie dando lugar

a una mayor fuerza interfacial de adhesión. Los resultados obtenidos
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permiten entender que las microestruturas deben ser mas pequeñas

que los tamaños de gota tipicos para evitar la inserción y la con-

gelación de las gotas en las estruturas. El estado qúımico de la super-

ficie no juega un papel importante en los resultados sobre la adhesión

del hielo. Además, la superhidrofobicad de los tratamientos de un

solo paso con láser se pierde tras 16 ciclos consecutivos de congelado

y descongelado. La pérdida de superhidrofobicad puede atribuirse a

la fragilidad de la capa no polar de carbono adsorbida en la super-

ficie. Un agente hidrofóbico ha sido usado para inducir quimicamente

superhidrofobicidad en las muestras. Los resultados de esas muestras

tras 16 ciclos de congelado y descongelado revelan que las mismas pre-

servan su hidrofobicidad, demostrando los beneficios de un proceso en

dos pasos para conseguir propriedades superhidrofobicas durables en

aplicaciones aeronauticas.

Los resultados que han sido obtenidos durante el desarollo de la

presente tesis doctoral abren el camino para la integración total de

superficies superhidrofobicas texturizadas con láser en muchos campos

de la industria.





ABSTRACT

During this thesis work, microcell structures of different dimensions

are patterned using a nanosecond near-infrared and UV laser source

on Al2024 aluminium alloy plates with 2 mm thickness. The influence

of laser parameters on the shape and size of the produced patterns

are studied together with the evolution of wettability properties over

time for different storage conditions. Samples are found to be supe-

rhydrophobic from a one-step laser patterning, requiring no further

treatment.

The exposure of the laser patterned samples to ambient air is shown

to be a key factor in the property changes of the samples over time.

The produced surface patterns with different laser parameter settings

are then correlated with the contact angle measurements, revealing

a great influence of the amount of recast material on the hydro-

phobic properties. X-Ray photoelectron spectroscopy is used to study

the impact of surface chemistry changes on hydrophobicity, analysis

of elemental composition proved that chemisorbed organic molecules

present in the ambient air are responsible for the hydrophilic to supe-

rhydrophobic transition.

Multi-scaled hierarchical surface microstructures are fabricated on

Al2024 alloy using Direct Laser Writing and Direct Laser Interference

Patterning. During the manufacturing procedure two distinct laser

sources are used, including an ultra-violet nanosecond laser system

that produces microcell structures with different dimensions through

Direct Laser Writing. Posteriorly, an infrared picosecond laser source

is used to fabricate sub-micron features on the previously patterned

microcells. Thus, the fabricated multi-scaled hierarchical structures

are a closer representation of what is observed in nature.

Static water contact angle measurements are performed in order

to assess the wettability response of the laser patterned hierarchical
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samples, which revealed superhydrophobicity only one week posterior

to the fabrication, with measured contact angles up to 161.5 ± 3◦.

The microcell and hierarchical laser patterned surface structures

demonstrate ultrahydrophobic behaviour under static water contact

angle measurements after 10 weeks of the manufacturing procedure.

Corrosion measurements are carried out and samples are reported to

possess extremely effective anti-corrosive properties. Laser process

parameters are correlated with anti-corrosive behaviour and results

show that the periodic hatch distance between microcells and the laser

power used during the DLW process greatly influence the corrosive

properties. Hierarchical structured samples are found to stabilize anti-

corrosion features, and by using smaller hatch distances, corrosion

resistance is improved up to 99.996 % on the original reference value.

SEM measurements posterior to the corrosion tests show small sized

surface damages and samples are reported to retain their hydrophobic

properties throughout the entire process.

The icephobic performances of laser-treated microstructured Al2024

alloy surfaces with respect to atmospheric in-flight icing conditions are

assessed on whether they can potentially be used on aircrafts. Mi-

crocell structures with 35 µm are proved to not reduce ice adhesion

under in-flight icing conditions. The microstructure actually enhances

the mechanical interlocking between the ice and the surface, resulting

in a higher interfacial adhesion strength. The retrieved results allow

to understand that microstructures must be smaller than the typical

water droplet sizes so as to avoid insertion and freezing of droplets

into the structures.

The surface chemistry is found to not play a role on the ice ad-

hesion results. Moreover, the superhydrophobicity resulting from the

one-step laser treatment is lost after 16 consecutive icing and de-icing

cycles. The loss of superhydrophobicity can be attributed to the fra-

gility of the non-polar carbon layer adsorbed on the surface. A hy-
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drophobic agent is used to chemically induce superhydrophobicity on

the samples. Results with these samples show that after 16 icing and

de-icing cycles the samples still preserve their superhydrophobicity,

showing the benefit of a two-step process in order to achieve durable

superhydrophobic properties for aeronautical applications.

The results that are obtained during this thesis work open the path

for fully integrating laser patterned superhydrophobic surfaces in sev-

eral industry fiels.
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Chapter 1

Introduction

1.1 Motivation

Nature has a variety of functional surfaces to meet the harsh environ-

ments on the day to day life. The ability to mimic these properties

gained considerable interest in the past due to the potential applica-

tions in industry.

Biomimetics is the field of study that mimics nature in order to

copy or recreate some order of functionality. The first studies on this

topic are dated to the XV century, when Leonardo da Vinci started

studying the movement of birds in order to recreate a machine that

was able to fly. Under the same premise, until nowadays, researchers

have been trying to recreate animal and plant natural abilities for

different applications.

In the case of superhydrophobic surfaces, the Lotus leaf is one of

the most known examples of water repellent natural surfaces [Otten,

2004]. When in contact with its surface the water droplets agglomer-

ate [Fig. 1.1(a)] and roll off or even bounce of the surface, as opposed

to wetting like other plants. This effect is due to micro and nano

structures that are present in its surface [Fig. 1.1(b)] that drastically

1
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Figure 1.1: The lotus leaf (a) water repellent effect and (b) a SEM micrograph of its

surface topology. Credits: (a) C. Garcia [Werb, 2017], (b) Cao et al. [Cao,

2008].

decrease the contact ratio between the liquid-solid interface. Addition-

ally, the lotus leaf also possesses an outer layer of wax that reduces

the surface free energy, thus decreasing the polarity.

Due to its high degree of hydrophobicity, another important prop-

erty of the lotus leaf is present, its self-cleaning capability. When water

comes into contact with the surface and rolls off of it, it agglomerates

dirt particles that are present on it, thus cleaning the area without re-

curring to any external solution [Neinhuis, 1997]. This effect is related

with the preferable affinity of the dirt particles with the water instead

of the water-repellent surface. Besides the lotus leaf, in nature there

are other examples of hydrophobic surfaces, such as, butterfly wings,

water striders legs and some bird feathers [Rossbach, 2003]. Inspired

by the Lotus leaf, our goal and one of the LASER4FUN project aims

is to study its high degree of water repellence and develop superhydro-

phobic materials that can also possess anti-corrosion, anti-icing and

low hydrodynamic friction properties.

Ultrashort pulsed laser machining is a simple and fast solution to

develop these materials, the high resistance of the hard textures cre-
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ated on the materials’ surfaces turn laser processing into the most

efficient technique to obtain proper roughness and achieve highly hy-

drophobic materials.

By joining resources with partners inside the Laser4Fun consor-

tium, the aim is to cooperate in order to produce innovative and unique

functional superhydrophobic surfaces in Al2024 and work on industry

implementation.

1.2 Objectives

The specific aims that are pursued during this thesis work are:

• Evaluation of the practical feasibility of nano and picosecond

laser sources for the generation of micromachined and hierarchical

surface structures for the generation of prototypical superhydro-

phobic samples transferrable to industrial applications.

• Cooperation with other partners and companies inside the Laser4Fun

consortium in order to perform comparative evaluation of nano-

second, picosecond, UV and IR based procedures for the gener-

ation of target technological surfaces for the envisaged applica-

tions.

• Investigate the feasibility to create hierarchical structures by com-

bining Direct Laser Writing with both UV and IR nanosecond

laser and Direct Laser Interference Patterning with IR picosecond

laser.

• Characterization of the surfaces by means of Scanning Electron

and Confocal microscopy and XPS measurements for detecting

the chemistry changes on the material surface after the laser pat-

terning.
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• Investigate the contact angle evolution in time for laser patterned

surfaces in order to more thoroughly comprehend the hydrophobic

transition process.

• Creation of corrosion resistant superhydrophobic samples via one-

step procedures.

• Fabrication of bio-inspired durable superhydrophobic surfaces that

possess anti-icing capability.

• Fulfill the requirements for posterior industrialization of laser pat-

terned superhydrophobic surfaces.

1.3 Structure of the thesis

Chapter 1 Introduction

A general introduction to the topic of the thesis is stated in this

chapter along with a description of its structure. A list of objectives

that were aimed during the development of this work is listed.

Chapter 2 Superhydrophobic surfaces: Revision of the

state of the art

This chapter describes the state of the art for superhydrophobic

surfaces and their applications. The topics that are detailed include

laser systems and material interaction, wettability, chemistry of the

surface and the applications of superhydrophobic surfaces.

Chapter 3 Materials and methods

The material chosen to develop superhydrophobic surfaces is presen-

ted during this chapter of the thesis. The characterization techniques
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that are used during the development of this work are reported and

their basic functionalities are explained. The fabrication procedures

of the superhydrophobic surfaces are extensively described in order to

assure their reproduction capability.

Chapter 4 Results and discussion

Posterior to the fabrication of superhydrophobic surfaces the results

obtained during this thesis work are stated. The characterization of

the samples is presented firstly, by showing a microstructure analysis

where the patterned laser structures are correlated with the process

parameters. Secondly, static water contact angle measurements are

performed in order to assess the wettability properties of the pat-

terned samples and a detailed study of the contact angle evolution

in time is reported. Next, the surface chemistry changes of the laser

patterned Al2024 samples is studied via X-ray photoelectron spectro-

scopy. Lastly, the results from corrosion and icing tests are shown.

Chapter 5 General conclusions and future prospects

This chapter summarizes the conclusions drawn from this thesis

work and proposes future paths to continue the research in this field

based on the current results.

Chapter 6 Bibliography

Reports the scientific publications of the author and the references

used for the development of the thesis.





Chapter 2

Superhydrophobic surfaces:

Revision of the state of the art

2.1 Wetting

2.1.1 Contact angle

In order to reproduce these features, one must be able to transpose the

observed natural properties and create artificial superhydrophobic sur-

faces. For characterizing the wetting behaviour of a fabricated sample,

contact angle measurements are performed. This is the most common

way of evaluation of hydrophobic surfaces and samples that are eval-

uated through this form can be classified as hydrophilic (CA < 90◦),

hydrophobic (CA > 90◦), superhydrophobic (CA > 150◦) and ul-

trahydrophobic (CA = 180◦). Its principle is related with the Young’s

model on the contact line between the surface and a water droplet.

The contact angle θ is then determined by dispensing a µL droplet

volume of water on the material’s surface and by considering the

tensions of liquid-vapor, solid-vapor and solid-liquid interfaces, using

Eq 2.1:

cos θ =
γsv − γsl
γlv

(2.1)

where

7
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Figure 2.1: Illustration of the Young’s model.

γsv = solid-vapor.

γsl = solid-liquid.

γlv = liquid-vapor interfacial tensions.

The Young’s model is the basic principle of contact angle defini-

tion, however it only considers that the surface is perfectly flat, which

defines an ideal and not practical case which only considers changes

on surface chemistry (Fig. 2.1). In reality as it was observed natural

hydrophobic surfaces present textures, thus roughness must be taken

into account.

In order to include surface textures on the definition of contact

angle, two models can be used, the Cassie-Baxter [Borges, 2010] or

Wenzel [Palasantzas, 2001]. These models were developed in order to

properly describe the surface wettability in respect with present tex-

tures on the surface. In the Wenzel state, roughness of the overall

structure is considered and liquids that contact the surface are expec-

ted to completely fill the gaps of texture surface structures. In the end,

the contact area between liquid and solid interfaces is defined by a ra-

tio, r, that indicates the actual contact area divided by the geometric

surface area. This value also characterizes the surface roughness, thus

the apparent contact angle θ∗, can be calculated by:
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cos θ∗ = r cos θ (2.2)

In the case of perfectly flat surfaces, r would then be 1 and the

Wenzel’s model would be the same as the Young’s, then r would al-

ways need to be higher than 1 in order to apply this model. Addi-

tionally, by observing Eq. 2.2 one can retrieve that the contact angle

for hydrophilic surfaces will decrease with roughness and increase for

hydrophobic. On the case of hydrophilic surfaces,the Hemi-Wicking

state appears [Quéré, 2002]. In this state water is diffused by ca-

pillarity suction through the topography of the surface. Water film

propagates through the porosity of the surface and the contact angle

is considered to be 0◦.

In the Cassie-Baxter state, surfaces are considered to be completely

not wettable, thus this is the model that properly describes the be-

haviour of superhydrophobic surfaces. When the roughness value is

high enough and the surface texture is designed properly, it is possible

to trap air in between the liquid and the solid interface. Superhydro-

phobic properties can then be obtained as topographies act as small

air pockets and the drop is both in contact with solid and air, thus

decreasing the contact area between solid and liquid while also decreas-

ing surface tension. The apparent contact angle in the Cassie-Baxter

state can then be calculated through:

cos θ∗ = fs cos θs + fv cos θv (2.3)

where fs and fv are the fractions of the solid and vapor areas on the

surface, respectively, thus fs + fv = 1. Then the liquid contact with

the vapor interface is considered to be 180◦, thus from the Young’s

model θs = θ. In the end, eq. 2.3 can be simplified to:
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Figure 2.2: Illustration of the models applied on the transition from hydrophilic to

superhydrophobic.

cos θ∗ = fs(cos θ + 1)− 1 (2.4)

By observing the displayed illustration on Fig. 2.2, it is then vis-

ible that morphology plays an important role on wettability and it

is important to fabricate adequate roughness structures in order to

improve the hydrophobic behaviour of a sample. However, this is not

the only factor that influences wetting, the chemistry of the surface

is also an important fact that must be considered when fabricating

superhydrophobic materials.

2.2 Chemistry of the surface

Posterior to the fabrication, materials exhibit high surface energy due

to the presence of a huge amount of new formed particles on surface. In

this case, it is important to ensure that the samples have a non-polar

surface, thus it is important to find methods that can induce a chem-

ical change on the surface and assure hydrophobicity. In the case of

photoresits, for example with SU-8 when exposed to excimer laser tex-

turing and posteriorly coated with a hydrophobic plasma-polymerized
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hexafluoropropene layer, it was reported to reach a contact angle of

165Â◦ [SchwarzSelinger, 2001; Wagterveld, 2006]. Also, Silicon sur-

faces textured by femtosecond lasers and coated with one layer of

fluoroalkylsilane molecules were reported to reach contact angles of

160Â◦ [Baldacchini, 2006]. Hexafluoropropene and fluoroalkylsilane

are common coatings that are used to decrease the surface energies of

the laser textured surfaces, even on metals [Wang, 2017]. The usage of

this organic compounds is explained by their high molecular bonding

to the surface, then the outer layers of the material’s surface are com-

posed by non-polar organic material that possesses low surface energy,

thus improving the hydrophobic behaviour [Brassard, 2012]. However,

these organic compound coatings present poor chemical and thermal

stabilities and are easily peeled off from the substrates [Mödl, 2007].

As an alternative to apply coatings on the surface, it has been

reported that through laser texturing, superhydrophobic surfaces can

be fabricated on metals without the need for a second step procedure

to induce chemical changes on the surface [Jagdheesh, 2016b].

Laser texturing of micro-structures on iron surfaces, show initial

superhydrophilic behaviour [Guo, 2007]. After the exposure to ambi-

ent air for 500 hours, the surfaces gradually reveal superhydrophobic

behaviour. A report that addresses the cause of the wettability trans-

ition was published by Kietzig et al. [Kietzig, 2009]. In this work,

different metal alloys were patterned using a femtosecond laser source

and the contact angle evolution in time was studied for samples that

were exposed to ambient air, see Fig. 2.3. The wetting properties were

correlated with the amount of carbon on the structured surfaces and

it was proposed as a potential explanation that the decomposition of

carbon dioxide into carbon with active magnetite on the surface was

the effect responsible for the increasing carbon percentage.

Chang et al. [Chang, 2010] showed that nanowire films made with

Copper Oxide initially exhibited superhydrophilic nature. However,
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Figure 2.3: Contact angle evolution over time for different metal alloys patterned with

distinct fluences. Source: Kietzig et al. [Kietzig, 2009]

when exposed in the air at room temperature or treated by low tem-

perature annealing, a transition from superhydrophilicity to super-

hydrophobicity of the CuO nanowire films was observed. Chemical

analysis on the structure of the films before and after the transition

revealed that there was no change, thus the superhydrophobicity was

attributed to the partial deoxidation of the upmost layer of CuO sur-

faces into Cu2O-like hydrophobic surfaces. Also, it was reported that

superhydrophilicity was recovered when the superhydrophobic CuO

film was subjected to high temperature annealing.

In a report about the ageing of aluminium oxide surfaces, Brand

et al. [Brand, 2004] reported an infrared reflection absorption spec-

troscopy investigation of the changes that occur to a fresh, clean and

reactive aluminium oxide surface upon ageing in ambient air and upon

ageing in a clean, dry environment. Ageing in air resulted in the ad-
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Figure 2.4: Schematic of the processes that occur during the ageing of an aluminium

oxide layer in ambient air and the subsequent influence on the reactivity

towards chemisorption of a carboxylic acid based molecule. Source: Brand

et al. [Brand, 2004]

sorption of air-borne organic contaminants and water on the oxide

surface, which could not be removed using common solvents. On the

surface, adsorbed water caused the growth and hydroxylation of the

oxide layer. As a result of the adsorbed species, it was found that the

bonding capacity of the oxide surface rapidly decreased as the ageing
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Figure 2.5: The effects of storage conditions on the contact angle evolution. Source:

Long et al. [Long, 2015a]

occurred. Ageing in a clean and dry nitrogen environment results also

in the adsorption of some organic contaminants but the adsorption of

water does not occur. Consequently, only a slight growth of the oxide

layer and no hydroxylation is observed to occur. Also here, there is

a decrease in the bonding capacity, but not as severe as for ageing in

ambient air. This was the first report that started to link the presence

of organic contaminants on the surface with the exposure to ambient

air, which would be a determining factor for the explanation of the

hydrophilic to hydrophobic transition on aluminium. Fig. 2.4 shows a

schematic illustration of the processes that occur during the ageing of

the aluminium oxide layer when is exposed to the air.

Long et al. [Long, 2015a] reported a study where aluminum surfaces

exhibited superhydrophilicity immediately after being irradiated by a

picosecond laser. The contact angles on the surface increased over

time and reached superhydrophobic properties. Storage conditions

were analyzed and shown to significantly affect this process. Samples

were stored in CO2, O2 and N2 atmospheres, in these conditions the

wettability transition was restrained. However, in the presence of

an atmosphere rich in organic compounds the transition process was
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Figure 2.6: Illustration of the influence of water vapour molecules on the chemisorption

of organic molecules from the environment on low and high vacuum.

Source: Jagdheesh et al. [Jagdheesh, 2016c]

accelerated, Fig. 2.5. Additionally, it was also reported that liquid

adsorption of organic molecular compounds was the most efficient

method to ensure a fast wettability transition.

In 2016, Jagdheesh et al. [Jagdheesh, 2016c] reported through

XPS elemental analysis that eventually pulse width, frequency and

power density could influence the nature of the new aluminum oxide

surfaces formed during the laser ablation of nanosecond pulsed laser,

particularly in relation to the activation of those surfaces against hy-

droxylation, and chemisorption of organic molecules from air. Finally,

the surface chemical change that occurs reduces the surface free en-

ergy, leading to a transition from hydrophilic to hydrophobic surface.

One year after, the same author published [Jagdheesh, 2017a] a manu-

script where it describes a vacuum process that is able to shorten the

hydrophilic to hydrophobic transition to 30 minutes. The chemisorp-

tion of hydrocarbons under vacuum created non-polar regions on the

surface that diminish the polar free energy, changing the wettability
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behavior from hydrophilic to super or ultrahydrophobic in a matter

of minutes, depending on the wall geometry of the patterned surface.

Also, it was an indication that in a middle with relative low water

vapour percentage, the hydrophobic transition was much faster due

to reduction of the passivated water layer, showing that water vapour

molecules are a concurrent to the organic molecules present in the air

and that there is a distribution on the surface between chemisorbed

water molecules and organic compounds.

It is then evident that surfaces can develop superhydrophobic prop-

erties without the need for a chemical coating, thus an appropriate

review of the techniques used to fabricate roughness on the metal sur-

faces is needed.

2.3 Applications of superhydrophobic surfaces

The main objective of developing superhydrophobic surfaces is to ap-

ply on real and practical applications. Their extreme water repel-

lent capabilities have attracted increasing interest mainly on the past

two decades. In addition to the wettability, several properties, such

as self-cleaning, drag reduction, anti-biofouling, anti-icing and anti-

corrosion properties are often associated with the integration of su-

perhydrophobic surfaces. In this section, a general description of the

applications is stated along with a special emphasis on the icephobic

and corrosive properties of superhydrophobic surfaces, which were the

main applications envisioned for this thesis.

2.3.1 Self-cleaning

Self-cleaning capability is a feature obtained for when high water con-

tact angles and low adhesion are combined. This property is extremely

useful for several applications, such as to automatically clean window

glasses or home appliance devices. Due to the regular exposure to a
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Figure 2.7: Illustration of the self-cleaning effect.

natural environment or constant wear, it’s quite common that surfaces

end up being contaminated very frequently. The ability to passively

clean these surfaces saves mainly the effort and time that would be

dispensed to externally clean them. Particularly due to the home

appliance industry, this topic has been frequently studied during the

past decades. Fig. 2.7 depicts an illustration of the self-cleaning effect

for when a water droplet rolls on top of a superhydrophobic surface.

Particles that are present on the surface, due to the low adhesion

present on the surface, are attached to the water droplet that will

eventually roll off the surface, thus cleaning it.

Nimittrakoolchai [Nimittrakoolchai, 2008] reported a study on the

relation between anti-adhesion and self-cleaning properties of superhy-

drophobic surfaces. In order to achieve a self-cleanable surface, a su-

perhydrophobic coating was prepared by depositing a polyelectrolyte

film on a glass substrate, then through chemical etching a roughness

was applied on the surface, finally, silicon oxide nanoparticles were

deposited on the film. By dispensing red power on the surface, it was

visible that after dispensing water droplets on the superhydrophobic

surface and on the bare untreated sample, the latter was still dirty op-

posed to a much cleaner coated surface. It was also observed that even

without water dispensing the dust particles were much more easily re-

moved by only flipping the sample, this phenomenon demonstrated

the low-adhesion of the superhydrophobic surface.

Advances on the textile industry were also reported by applying
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self-cleaning cloths that are stain proof. In 2010 Xue et al. [Xue,

2010] synthesized a textile approach of self-cleanable surfaces that

was able to create stain proof shirts. Nosonovsky [Nosonovsky, 2009]

showed that self-cleaning effects could be used on optical applications,

like solar panels where having a clean surface greatly increases its ef-

ficiency. Jagdheesh et al. [Jagdheesh, 2016a] reported that µ-pillar

structures, patterned on an aluminium foil using a laser source, were

able to demonstrate water droplet rebounding. Self-cleaning tests were

effectuated using edible sugar, by dispensing water droplets on the ma-

terials surface, the authors were able to detect an aggregating removal

process of the sugar particles. Fig. 2.8 displays snapshots of the re-

moval process of edible sugar from the laser patterned surface.

2.3.2 Anti-biofouling

Underwater structures are constantly exposed to the biofouling of or-

ganisms such as algae. The presence of these increases operational

and maintenance costs of some vehicles, like ships. The presence of

these organisms can be reduced by submerging superhydrophobic sur-

faces, rough structures that are able to trap air, create a air layer

between the water and the surface [Marmur, 2006], see Fig. 2.9. The

presence of this layer reduces the contact of water with the solid ma-

terial, which diminishes the probability that biological organisms are

attached. Zhang et al. [Zhang, 2005] showed that superhydrophobic

surfaces when compared to normal samples, attached a minimal num-

Figure 2.8: Self-cleaning effect on textured aluminium foil. Source: Jagdheesh et

al. [Jagdheesh, 2016a]
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ber of micro-organisms after one week of water immersion. On the

contrary, bare untreated samples showed complete fouling after one

day.

2.3.3 Drag reduction

Aircrafts, submarines and ships have a common obstacle between

them. When a liquid is in contact with a moving surface, frictional

drag in the form of turbulent flows is visualized [Daniello, 2009; Trues-

Figure 2.9: Illustration of the air layer present when superhydrophobic surfaces are

submersed.

Figure 2.10: Illustration of the drag reduction effect. Taken from:

https://caddocs.byu.edu
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dell, 2006]. The drag arises from shear stress, which is the rate of

momentum that is transferred from the flowing liquid to the surface.

Drag reduction can be correlated with water-repellent surface, due to

the formed air layer between the solid structure and the surrounding li-

quid. It is important to denote that the air film is kept by the constant

outer supply of air which is able to contact with the system due to

the surface tension of water. For example Fu et al. described that on

ships when air is supplied from the bow section to a ship’s hull with su-

perhydrophobic coatings, the air becomes attached to the surface and

forms an air layer. This effect suits as a lubricant for the system which

ultimately reduces frictional drag. Jagdheesh et al. [Jagdheesh, 2010]

used ultra-short laser pulses to texture stainless steel with a dual scale

topography. The samples were then coated with a monolayer of perflu-

orinated octyltrichlorosilane in order to obtain superhydrophobicity.

Micro-channels fabricated on the material’s surface were reported to

enhance drag reduction in liquid flow. Such results were associated

with the shear free boundary condition at air-liquid menisci.

Figure 2.11: Illustration of a proposed mechanism in which bacteria accumulate on

immersed superhydrophobic Titanium surfaces. Source: Truong et

al. [Truong, 2012]
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2.3.4 Anti-bacterial

The adhesion and proliferation of bio-organisms such as bacteria on

abiotic surfaces and a subsequent formation of a biofilm is one of

the main concerns when dealing with healthcare and industrial ap-

plications. Anti-bacterial materials has been a hot-topic on the last

decades. Several approaches were performed in order to limit the

colonization of bacterial organisms on surfaces. The first developed

approach was to release biocides onto the surfaces, which would kill

any bacteria that was attached to the surface [Poole, 2002]. However,

due to the commonly known adaptive nature of bacteria, the usage of

this biocides can increase bacterial resistance and most importantly

to antibiotics [Russell, 1999]. Some metals like Copper and Silver, are

also used as antibacterials in order to kill attached bioorganisms [Rai,

2009]. This method as the same cons as the previous one while also

having environmental and health implications.

A new method has been recently developed, which includes the fab-

rication of antibacterial materials based on superhydrophobic surfaces.

In this case, instead of killing the bacteria attached to the surface,

superhydrophobic surfaces reduce their adhesion [Privett, 2011]. Su-

perhydrophobic surfaces are able to reduce the adhesion force between

the solid-bacterial interface, while also facilitating the removal of the

biofilm layer that will eventually be formed [Truong, 2012], see Fig. 2.11.

2.3.5 Microfluidic devices

Microfluidic devices are based on the flow and penetration of liquids.

This topic studies the behaviour of fluids through micro-channels,

and the technology of manufacturing miniaturized devices that con-

tain chambers, reservoirs and tunnels through which fluids flow or

are confined. These devices hold extremely small volumes of fluids,

down to femtoliters (fL), thus at the micrometric scale fluids present

different behaviours than those that they present at the macro and
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common scale. Commonly, these devices are based on the penetra-

tion of the liquid onto a surface, thus it is important to analyze the

preferential flow of liquids through channels that posses low dragging

effects. A combination between superhydrophobic and hydrophilic

regions on a device can direct liquid flow through preferential chan-

nels. Typically, the application of microfluidic devices is associated

with healthcare, thus bio-compatible materials such as polymers are

often used as the main components. Devices that are able to simulate

clinical conditions, named Lab-on-a-chip are nowadays being widely

researched [Lee, 2013]. These systems possess complex microscaled

pumping, guiding and sensoring devices that define the state of the

art of this field, see Fig. 2.12.

2.3.6 Anti-icing capability

The ability to design materials that can tackle environmental chal-

lenges has been present on the human kind throughout the whole his-

tory. Nowadays, surfaces that possess low water wettability have been

developed to apply on different fields. One of those is the challenging

area of ice repellency. It has been reported that samples with super-

Figure 2.12: Example of a modular lab on a chip for stem cell studies. Source:

Primiceri et al. [Primiceri, 2013]
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hydrophobic properties offer a great alternative to apply as icephobic

properties [Lv, 2014; Zhang, 2015b]. In this case the water repellent

surfaces must be adapted to significantly suppress ice nucleation, to

tackle frost formation and to reduce the ice adhesion forces.

Despite the numerous advances on the development of hydrophobic

coatings, ice accretion is still a big setback as it has been reported [La-

forte, 1998]. Various type of critical structures can be affected by ice

accretion, such as building, winglets or transmission lines. The ex-

cessive weight that is accumulated with the presence of ice can affect

and hinder their performance. Further more in a marine environment,

the high presence of water constitutes other challenges for oil rigs or

even ships. Renewable energy sources, such as solar and wind, are

also severely affected by the ice formation. The frost formation in

humid environments, such as the aircrafts winglets, have systems that

through heat transfer are able to diminish ice accumulation. However,

with the presence of icephobic surfaces the efficiency of these systems

could be much improved. The diversity of these problems creates many

challenges, the need for characterization of anti-icing properties is not

able to tackle all the fields at the same time. Since testing conditions

only allow to evaluate samples with narrow temperature and humidity

ranges. In natural environments, most of ice accretion occurs over a

wide range of these factors. Therefore, the testing conditions need to

be adapted to be able to evaluate the samples in all these conditions.

The need to develop new icephobic capabilities is urged by the fact

that nowadays the strategies to tackle icing problems are commonly,

active heating, chemical deicing fluids and the mechanical removal of

ice. Such processes are evidently environmentally based, expensive

and most of all, time consuming.

Fig. 2.13 shows the snapshots of the two phases of freezing for

droplets that were exposed to nitrogen flow. On the image one can ob-

serve that partial solidification, initiated at the surface of the droplet,
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Figure 2.13: Snapshots of the two phases of freezing for droplets that were exposed to

nitrogen flow. Partial solidification that starts on during the two phases

of freezing for droplets exposed to unsaturated nitrogen flow. Source:

Kreder et al. [Kreder, 2016]

and rapidly propagated through the whole volume (top panel). On

the bottom panel, a higher time length is observed and the remaining

liquid parts freeze at a much slower rate. At this stage, the physics are

controlled by heat transfer with the substrate and the environment.

Icing commonly takes place when droplets of water contact surfaces

that are at temperatures below the freezing point. Typically, such be-

haviour is verified during freezing rain, and is one of the factors that

influence aircrafts or buildings. In this particular scenario, ice form-

ation can be prevented by applying two distinct strategies. First, by

minimizing the contact time of the droplets in order to avoid nucle-

ation on the surface, and secondly, by delaying the heterogeneous nuc-

leation of the droplets by combining appropriated surface roughness

through a defined topology and modify the chemistry of the surface.

In order to minimize the contact time, as it is showed on Fig. 2.14,

superhydrophobic surfaces are capable that when the droplet contacts

it bounces off. Taking advantage of this phenomenon, superhydro-
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Figure 2.14: Different behaviours of bouncing effect for hydrophilic, hydrophobic and

superhydrophobic surfaces. Source: Mishchenko et al. [Mishchenko, 2010].

phobic surfaces are expected to dynamically prevent ice formation,

even if the surface is kept under freezing temperatures [Mishchenko,

2010; Tourkine, 2009; Cao, 2009].

Mishchenko et al. investigated impacting droplets with temperat-



26 State of the art

Figure 2.15: Droplet impact on different structures. Source: Kreder et al. [Kreder,

2016].

ures on the range of +60 ◦C to −5 ◦C onto samples that were tilted

by a 30◦ angle. Surface temperatures were varied from +20 ◦C to

−30 ◦C. It was concluded that on superhydrophobic surfaces the ice

formation was strongly dependent on the surface temperature. At sur-

face temperatures above the −25 ◦C mark, droplets were observed to

fully retract before freezing could occur. In opposition, for hydrophilic

and hydrophobic surfaces, the ice nucleated. Bahadur et al. [Bahadur,

2011] developed a model that simulates the ice-formation for a droplet

that impacts a superhydrophobic surface. The model included a struc-

tured surface, with droplet contact, heat transfer and heterogeneous

nucleation theory. The simulation compiles that when a droplet con-

tacts a supercooled surface, ice crystals nucleate on the tips of the

structured shapes, which causes a decrease in the retraction force on

the impact of subsequent droplets and eventually leading leading to

an incomplete retraction, then pinning and the complete freezing of

the impacted droplet. When the contact time is lower than the time

which is required to induce pinning effect, then ice formation is not

verified. Empirical results were showed to be highly consistent with

the model results. In the end, the model also allowed to verify that

dynamic processes, such as the dynamic wetting, heat transfer and the

nucleation theory are required to predict the ice formation behaviour.

Efforts on investigation have mainly been directed to increasing

the stability of the Cassie-Baxter state during the droplet contact
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on a freezing environment. Droplet bounces occur when the impact-

ing liquid maintains enough energy to kinetically leave the surface,

even after the droplet was spread and retracted. Nevertheless, when

a droplet impacts the surface with high enough kinetic energy, it may

displace the air pockets that are located on the structured surface, as

described by the Cassie-Baxter state, and pin onto the surface, forming

a Wenzel state [Reyssat, 2008; Bartolo, 2006]. At this point, droplets

have low mobility due to the strong pinning, and their increased con-

tact area with the substrate also improves the heat transfer, thus en-

hancing heterogeneous ice nucleation. This phenomenon is regulated

by the Laplace pressure, which is the force difference across an inter-

face that is caused by the surface tension. The Laplace pressure can

then be improved by incorporating nanoscale topographies [Extrand,

2006], thus hierarchical or closed-cell structures enhance the icephobic

resitance, see Fig. 2.15. In the image droplets bounce on closely spaced

structures (left side) and a closed-cell texture (middle), however they

are pinned by a Wenzel state when larger spacing is used (right side).

Ice nucleation could also be further decreased by decreasing the con-

tact time of the bouncing droplets, however, there is threshold for

contact time on macroscopically smooth surfaces [Bird, 2013].

One huge factor that must be considered is that superhydrophobic

surface fail to retain their wettability properties under harsh envir-

onmental conditions. Lower temperatures increase the viscosity of

supercooled droplets, therefore contact time is increased and boun-

cing probability is reduced [Maitra, 2014]. Often the bouncing effect

is verified at low humidity conditions. At surface temperatures be-

low the dew point, the point at which fog is verified, the contact

angle of the samples start to increase due to the uniform nucleation

process that occurs through the whole surface topography, thus pro-

moting the Wenzel state [Heydari, 2013a]. Thus, when high humidity

is considered, the bouncing effect is a non effective way to promote
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icephobicity. Verifying the importance of considering environmental

natural conditions on the testing of these samples.

Nucleation reduction is another form of combating ice formation.

Although the probably of nucleation could also be reduced by pro-

moting the dynamic effects of bouncing and rapid sliding of impinging

droplets, it can also be applied for static conditions, in order to delay

the heterogeneous nucleation of ice. The ability to delay the freezing

of a droplet has been reported extensively [Alizadeh, 2012; Bahadur,

2011; Tourkine, 2009]. However, the correlation between superhy-

drophobicity and heterogeneous ice nucleation has conflicting results.

Reports have showed significantly delayed the nucleation on micro-

structured superhydrophobic surfaces [Bahadur, 2009], others attrib-

uted the delay to to nanoscale roughness [Heydari, 2013b; Jung, 2011]

and to hierarchical structures [Eberle, 2014]. In order to compare the

reported results one must consider multiple length scales, the nucle-

ation of ice (< 10nm), the nanoscaled surface roughness (∼ 100nm),

microscaled topography (∼ 10 µm). One must also consider the

preferable nucleation sites that may exist on a sample’s surface, such

as droplet impurities, surface damages and chemistry, and environ-

mental conditions that may affect the nucleation. Classical nucleation

theory [Kalikmanov, 2013] has been studied for several phase change

scenarios and is commonly applied for icephobic surfaces.

Reports have linked nucleation delay to the presence of air pock-

ets inside the topographical structures of superhydrophobic surfaces.

The reduction of the solid-liquid contact area and the presence of a

free-energy barrier stalls the heterogeneous nucleation of contacting

water droplets [Eberle, 2014]. However, freezing time was observed

to vary in two distinct orders of magnitude. Droplets were found to

ice slower on microstructured superhydrophobic surfaces when com-

pared with hydrophilic materials that were both put under −20 ◦C

of surface temperature. Once the temperature was lowered to the
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Figure 2.16: Illustration of the heterogeneous and homogeneous nucleation of ice on a

superhydrophobic surface, along with a graph of the free energy barrier in

relation with the radius of the nucleus formation.

−25 ◦C mark, both samples demonstrated that the icing formation

rapidly increased its speed. Thus, at low supercooling temperatures,

it was reported that homogeneous nucleation inside the droplet and

at the air-water interface dominates the ice formation, which hinders

the effect of surface manipulation that only prevent the heterogeneous

nucleation.

In Fig. 2.16 the free molecules or atoms form small particles which

are named nucleus. Heterogeneous nucleation is a surface assisted

nucleation process which depends on the contact angle of the nucleus

formation with the substrate. When surfaces are highly wet, small

contact angle, the Gibbs free energy is low which causes a lower nucle-

ation barrier energy, thus heterogeneous nucleation speeds up the icing

process. As the size of particles reach the size of critical radius, which

is the radius for which the barrier is the highest for both nucleation

processes, further growth of particles will lead to a decrease in ∆G.

The particles then reach a radius for which the barrier is null, at this

point the energy barrier becomes negative and the growth of particles

will be highly favored and eventually leading to the formation of a

bulk completely solid phase.
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Reports have showed that superhydrophobic surfaces designed with

20 nm particles were found to have a lower ice nucleation probability

than samples that were designed with particles that were larger than

100 nm. The explanation is possibly due to a different behaviour of the

free energy barrier for nucleation. The larger nanoparticles that were

on the surface would provoke a higher contact between their convex

structure and the water, thus lowering the barrier [Cao, 2009]. How-

ever, results might be misleading due to the greater pressure distribu-

tion on the surface caused by the smaller particles. Jung et al. [Jung,

2011] reported a hierarchy for anti-icing surfaces, the freezing delay

times were accounted and showed that hydrophilic surfaces that pos-

sess minimal roughness, smooth, had the longest freezing delay-times,

followed by smooth hydrophobic surfaces, microstructured superhy-

drophobic surfaces and in the end hydrophilic microstructured sur-

faces. The lower rate of ice nucleation on smooth hydrophilic and hy-

drophobic surfaces was also reported in experiments that assured no

droplet impurities [Li, 2012]. Eberle et al. [Eberle, 2014] found that

for both hydrophilic and hydrophobic smooth surfaces the nucleation

temperatures were similar, however hydrophilic surfaces presented a

longer nucleation delay. The behaviour was attributed to the pres-

ence of a quasi-liquid layer on the surface with reduced the entropy

at the solid-water/ice interface. By applying the classical theory of

heterogeneous nucleation in this particular case, it was suggested that

the nucleation temperature could be lowered by decreasing the rough-

ness to values below the 10 nm mark [Fletcher, 1958]. Theoretical

studies suggest that the hydrogen bond of water molecules is destabil-

ized on hydrophobic surfaces when there is a separation of 100 nm or

less between the liquid and the surface [Lum, 1999]. Furthermore in

the same article, Eberle et al. [Eberle, 2014] showed that hierarchical

superhydrophobic structures can increase the freezing delay of water

droplets at temperatures above the nucleation point by two orders of

magnitude, when compared with microstructured surfaces.



José Tiago Cardoso 31

Inspired by nature, recently researchers performed multiple attempts

to synthesize anti-freezing proteins [Gwak, 2015; Davies, 2002], which

stop ice nucleation and their growth. Even though freezing delay is

significantly improved on polymer coatings [EsserKahn, 2010]. On

aluminium surfaces [Davies, 2002] it showed increased ice nucleation,

due to a verified favorable interaction of the surface proteins with the

developing ice crystals. Further research is currently undergoing to

improve the efficiency of these systems that at the moment demon-

strate no practical support. In order to approach a practical solution

that is viable under several environmental conditions, the ice nucle-

ation on superhydrophobic surfaces was systematically studied in a

controlled wind tunnel. Inside this system, humidity and wind speed

can be controlled to more accurately study the samples behaviour.

When samples underwent static conditions, a nucleation delay was

observed, as previously reported, however, an unsaturated gas was in-

serted into the system in order to create a dynamic flow. Results in

this condition showed that homogeneous nucleation was induced be-

fore the heterogeneous phenomenon due to the evaporative cooling of

the droplet. Additionally, the insertion of surface contaminants such

as, dust and salt, was studied and led to ice propagation across the

surface [Hao, 2014]. Thus, even when surfaces are designed to avoid

heterogeneous nucleation, the presence of such environmental factors

can still cause ice nucleation.

Measurements of freezing delay times are often based on the dis-

pensing of water droplets in relatively low-humidity environments.

This avoids the influence of condensation, however, the behaviour of

many samples in response to high-humidity atmospheres can prove to

be critical for the designated application. As an example, for temper-

ature control systems effects caused by condensation of water vapour

need to be removed as soon as possible, as the presence of water or

even ice can hinder the thermal management of a device. To tackle
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Figure 2.17: Elapsed time sequence showing the condensation of micro-droplets inside

a pyrolytic graphite sample. Source: Marbou et al. [Marbou, 2015]

such effects, superhydrophobic surfaces that are lubricated have been

reported to rapidly remove water condensation, thus decreasing ice

formation [Machielsen, 1989; Mockenhaupt, 2008]. On typical su-

perhydrophobic surfaces, when the material is below the dew point,

condensation of water is verified on the surface. Condensed droplets

than nucleate and grow indiscriminately in-between the fabricated mi-

crostructures, see Fig. 2.17. Larger surface areas and the confinement

created by the microstructuring of the surface increase the condensa-

tion rate on the materials, which causes the presence of water droplets

that are described by the Wenzel state. This vulnerability of superhy-

drophobic surfaces composes a challenge for the practical application.
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Figure 2.18: Illustration of the measurements for contact angle hysteresis.

For example, Lafuma et al. [Lafuma, 2003] dispensed a water droplet

on a surface that was patterned with fluorinated microspikes. In a low-

humid environment, the droplet showed a contact angle of 164 ± 3◦.

However, when the droplet was dispensed on the same surface but in

a high-humidity middle, water was observed in the cavities which res-

ulted in a Wenzel wetting state. The static water contact angle was

measured at a 141 ± 3◦ value, adhesion of the droplet to the surface

was also observed to significantly increase. Thus it was also visualized

that the condensation of water droplets on the surface also hinders its

removal due to the demonstrated high adhesion. Studies on samples

with nanoscale topography show promising results on the resistance to

this condensation effect [Zhang, 2012a; Guo, 2012] when linked with

better results on contact angle hysteresis, liquid mobility of the con-

densated particles is visible which helps improve the presence of water

droplets in the Cassie state. The research results indicate that hier-

archical structured surfaces would also constitute a strong candidate

as a solution to this problem.

Contact angle hysteresis is referred to a dynamic measurement of

a water droplet. From this measurement three distinct values are

retrieved, the maximum contact angle, known as advancing contact

angle, the minimum contact angle, also known as receding, and the

static contact angle. The advancing contact angle shows information
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Figure 2.19: Condensed droplets jumping out of the material through coalescence

effect. Source: Liu et al. [Liu, 2012]

on the liquid-solid cohesion while the receding is a measurement of

the liquid-solid adhesion. Measurements can be performed by com-

monly two methods. The first, named the tilting cradle method is

performed by dispensing a droplet on the surface, at this point the

droplet will adopt the static contact angle, however, if the surface is

tilted the droplet will initially deform in order to maintain the same

contact area. The contact angle of the droplet in the lower side will

demonstrate a higher value than the one measured on the top side.

As the tilt angle increases the contact angle will vary until the ad-

vancing and receding angles reach the same value. At this point the

droplet moves and rolls of the surface. The second method is per-

formed by adding and subtracting a water droplet through the needle

and is named the volume changing method. Firstly, a small droplet is

dispensed on the surface, the needle is then moved closer to the surface

and the volume of the droplet will then be gradually increased while

continuously measuring the values, thus giving the advancing contact

angle. In opposition, the receding contact angle is measured the other

way around by gradually decreasing the volume of the droplet. How-

ever, such measurements depend on the fact that the first small water

droplet pins onto to the surface, which for ultrahydrophobic surfaces

can be challenging.



José Tiago Cardoso 35

During the measurements of condensed water droplets, the evalu-

ation of contact angle hysteresis typically lead to large pinned drops

that possess diameters close to the capillary length of water (2.7 mm).

In order to remove these small droplets before freezing, strategies need

to be developed. Studies of hierarchical superhydrophobic surfaces

have showed that the removal of these droplets can be performed by

a jumping phenomena caused by drops that aggregate through co-

alescence effect, the energy released in this process then causes the

droplet to jump of the surface [Liu, 2012], see Fig. 2.19. This spon-

taneous motion of the jumping droplets is due to different proper-

ties, which include the initial droplet volumes, the viscous dissipation,

surface topography and adhesion. Since there is a rapid removal of

coalesced droplets, only small droplets can be observed on the sur-

face [Boreyko, 2009]. Thus, in conditions of supersaturation [Crafts,

2007], instead of jumping droplets the nanostructures are completely

filled. The same principle has been also applied for avoiding ice nuc-

leation, as droplets jump off the surface before heterogeneous ice nuc-

leation occurs [Boreyko, 2013a]. To surpass the previously described

limitations, superhydrophobic surfaces are structured at the nanoscale

along with micropore arrays, that have a spatial period on the order

of coalesced droplets. Even though frosting still occurs, and spread is

verified, its growth is delayed by a order of magnitude on hierarchichal

structured surfaces than on normal microstructured superhydrophobic

surfaces [Zhang, 2013]. When spatial control is performed on the sur-

faces, heterogeneous nucleation is verified on the tips of the structures,

which limits the bonding of ice to the surface and therefore enables

the jumping droplet effect. Furthermore, hierarchical structures have

been observed to frost under a Cassie-Baxter state. This effect ul-

timately decreases the removal effort, through external heat transfer

sources a partial melting of the ice layer can be performed and with a

small tilt angle the ice slides off the surface [Boreyko, 2013b].
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Figure 2.20: Illustration of a lubricant-infused surface.

As an alternative, lubricant-infused surfaces, see Fig. 2.20, can also

maintain their properties even under a condensation middle. Partic-

ularly, in frosting conditions, Kim et al. [Kim, 2012], showed that

a hierarchical superhydrophobic coating registered 90% of its surface

covered by frosted ice, while their developed Slippery Liquid-Infused

Porous Surface (SLIPS) coating demonstrated a value lower than 20%.

This delay can be attributed in part to the increased mobility of

droplets on the surface, which caused the jump off from high volume

droplets due to gravity. Other possibility is also the reduction of poten-

Figure 2.21: Schematic representation of the frost morphology on three different

surfaces during the defrosting process. Source: Chen et al. [Chen, 2013b]
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Figure 2.22: Frozen droplet on a lubricant-infused surface demonstrating the

submerging and displacement of the lubricant. Source: Rykaczewski et

al. [Rykaczewski, 2013]

tial heterogeneous nucleation sites. On Fig. 2.21 a schematic drawing

depicts the frost morphology evolution on three distinct samples dur-

ing the defrosting process as reported by Chen et al. [Chen, 2013b].

On hydrophobic smooth surfaces, due to the large adhesion between

the melting frost layer and the substrate, isolated fractures surge in

the frost which hinders its removal. When samples are patterned with

nanoscale roughnes or with hierarchical structures, the behaviour of

the samples is different and there is a visible increase of the lubrication

on the interface. This effect prevents the appearance of fractures on

the frost layer. Moreover, with hierarchical features the presence of

topographical structures enhances the frost movement which promotes

a faster removal. It is then visible that the presence of an underlying

surface roughness increases the performance of lubricant-infused sur-

faces. Particularly, nanostructures seem to affect the most due to the

higher distribution of the Laplace pressure.

Rykaczewski et al. [Rykaczewski, 2013] observed that lubricant can

spread over condensed droplets, see Fig. 2.22. Consequently, when

the droplets jump off the surface, there is a loss of lubricant on the
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upper layer. Thus, there must exist a selection on the usable lubric-

ant which can prevent this effect and maintain the application. In

this manuscript the authors described a study of frost formation on

a lubricant-infused surface using a cryogenic scanning electron micro-

scopy. Results showed the importance of having nanoscaled textures

and an optimization of interfacial energies during the design of the

surface. Moreover, for surfaces that possessed microtextures it was

observed that the lubricating oil was displaced by the frozen droplet,

thus freeing the space below the water. This discovery revealed a lim-

itation to the lubricant-infuse surface for when the droplets are not

rapidly expelled from the surface. The presence of the nanotextures

tackles this limitation by more effectively retaining oil. On a practical

situation the lubricant-infused surfaces are proven to rival superhy-

drophobic surfaces. However, the logistic and complexity behind the

fabrication process is a lot higher and with industrial application as

an objective, further studies need to be performed in order to simplify

the overall process.

Ice adhesion on lubricant-infused were studied in order to obtain a

correlation with the lubricant volume that is used. Subramanyam et

al. [Subramanyam, 2013] showed that adhesion significantly increased

when lubricant volume was in excess and submerged the fabricated

textures. The textured surface of the lubricant infused surface con-

sisted on lithographically textured silicon with 10 µm square spikes

with a spacing of 50 µm, Fig. 2.23 shows the comparison of ice adhe-

sion on an excess and equilibrium infused surface. From here the au-

thors reported that ice adhesion was reduced when the unique spatial

period between the textures was reduced. Even though, as comparing

to smooth surfaces, this reduction of the periodical gap drastically in-

creases the contact area, it was proposed that ice adhesion was reduced

due to a high concentration of cracks on the tip of the microstructures.

Additionally, the presence of close-packet structures improves lubric-
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Figure 2.23: SEM images of a lubricant-infused surface with (a) excess and (b)

equilibrium films. (c) Comparison of ice adhesion strength between both.

Source: Subramanyam et al. [Subramanyam, 2013]

ant retention on the surface, which on an overall view of the outer part

of the surface, due to a more even distribution of lubricant, would rep-

resent a smoother interface that promotes low adhesion of ice.

In the end, even the best icephobic surfaces under extreme con-

ditions will form ice. The real challenge is on easing the removal

process. On theory, the strong bond between ice and most of solids

is due to the van der Walls force [Wilen, 1995] and electrostatic in-

teractions [Ryzhkin, 1997], which is the dominant mechanism. The

interaction of electrical charges that are present on the the ice surface

with induced charges on the solid substrate creates an electrical bond-

ing. The presence of hydroxyles on the material’s surface can also be
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Figure 2.24: Ice adhesion values for different material categories. Source: Kreder et

al. [Kreder, 2016]
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responsible for an increased ice adhesion through hydrogen bonding.

Additionally, covalent bonding may also be present, however only for

solids with specific chemical and crystal arrangements, also it only

acts for sub nanometric distances [Lee, 1991]. To measure ice adhe-

sion, commonly two distinct techniques are used: the first, by freezing

a column of ice onto a surface and shearing it by applying force [Pet-

renko, 2003], by removing ice from a surface using shear or tensile

forces during a centrifugation process [Jellinek, 1978]. Such types of

measurements, are typically normalized with respect to bare control

samples, thus measuring adhesion reduction factors. Even though alu-

minium is typically used as a reference material, the surface quality of

the material can influence the overall results. Thus, it is vital to de-

termine a specific method for all researchers to adopt in order to even

the control of the surfaces and facilitate the comparison between res-

ults [Makkonen, 2012]. Fig. 2.24 depicts a graph which offers several

ice adhesion values reported in the literature. In order to understand

the importance of these values, one must consider that ice adhesion

values that are below the 20 kPa mark (estimated value) allow the

passive removal of accumulated ice by wind or vibrations. Theses

values must be taken into account while considering the mechanical

durability of the material itself since industrial applications are aimed.

Preliminary studies in order to minimize the ice adhesion effect of-

ten reported the use of smooth surfaces with low surface energy. The

presence of polymers derived from PDMS (Polydimethylsiloxane) and

PTFE (Polytetrafluoroethylene) has been reported to decrease adhe-

sion factors, additionally, contact angle measurements were correlated

with the adhesion results [Jellinek, 1978]. Meuler et al. [Meuler, 2010],

see Fig. 2.25, investigated ice adhesion on the smooth surface coatings,

the report concluded that the adhesion of ice, Wa, is correlated with

the receding contact angle of a surface.
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Figure 2.25: Ice adhesion strength in relation with the receding angle of the samples.

Source: Meuler et al. [Meuler, 2010]

Wa = γlv(1 + cos θrec) (2.5)

where

γlv = liquid/vapour interfacial tension.

θrec = receding contact angle.

The use of smooth surfaces creates a setback due to the impossib-

ility of fabricating samples that possess high receding contact angles.

In order to achieve higher angles, it is therefore needed to apply nano

and/or microscale roughness [Kulinich, 2009]. Low values of ice ad-

hesion occur for when superhydrophobic surfaces are able to maintain

a Cassie-Baxter state at supercooling temperatures, with this feature,

receding contact angles are improved and therefore ice adhesion is re-

duced. The effect is due to to the surface structuring, which limits

the contact area of ice, thus promoting crack initiation at the tip of

the microstructures [Hejazi, 2013]. The main concern about the gen-

eral application of these superhydrophobic surfaces is due to the lack

of durability of their properties. Reports have showed that through

the application of several icing-shear test cycles, the samples demon-

strate a significant increase on ice adhesion, along with visible damage
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Figure 2.26: Schematic illustration of the surface structural damage caused by a icing

de-icing cycle, (a) original, (b) posterior to the process.. Source: Wang et

al. [Wang, 2013]

on the fabricated textures [Wang, 2013], see Fig. 2.26. Moreover, as

previously described superhydrophobic textured samples present low

performance on high-humidity environments that causes an increase

on contact area and Wenzel state droplets. These samples also gener-

ally present higher ice adhesion than their chemical smooth surfaces

counterpart.

Additionally, the ice removal has been reported to be significantly

harder due to incrustation of ice within the microstructures [Kulinich,

2009]. Such limitations have strive academic researchers to surpass

these problems, and nowadays a renewed interest in the use of smooth

surfaces as surged. PDMS, that presents low ice adhesion has been

studied in order to enhance ice removal, however due to its low mech-

anical strength it was bound as unsuitable for these applications [Wang,

2014]. Thus, recent studies aim to create more durable and strong

polymers that use a smooth surface with extremely low adhesion [Susoff,
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Figure 2.27: Schematics of the preparation of the self-lubricating liquid water layer

surface. Source: Chen et al. [Chen, 2013a]

2013]. On the case of frost formation, as stated, lubricant-infused

surfaces are a strong candidate to tackle this effect, however, their

durability is also a significant challenge for the implementation on a

practical solution. Thus, lubricant-infused polymers with high resist-

ance and stiffness can be a trusted competitor for icephobic surfaces.

Infused lubricants on polymers are theoretically expected to retain low

ice adhesion on smooth surfaces even after the lubricant is displaced

by incident droplets. However, as one can deduce, the biggest chal-

lenge would be to perform a replenishment of the lubricant over the

surface once the initial amount was displaced. Wang et al. [Wang,

2015] reported extremely low ice adhesion surfaces on temperatures

that reached the −70 ◦C mark, these properties were still retained

even after 35 icing cycles that were measured on a total course of 100
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days. The surface was created by inserting liquid paraffin as the in-

fused lubricant on a PDMS polymer. This study however, neglects

the fact that during these measurements the infused oil would need

to be replenished. On this topic, Urata et al. [Urata, 2015] developed

a self-lubricating organogel that was able to release lubricant at low

temperatures.
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Table 2.1: Summary of the surfaces that were mainly researched to achieve

icephobicity. Adapted from Kreder et al. [Kreder, 2016].

Surface topology Surface type Properties

Dry

Smooth

Self-assembled monolayers
• Can withstand multiple environments

• Limited surface compability

• Lower performance

Bulk coatings • Can withstand multiple environments

• Durable and versatile

• Lower performance

Textured

Microstructured
• Topography prevents droplet ice nuc-

leation

• Lower pressure stability and intoler-

ance to high humidity environments

• Poor durability

Hierarchical structures
• Better pressure stability

• Improved tolerance to high humidity

• Poor durability

Wet

Smooth

Microstructured • Low ice adhesion

• Tolerance to high humidity and pres-

sure environments

• Poor resistance to lubricant depletion

Nanostructured
• Better lubricant retention

• Poor durability

Infused polymers
• Higher volume of lubricant

• Lubricant depletion and replenish-

ment is an unknown mechanic

Hydrated

• Low ice adhesion without lubricant

• Poor wettability
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The importance of a lubricant layer is denoted by one of the prop-

erties of ice. On the outer side of an ice formation, there exists a thin

liquid-like layer which suits as a transition to the bulky ice form. This

layer is the main reason why ice is so slippery. The predominant ef-

fect is caused by interfacial disordering and entropic effects [Jellinek,

1967]. This property of ice has been scavenged to reduce the ice ad-

hesion strength on the so-called hydrated surfaces. Such materials

don’t need the presence of additional lubricant oils as they promote

the existence of an aqueous lubricant layer. Hydrophilic surfaces typ-

ically demonstrate a high adhesion strength to ice, however, on these

surfaces polymeric components that swell with water can suppress ice

nucleation through molecular confinement [Chen, 2013a]. In Fig. 2.27

a schematic illustration of the work performed on the manuscript de-

scribes the array of procedures. First (1), a photolithographic process

is used to fabricate micro-pore arrays on silicon wafer surfaces, second

(2) the micro-pores are grafted with cross-linked hygroscopic polymers,

next (3), a self-lubricating liquid water layer is formed on the micro-

pore array when condensation or dissolution occurs, then (4), ice is

formed on top of the self-lubricating surface and finally on (5), due

to wind presence the ice sheds off the material. However, at certain

temperatures that range from −10 ◦C to −53 ◦C, the self-lubricating

film is not formed and thus the ice adhesion increases significantly. By

manipulating the chemistry of the filling hygroscopic polymer, Dou et

al. [Dou, 2014] were able to retain low adhesion properties on temper-

atures as low as −53 ◦C for 30 icing deicing cycles.

In summary, Table 2.1 shows the main strategies that were de-

veloped in order to tackle ice nucleation and accumulation. The review

of this topic let us understand that the developed anti-icing surfaces

are ideal only to a few situations. In fact, it is yet to be discovered

a surface that is able to consistently perform accurately through mul-

tiple environments. An ideal icephobic surface would be capable of



48 State of the art

rapid shedding impacting and condensing water droplets, suppress-

ing ice nucleation and reducing ice adhesion even on high humidity

environments. Durability of the surfaces was also a main factor in

cause as in a practical situation, during icing deicing cycles, the ma-

terials can be damaged, thus hindering their properties. The main

strategies developed to tackle ice formation were discussed and their

advantages and limitations were shown. Superhydrophobic surfaces

were characterized by their capability of rapidly shedding water out

of the surface, however, issues with high humidity environments were

reported, also the durability of these surfaces was shown to be limited

due to recurrent material damage during icing-deicing cycles. For this

reason, superhydrophobic surfaces may be applied under controlled

environments where droplet bouncing effects can be an advantage to

avoid frost formation while maintaining the surface at a low humidity

level. Smooth dry surfaces are a mean to obtain icephobic applica-

tions under harsher environments, however, erosion factors on these

middles can wear coatings off or even develop roughness that dimin-

ishes their wettability properties. Also, a relatively simple alternative

is presented by hydrated surfaces, that possess aqueous lubricating

layers that are self-replenishable. This is yet to be a fully developed

and tested icephobic alternative, as studies have focused only on their

low ice adhesion properties. Additionally, these samples present poor

wettability, thus it is expected that they will under-perform on tests

that may include the impinging and condensation of water droplets.

Surfaces that are able to incorporate lubricating layers have shown

great results. However, further studies on the optimization of topo-

graphy and on the lubricate chemistry need to be developed in order

to tackle their longevity issues. Infused lubricant surfaces on polymers

have an easier task on handling this setback when compared with mi-

crostructured surfaces, this is mainly due to their capability of having

excess oil within the polymer network. The most common issue with

lubricant infused surfaces is the depletion of lubricant due to disloca-
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tions during the interaction with water droplets. Thus, it is needed to

assure that even without the hydrophobic lubricating layer, samples

are able to present low surface energy.

Consecutive reports on this topic have increased the importance

of ice-repellent materials. Analyzing the potentials and limitations of

the multiple developed strategies is a step towards the design of more

efficient anti-icing structures. The integration of icephobic surfaces

on industry and their testing with nowadays technologies has not yet

been a extensively studied topic, thus it is important to combine efforts

with, for example, aeronautical and aerospacial industries in order to

apply icephobic materials in practical conditions and observe their

advantages and limitations. This way, instead of researching an ideal

icephobic surface, the combination of already used technologies on

industry with a newly developed icephobic surface can already be a

huge step forward to an industrial application.

2.3.7 Anti-corrosion

Corrosion is the known mechanism that provokes the decaying or de-

struction of a given material due to chemical reactions that occur

between the surface and the immediate surroundings. During the

past two decades, superhydrophobic surfaces have been studied in or-

der to minimize corrosion damages in highly aggressive media. It is

commonly accepted that the fabrication of superhydrophobic surfaces

form a protective shield against environmental moisture, thus inhib-

iting electrochemical reactions. This effect can then greatly improve

the corrosion resistance of several metal surfaces, such as aluminium,

copper, zinc or even steel alloys. In this section, the anticorrosive

mechanism that is present on superhydrophobic surfaces is reviewed

along with multiple techniques of fabrication.

In order to fabricate superhydrophobic surfaces, as it was men-

tioned on sections 2.1.1 and 2.2, it is required to texture micro or
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nano-roughness on the material’s surface, while developing a low sur-

face energy. With the presence of roughness, the structures will create

a system composed of peaks and valleys. Thus, between the peaks, air

trapping effects can be observed. Consequently, when the surface is

exposed to an aggressive medium, such as saline water, the Cl− ions

that are present in the electrolyte are less capable of interacting with

the underlying surface. Fig. 2.28 illustrates the basic concept behind

the anti-corrosion effect on a superhydrophobic surface. A mixed in-

terface between solid-air-water is created, which minimizes the water

contact area with the metal surface, thus preventing chloride from at-

tacking the material [Liu, 2008]. The air layer that is formed then

acts as a passivation layer, which prevents the substrate from corro-

sion. In opposition, when micro or nano-roughness are not produced

on the sample, smooth metals are greatly exposed to the environment

that possesses corrosive properties. This way, the ions present on the

electrolyte solution can easily corrode the surface as there is no air

layer that is able to avoid direct exposure.

Superhydrophobic surfaces that act as a passivation layer to the cor-

rosive reaction is a promising path to develop superior anti-corrosion

materials. However, this effect is greatly influenced by the presence of

a regular microstructure on the material’s surface, which depending

Figure 2.28: Illustration of the concept behind the anti-corrosive mechanism of

superhydrophobic surfaces.
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on the fabrication process can present poor structural and chemical

homogeneity which leads to a deficient control of the anti-corrosive

properties. Liu et al. [Liu, 2007b] demonstrated that capillarity effects

also need to be addressed when considering why roughness improves

the corrosion resistance. Through analysis of the interaction between

water and the microstructures, it was reported that the height of the

water column (h) can be calculated using the Jurin’s law:

h =
2γ cos θ

ρgR
(2.6)

where

γ = surface tension.

θ = contact angle.

ρ = density of the liquid.

g = gravity.

R = radius of the microstructure.

This equation was adapted from a case in which a cylindrical tube

is dumped inside a liquid to the superhydrophobic surface. Consider-

ing that the contact angle is greater than 150◦and that the diameter is

very small (microscale). The model predicted that the corrosive liquid

medium can be forced out of the valley structures on a superhydro-

phobic surface through Laplace pressure, which would contribute to a

complete shielding effect to corrosive processes.

Ning et al. [Ning, 2011] created a stable superhydrophobic sur-

face using zinc substrates and immersing them in a platinium chloride

solution. The fabrication process led to a high roughness and porosity

surface that showed superhydrophobic contact angles. Corrosion res-

istance was compared with bare zinc plates on a corrosive media and
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Figure 2.29: Tafel polarisation curves of the different produced copper samples and a

bare untreated one, after exposure to a 3.5wt% aqueous sodium chloride

solution for (a) day and (b) 21 days. Source: Yuan et al. [Yuan, 2011].

results demonstrated significant reduction on the corrosion of the sur-

face. Liner sweep voltammetry was used in order to characterize both

samples, this method consists on measuring the the current at a work-

ing electrode while the potential between the working electrode and

a reference electrode is swept linearly in time. This analysis demon-

strated that the anodic corrosion potetnail was positively shifted and

the anodic and cathodic currents were significantly reduced. The same

prepared sample was then tested under several corrosive media, and

was proved to be stable with sodium hydroxide solution, hydrochloric

acid solution and a toluente solvent.

Reports on the corrosive properties of copper have also been pub-
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Table 2.2: The contact angles of the porous superhydrophobic PVC surfaces when

immersed in different solutions for 14 days. Source: Kang et al. [Kang, 2011]

Solutions Dispensed liquid [contact angle (◦)]

HCl H2O NaOH Diiodomethane Liquid paraffin

H2O 153.1 152.5 152.3 0.3 5.3

HCl 155.1 151.9 152.9 0.9 5.8

NaOH 152.6 152.5 153.1 0.5 6.2

C2H5OH 153.2 153.3 152.3 0.5 5.1

lished, Yuan et al. [Yuan, 2011] observed the corrosion behaviour of

fluoropolymer films that were deposited on smooth copper substrates.

Sodium chloride was used as a corrosive medium, and by measuring

Tafel polarization curves and electrochemical impedance spectroscopy,

it was reported that a positive shift of the corrosion potential was

present on the coated samples. Additionally, samples were kept in

exposure to the corrosive environment for 21 days and final results

showed a decrease of ≈ 10% on the corrosion current values when

compared to the bare uncoated copper sample, see Fig. 2.29.

Kang et al. [Kang, 2011] investigated corrosion resistance of depos-

ited polyvinyl chloride, PVC, onto glass substrates. Analysis through

scanning electron microscopy showed that no damage on the surface

could be visualized after the exposure of the samples to aggressive

environments. Additionally, static water contact angle measurements

made prior and posterior to the corrosive exposure demonstrated that

values did not vary and superhydrophobic effect was maintained, see

Table 2.2.

By definition, all surface active metals like aluminium, zinc, etc.

and subsequently all their alloys can be corroded especially when ex-
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posed to an alkaline, acidic media or strongly saline aqueous solutions.

Thus, efforts in improving corrosion resistance have been made in the

last few years [Yu, 2013]. In environmental non-aggressive conditions

such as the exposure to air, metals commonly develop an outer layer

composed of oxides. The oxide layer acts as a protective coating to

the corrosive processes of the bulk material, on normal usage condi-

tions the material is exposed to a dry environment, however, when the

surface contacts with an aggressive medium, a penetration of ions can

be observed and the material may corrode.

Pitting formation

The exposure to corrosive media often leads to damage on the surface

of materials. These damage effects can be displayed in multiple forms,

and can be identified by several distinct methods, see Fig. 2.30.

Aluminium is a material that its subject to general corrosion when

in contact with acidic and alkaline environments, but in the presence of

chloride ions the passive outer layer suffers from localized breakdowns,

these create damage in the form of pits. On industry, aluminium is

typically alloyed with several other elements in order to improve its

mechanical strength. During this process, it’s common to observe the

formation of intermetallic second-phase particles, these can also be

present in the passive film that is located on the material’s surface,

which can cause a disruption of the layer. In the case of pure alu-

minium, pit propagation is led by multiple steps. First, chloride ions

are adsorbed at the oxide outer layer surface, then they penetrate the

film. After the penetration, there is chloride-assisted dissolution be-

neath the oxide film, more specifically at the transition between the

bulk metal and the oxide. At this point a pit is created and it starts its

propagation phase causing blisters beneath the oxide, during the reac-

tion, an acidic medium is formed and aluminium chloride is produced,

from the reaction, hydrogen gas is released which causes a rupture on
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the underlying oxide layer. In Fig. 2.31 an illustration of the pitting

corrosion effect is depicted.

In detailed explanations of each step, adsorption of chloride ions

onto the surface occurs due to the presence of hydroxyl groups that

are commonly present on the outer oxide layer. When the material is

exposed to a liquid saline water medium, the hydroxyl groups interact

with protons that are present in the solution and produce a positively

charged surface (anode) through this reaction:

− AlOHsurf +H+
aq −−⇀↽−− ALOH+

2 surf (2.7)

Posteriorly, chloride anions are adsorbed onto the oxide film due to

attractive coulombic forces between the positively charged surface and

Figure 2.30: Main forms of corrosion attack grouped by identification factors. Source:

Roberge [Roberge, 2008].
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Figure 2.31: Main forms of corrosion attack grouped by identification factors. Source:

McCafferty [McCafferty, 2010].

the negatively charged ions of chloride. The transport of chloride ions

into beneath the oxide layer is not a fully comprehended mechanism,

even though that it is clear that chloride ions penetrate the oxide film.

Several explanations have been proposed to describe this effect such

as, transport of the ions through oxygen vacancies, transport of ions

through water channels present in the oxide film, localized dissolution

or through penetrating cracks and defects in the film. However, none

of the causes has been commonly accepted until now. The next step

describes the propagation of corrosion pits, this phenomenon is caused

by the formation and rupture of blisters at the interface between the

bulk metal and the oxide layer. The blister is first formed formed

beneath the oxide film due to electrochemical reactions which are oc-

curring at the oxide/metal interface. Then, at its periphery due to

acid hydrolysis it starts to induce chemistry changes on the adjacent

material. Due to increasing percentage of hydrogen inside the blister,
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the material starts to present surface cracks derived from the accu-

mulated pressure. Through time the propagation proceeds, and when

hydrogen pressure within the blister is great enough, a rupture of the

blister occurs which exposes the corrosion pit, subsequently, the bulk

material onto the corrosive saline medium [McCafferty, 2003].

2.4 Fabrication procedures

Superhydrophobic surfaces are an alternative to tackle this effect due

to their extreme water repellency. In order to fabricate these type

of surfaces that for corrosion resistance several methods can be used.

A short description of the different reported fabricating methods on

metals and their published anti-corrosive and superhydrophobic effects

are now displayed, along with a special emphasis on the laser texturing

processes.

Electrodeposition

This method is mainly used to deposit superhydrophobic coatings on

the surface of the materials, in Fig. 2.32 is depicted an illustration of a

electrolytic cell for electrodeposition. When compared with other pro-

cesses, the advantages of electrodeposition are that it does not require

long processes, expensive materials, several steps on the procedure or

even expensive equipment.

Wang et al. [Wang, 2012] synthesized a UAMT (3-undecyl-4-amino-

5-mercapto-1,2,4-triazole) superhydrophobic coating on copper. The

fabrication procedure included a one-step process through electrode-

position of the coating. Results reported for the corrosion resistance

of the coated samples showed that for immersion in a sodium chloride

solution, the interfacial contact demonstrated that both Cassie and

Wenzel state were present. Depth of immersion was correlated with

this phenomenon. Due to the distinct behaviour between the Cassie

and Wenzel state, it was showed that samples which were in the Cas-
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Figure 2.32: Schematic diagram showing the main parts of an electrolytic cell. Source:

Dharmadasa and Haigh [Dharmadasa, 2006].

sie state and thus were able to obtain air trapping effect had better

anti-corrosive properties.

Even though this method presents several advantages when regard-

ing its simplicity and cost effectiveness, the main disadvantage of fab-

ricating superhydrophobic coatings through electrodeposition method,

and in general, is their low mechanical durability and poor longevity.

Nowadays the improvement of this setbacks is a topic of interest and

few reports have been published regarding the mechanical and chem-

ical stability of superhydrophobic coatings [Lee, 2012]. In Fig. 2.33

mechanical hardness tests were performed on Copper and Copper ox-

ide surfaces coated with nanowires. Results showed that the coating

was broken on Fig. 2.33(a) and deformed on Fig. 2.33(b).

Chemical and electrochemical deposition

The combination between chemical and electrochemical deposition

techniques have been intensively employed to prepare superhydro-

phobic surfaces. Electrochemical oxidation processes include, oxid-

ation of metals in solution, anodization of metals or electrodeposition

of conducting polymers, and reduction processes, e.g., the electrode-

position of metals and galvanic deposition. Reports have shown that
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Figure 2.33: Mechanical hardness measurements on superhydrophobic coatings that

were developed by electrochemical deposition. In this case nanowires were

grown into the surfaces of (a) Copper Oxide and (b) Copper. The

measurements were performed by scratching the surface with a 3H grade

pencil. Source: Lee et al. [Lee, 2012].

the immersion of materials in organic acid solutions is an effective

method to texture surface roughness while also obtaining low surface

energy. This method also constitutes a one-step approach to the fab-

rication of supperhydrophobic surfaces [Wang, 2006]. Fig 2.34 shows

an illustration of a chemical fabrication method for superhydrophobic

copper surfaces, in the experiment performed by Lee et al. [Lee, 2012],

reduction and oxidation processes were used at temperatures of 200
◦C 430 ◦C respectively. In the end of the process, copper nanowires

were formed on the surface.

Liu et al. [Liu, 2007c] reported a corrosion resistance study on a

fabricated superhydrophobic coating that was developed through dis-
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Figure 2.34: Schematic illustration of the preparation process of rough and

superhydrophobic copper surfaces. Source: Lee et al. [Lee, 2012].

pensing myristic acid on the surface. The film was created through

chemical adsorption of the organic acid and contact angle measure-

ments showed that the surface was superhydrophobic. The high de-

gree of water repellency was correlated with the presence of flower-like

nanostructures on the surface, these were suggested to cause air trap-

ping effects that greatly increased the contact angle. Other structures

were also created by immersing the substrate on the same solution for

15 days, in this case the structures were too far apart from each other

which caused inefficient air trapping.

Fig. 2.35 shows the potentiodynamic polarization curves of the fab-

ricated coatings compared to the bare reference copper sample. The

superhydrophobic coating showed increased corrosion potential and

less current density. In the case of the other coating that possessed

less effective nanostructures, it was observed that its anti-corrosive

properties were not as effective. This allowed to conclude that a high

contact angle is required as a way to avoid the dissolution of copper
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Figure 2.35: Potentiodynamic polarization curves of copper substrates coated with and

without superhydrophobic film. Measurements were performed for 1 day

by immersing the sample in seawater while stirring it at 2 m.V s−1.

Source: Liu et al. [Liu, 2007c].

and the penetration of chloride ions from the saline water.

In 2013 Feng et al. [Feng, 2013] developed superhydrophobic sur-

faces on an aluminium substrate. The fabrication procedure was per-

formed through immersion of the substrates on boiling water and pos-

teriorly using a solution with stearic acid. During the boiling water

procedure, on the aluminium surface, porous structures are created,

then the immersion of the sample in stearic acid allows the adsorp-

tion of hydrophobic organic molecules onto the surface. This approach

combines geometrical structuring with the adsorption of alkyl chains

that assure low surface energy. The anti-corrosive properties of the

produced samples were tested via cyclic polarization tests. The pres-

ence of superhydrophobic effecs was correlated with improved corro-

sion behaviour, on Fig. 2.36 a illustration of the contact between the

produced samples and a water droplet is depicted. The presence of

porous structures and adsorbed alkyl chains creates a decrease on the

contact area between the solid and liquid interface which ultimately
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greatly improves the contact angle of the droplet. This behaviour was

then again proved to improve corrosion resistance.

Yin et al. [Yin, 2008] also prepared a stable superhydrophobic film

by mystic acid chemically adsorbed onto anodized aluminum sub-

strate. The contact angle was in the order of 154◦, and corrosion

in seawater was significantly decreased.

Anodizing is another electrochemical method that can be used to

fabricate rough surface to obtain superhydrophobic surfaces. He et

al. [He, 2009] fabricated a superhydrophobic coating on aluminum by

Figure 2.36: Schematic illustration of a water droplet in contact with the

superhydrophobic aluminium surface. Source: Feng et al. [Feng, 2013].
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two-stage method of anodizing chemical approach. Firstly, the anod-

izing operation was performed on the metal, and then the superhydro-

phobic surface was created by using chemical methods. The contact

angle of droplet on surface was reported to be 154◦. The corrosion res-

istance of coatings was also investigated and results showed that corro-

sion resistance was significantly increased due to the reduced contact

surface of metal and seawater solution. Electrochemical and chemical

methods are a proved effective way to produce superhydrophobic and

anti-corrosive surfaces, however due to the arrangements necessary

to perform electrochemical processes, this manufacturing procedure is

expensive and time-consuming, especially when transposed to a large

fabrication scale. The requirement of multi-step processes that involve

chemical components draw a major disadvantage of this method, es-

pecially when comparing with one-step fabrication procedures such as

laser micromachining.

Sol-gel

The Sol-gel fabrication method is commonly performed by using Al-

kylsilane, this material is currently the most used due to its strong

mechanical and chemical stability. The sol-gel deposition of this com-

posite is performed in a one-step procedure that creates a superhy-

drophobic coating that can possess roughness while also decreasing

surface energy by the hydrolysis and condensation of alkylsilane [Wen,

2011]. Fig. 2.37 depicts an illustration of the several sol-gel synthesis

routes. Processes are defined as sol-gel when the transition of colloidal

solution to an interconnected gel network (gelation) occurs. The fur-

ther processing stages illustrated are non-redundant and may be com-

bined depending on the specific needs of the application, for example,

spin-coating technique is used to obtain extremely thin films of coat-

ing.

Liang et al. [Liang, 2014] studied the corrosion resistance of a silica-

based coating deposited via sol-gel technique on aluminium substrates.
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Figure 2.37: Sol-gel synthesis distinct routes. Source: Owens et al. [Owens, 2016].

The evaluation of anti-corrosive properties was performed by immers-

ing the samples on saline water and applying polarization tests. The

published results showed that depending on the immersion time in the

sodium chloride solution, the surfaces showed less superhydrophobic

effects after a longer exposure. This effect was attributed to the dam-

aging of roughness by a more prolonged exposure to the saline en-

vironment. Consequently, corrosion resistance was also decreased for

greater immersion times. Even though, all samples presented better

results than the bare reference one, see Fig. 2.38. This was attributed

to a combination between the presence of superhydrophobic properties

and the presence of the deposited silica films, which acted as a barrier

to corrosion.

Hydrothermal synthesis

Hydrothermal synthesis is an effective and easy solution to fabricate

superhydrophobic surfaces, the simplicity of its process turns it into

one of the most used ways to fabricate microstructures. On Fig. 2.39,

a simple illustration of a hydrothermal synthesis montage is depicted,

the method allows to grow outer layers on the surface of the material
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Figure 2.38: Polarization curves of (a) bare aluminum substrate and fabricated

superhydrophobic surfaces after immersion in 3.5 wt% NaCl aqueous

solution for (b) 30, (c) 120, (d) 420 and (e) 1440 min. Source: Liang et

al. [Liang, 2014].

that possess roughness. For example, Zhang et al. [Zhang, 2015a] used

hydrothermal growth to create a hierarchically structured oxide layer

on magnesium. Posterior to this process, surface chemistry modific-

ation was performed by immersing the sample on stearic acid. The

corrosion resistance and stability were reported and results showed an

improvement on anti-corrosion properties on the fabricated sample.

Figure 2.39: Illustration of a montage scheme of the hydrothermal growth process.

Source: Cardoso et al. [Cardoso, 2015].
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Figure 2.40: Corrosion damages caused by the exposure to a NaCl aqueous with 3.5

wt% for a period of 120 h in a (a) bare magnesium substrate, (b)

hydrothermal treated sample, and (c) on a superhydrophobic sample after

modification with stearic acid. Source: Zhang et al. [Zhang, 2015a].

Furthermore, to report the long-term stability of the samples, an

immersion in saline water was performed for 120h. In Fig. 2.40 the

final results of the test can be observed, the pictures were obtained

by photographing the surface. With this analysis the authors were

able to verify a high density of corrosion damage for the untreated

sample, additionally, the sample which underwent through only the

hydrothermal process showed improvements on the long term stabil-

ity of the surface, this was attributed to the increased roughness on

the surface. In the end, for the superhydrophobic sample it was visible

that the chemistry modification of the surface along with the surface

roughness was the best overall combination to increase the long term

stability of the samples and ultimately reduce the damages caused by

the corrosion process. It was clearly reported during this work, the

importance of a low surface energy to improve anti-corrosive beha-

viour.

Laser micromachining

Laser micromachining of materials is one of the most simple and auto-

matic processes for the development of superhydrophobic surfaces that

possess many applications [Ta, 2016]. Boinovich et al. [Boinovich,
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Figure 2.41: (a) Schematics of the fabrication of structures on the aluminium alloy

surface via a laser marking device and (b) schematic process of the

roughness formation. Source: Tang et al. [Tang, 2015].

2015] reported a superhydrophobic surface on an aluminium alloy that

possessed resistance to pitting corrosion under sodium chloride me-

dia. The fabrication method was based on a nanosecond laser treat-

ment of the material’s surface, which was followed by immersing the

samples on a hydrophobic agent in order to achieve superhydrophobi-

city. Multi-scaled roughness was textured on the surface, the combin-

ation of this effect with the chemistry induced changes exhibited anti-

corrosive properties during cyclic polarization measurements. Tang et

al. [Tang, 2015] reported a laser process to fabricate superhydrophobic

surfaces, Fig. 2.41 depicts the procedure of roughness structuring by

irradiation from a laser source. Depending on the application the laser

parameters can be adjusted by varying the spacing between textures,

scan speed, beam energy and repetition rate. The combination of

these multiple factors while taking into consideration laser material



68 State of the art

Figure 2.42: (a) Illustration of the abrasion test, (b) contact angle variation of

superhydrophobic surfaces in relation with the abrasion length and (c)

variation of contact angle in relation with applied pressure. Source: Tang

et al. [Tang, 2016].

interaction provides laser processing a greater control on the creation

of surface morphology.

In 2016 the same author [Tang, 2016] reported a superhydrophobic

surface on aluminium by patterning an array of micro-holes. The laser

treated sample was then immersed on a perfluorosilane solution that

created organic monolayers on the material’s surface, which greatly

reduced the surface energy. The corrosion behaviour of these samples

was evaluated by immersing on saline water, acidic and alkaline solu-

tions. Results showed that the corrosion resistance was greatly im-
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Figure 2.43: SEM images of corroded Al surfaces general view and magnified view of

the pits. Source: de Lara et al. [Lara, 2016].

proved. Furthermore, several other studies were performed, pH values

of the immersion liquid were varied and showed that the contact angle

was maintained through all span. The outer perfluorosilane layer was

shown to prevent electron transmission that passes through the cor-

rosive medium, this effect combined with the air trapping effect were

demonstrated to be responsible for the improved anti-corrosion. A

study on mechanical resistance was also performed, Fig. 2.42 shows

the variation of contact angle in relation with the varied parameters

during the abrasion test. Finally, the authors reported an estima-

tion that 92% of the surface structure was covered in air while the

remaining percentage is in fact in contact with the corrosive medium.

Also in 2016, de Lara et al. [Lara, 2016], reported ultrahydrophobic

aluminium surfaces that were fabricated via direct laser writing tech-

nique in a one-step procedure. An UV nanosecond laser source was
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used to perform µ− cell patterns on the surface, the periodic distance

between the textures was varied to detect correlations with the cor-

rosive behaviour. The corrosion resistance properties of these samples

were assessed by performing cyclic polarization tests and open circuit

potential measurements. The fabricated ultrahydrophobic surfaces

demonstrated improvements in corrosion rate and polarization resist-

ance. The phenomenon was attributed to the presence of an oxide

layer that was formed posterior to the laser processing, the resulting

structures also allowed for air trapping effects which ultimately were

able to prevent ion penetration onto the material’s surface. How-

ever, once corrosion potential was high enough, pitting formation on

the surface was verified, in Fig. 2.43 SEM micrographs of the dam-

age caused on the surface by the cyclic polarization tests for multiple

periodic distances are depicted. The verified damage on the surface is

present in the form of pits, the formation of these defects is common

on aluminium and the creation mechanics of such effect are discussed

in the next pages.

The proved anti-corrosive behaviour of laser patterned surfaces

along with the creation of robust features that are able to show su-

perhydrophobic behaviour in an one-step procedure, make laser pro-

cessing one of the most efficient ways of producing superhydrophobic

corrosion resistance surfaces. In this thesis, different laser machin-

ing processes were used to process aluminium samples in order to

achieve superhydrophobic and anti-corrosive properties. The method

was chosen due to its capability of automation, transduction to large

scale manufacturing processes and the ability to accurately control

the surface morphology. Additionally, the effects of wear in time that

are noticed for coatings are avoided in this process as the surface is

composed of one-step fabricated robust features that are not based on

chemical components that can degrade over time.
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2.4.1 Other fabrication methods

A simple and low cost technique for making superhydrophobic coat-

ings is spray coating. By spraying a mixture of SiO2 or CaCO3 nan-

oparticles that were incorporated in stearic acid, Jafari [Jafari, 2012]

reported high SWCA values of about 154◦ that were obtained by de-

position of stearic acid on an aluminium alloy. On the other hand,

superhydrophobic surfaces with a SWCA of 162◦ and 158◦, and a low

contact angle hysteresis of 3◦ and 5◦ were respectively obtained by

incorporating nanoparticles of SiO2 and CaCO3 in stearic acid. The

excellent resulting hydrophobicity was attributed to the synergistic ef-

fects of micro/nanoroughness and low surface energy. The advantages

of this approach are that it uses fluorine-free raw materials and en-

vironmentally benign solvents, with simple applicability that can also

be used to repair a damaged surface. However, in comparison with

laser processes the lack of control on the surface morphology creates

topographies that are not suitable for most environmental conditions,

since the surface is composed mostly of nanoroughness.

In the recent years, reports have been showing the efficiency of us-

ing plasma techniques to approach superhydrophobic surfaces. One

of the beneficial factors in this technique is the ability to use different

gases for plasma treatments. Yung et al. [Yung, 2018] showed that O2

and CF4 plasma are able to develop highly efficient superhydrophobic

surfaces by changing the morphology of vertically aligned nanotubes.

However, plasma techniques are developed to produce coatings which

have a major limitation of durability because these lose their proper-

ties with the passage of time. From an economical view, the formation

of coatings through plasma treatment is expensive.

Xu et al. [Xu, 2010] reported the fabrication of a superhydrophobic

surface through a process combining both electroless galvanic depos-

ition and self-assembly of n-octadecanethiol. Superhydrophobicity
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with a static water contact angle of about 169◦ was achieved. The

stability of the superhydrophobic surface was tested under three con-

ditions: (1) pH value from 1 to 13; (2) after freezing treatment at

−20◦C; (3) at ambient temperature. The sample shows a notable

stability as the contact angle still remained higher than 150◦ in dif-

ferent conditions. It was concluded that this approach was viable for

the formation of superhydrophobic surfaces, however this method still

needs more developments and the requirement of multiple fabrication

processes with the integration of alkalyne organic solvents can make

the procedure more costly.

Preferred textures in thin coating films frequently have a strong ef-

fect on the properties of the materials and it is important for maintain-

ing stable surface properties. Coclite et al. [Coclite, 2013] showed or-

ganized molecular films of poly-perfluorodecylacrylate p(PFDA) that

were deposited by initiated Chemical Vapor Deposition (iCVD). This

method is extremely effective to control the crystallography of a de-

posited polymer. The degree of crystallinity and the preferred orient-

ation of the perfluoro side chains, either parallel or perpendicular to

the surface, are controlled by tuning the CVD process parameters. Su-

perhydrophobicity and oleophobicity were reported on the produced

samples. CVD is an extremely effective method to accurately repro-

duce the same superhydrophobic surface repeatedly, the main concern

regarding this manufacturing procedure lays on its high costs and

time-consuming processes. Also, other methods are preferable when

the cristallinity of the film is not an important factor for superhydro-

phobicity.



Chapter 3

Materials and methods

In this chapter, a description of the alloy chosen for this work is presen-

ted along with information about its manufacturing process. Posteri-

orly, the characterization methods that were used in order to evaluate

our samples properties are described and their basic functionalities

and mechanics are shown. Finally, the fabrication methods that were

performed during the entire work of these thesis are presented and

their processes detailedly explained.

3.1 Aluminium alloy, Al2024

Aluminium is one of the most abundant metals on earth. On the

total weight of our planet’s crust, we can find that 8 % of its value is

composed by aluminium, opposed to 5.8 % calculated for steel. The

material is obtained from bauxite, which contains around 50 % of hy-

drated alumina (aluminium oxide), iron oxides, silica and titania (ti-

tanium dioxide). The aluminium is then produced by extracting pure

alumina from the bauxite using the so-called Bayer process, then the

material is smelted using the Hall-Heroult process [Donoghue, 2014].

During the entire process of producing 1 tonne of aluminium, from

mining the bauxite ore onto the final product, a total of 70 000 kWh

of energy is expended compared to 15 000 kWh that is required for

producing 1 tonne of steel.

73



74 Characterization methods

Due to finite resources of the bauxite ore and the expended energy

during the fabrication process, it is a pressing matter that one is able

to reuse the existing amount of already processed aluminium. Since

aluminium can me melted and re-solidified, it is easily recyclable and

suit different applications. Nowadays, aluminium has gained increased

interest in the automotive, home appliance and aerospace industry.

The main reason of this interest is due to its low density properties.

For example, by using aluminium instead of steel, the total weight of

a final product can decrease up to 40 % [Forsman, 1998]. This is

a really important feature for the automotive and aerospacial fields,

where less weight on the overall components also represents more fuel

efficiency. Table 3.1 shows some of the properties of aluminium along

with a comparison with its alloy Al2024 and steel.

Moreover, one of the most important properties of aluminium, is

the rapid and automatic formation of an hard external oxide layer,

alumina (Al2O3). This layer is typically formed with a thickness of 10

to 20 nm and if its cleaned, using for example by plasma irradiation,

it will rebuild itself almost instantly. This natural oxide layer protects

the surface from corrosive environments, which contributes for the

durability of aluminium over other metals, such as steel. This layer

also increases the surface melting point to 2050 ◦C, therefore the bulk

Table 3.1: Properties of pure aluminium comparing with the Al2024 alloy and steel.

Property Aluminium Al2024-T351 Steel

Density (kg/m3) 2700 2780 7800

Melting point (◦C) 660 638 1350

Yeld strength (MPa) 10 280 800

Tensile strength (MPa) 470 75.8 1000

Elongation (%) 50 22 20

Thermal conductivity (W/m.K) 236 193 45

Thermal expansion (106/K) 23 22.8 12
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Table 3.2: Aluminium alloy groups correlated with the major added element that is

added to increase the strength.

Alloy group Major added element

1xxx None

2xxx Cu

3xxx Mn

4xxx Si

5xxx Mg

6xxx Mg, Si

7xxx Zn

8xxx Other

and surface have different behaviours, which is an important factor on

the melting process. The properties of this outer layer depend on the

middle that its being built on, at low temperatures, the layer lowers

the amount of oxygen that is being absorbed onto the bulk mater-

ial, as due to its rapid formation, the material is covered and shows

more impermeability to oxidation processes. At high temperatures,

the oxidation process is different as liquid molten aluminium also pos-

sesses high solubility of hydrogen. This effect is responsible for when

the material is melt and exposed to the atmospheric environment,

interaction with hydrogen will develop a porous surface. Addition-

ally, aluminium is a non ferromagnetic material, which possesses a

high thermal and electrical conductivity and its easily combined with

other metals to form alloys that can maintain and strengthen all the

properties of the original aluminium. Nowadays, there are over 300

registered aluminium alloys, therefore classifying alloys is required in

order to properly identify the dopant elements.

Aluminium is a relatively low strength material in its pure state.

Therefore, the formation of alloys is made in order to increase its yield
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and tensile strengths. For the process to occur, the element which is

being added must have a solid solubility in aluminium. Few elements

are known to properly alloy with aluminium, Table 3.2 shows the

major added elements along with the group of aluminium alloys that

they represent.

On the definition of the alloy, after the identification of the group,

the second digit states if the original alloy was modified. The third

and fourth indicate the specific alloying of the aluminium and its pur-

ity. Posterior to this, there are other designations that say if the alloy

went under processes of thermo-mechanical enhancement or matur-

ing. In the case of the material chosen for this work, Al2024-T351,

the T3 designation states that the material went through treatments

that aimed to improve the materials mechanical resistance and lower

residual tensions that were present in the original alloy. The last two

digits indicate the rate of cooling that was used when the material

was cooled of after extrusion [Varela, 2014]. The 2024-T351 alloy has

as its major added element Copper and the second most present is

Magnesium. In the case of this alloy, the resistance to corrosion is not

as good as other aluminium alloys. In an environment full of chlorides,

the response to corrosion is rather weak due to a reaction between the

Figure 3.1: Image of a bare untreated aluminium (Al2024) sample delivered by Airbus

Group.
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alumina layer and chlorines, which forms aluminium chlorides. This

process leads to pitting formations, which can be further increased

due to the presence of impurities and precipitates on the material’s

surface. Thus, it is important to discover methods to improve the

anti-corrosive behaviour of the material.

The Al2024 alloy was chosen for the present investigation due to

its consistent usage on aeronautical, aerospacial and automotive in-

dustries. Properties like the strength/weight ratio, the resistance to

wear, low cracking speed and high resistance to cracks or damages,

make this alloy the best choice for implementation in industry. The

Al2024 was supplied by Airbus Defence and Space GmbH. Fig. 3.1

shows an image of a bare untreated sample from Airbus, area size of

the samples is 75 mm x 75 mm x 2 mm.

3.2 Characterization techniques

3.2.1 Confocal Laser Scanning Microscopy (CLSM)

Confocal Laser Scanning Microscopy was the method chosen to eval-

uate structural dimensions and thoroughly analyze the topography of

the textured surfaces. The principal of confocal microscopy was pat-

ented by Marvin Minsky in 1957 [Minsky, 1957]. However, it was only

after a few years that it was fully developed to incorporate a laser

scanning process. Essentially, the technique scans an object point-by-

point using a focused laser beam to create a 3D reconstruction. On

a conventional microscope the displayed image is made as far as the

light can penetrate, but in a confocal microscope by passing a laser

beam through a light source aperture, which is then focused by an

objective lens into a small area on the surface, an image is created by

collecting the emitted photons.

The CLSM original design is based on a conventional optical micro-

scope, however instead of a lamp, a laser beam is used and it’s focused
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Figure 3.2: Schematics of the components present in a confocal laser scanning

microscopy system. Source: Peterson [Peterson, 2010].

on the sample’s surface. The intensity of the laser is then adjusted

via density filters and scanning mirrors, this system allows to perform

quick scans on the surface, by implementing motion on the X and Y

directions when the mirrors are tilted. From these, the beam then

passes on the back focal plane of the objective lens which focuses it

onto the sample. When samples are fluorescent, part of the light will

pass back into the objective lens. This emitted light travels backwards

through the same path and then through a semi-transparent mirror

which reflects it away from the laser and towards the detection system.

The first component in the detection system is the pinhole aperture

which allows only a small central portion of the light through to the

detectors. When the detectors receive incident fluorescent light, it will

be a different colour from the laser light, as emission filters are used

to separate it from laser light that has been reflected back from the
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Figure 3.3: 3D mapping of a CLSM measurement on stainless steel.

sample. However, when reflected light is being examined, the receiv-

ing light passes through a polarizer that allows only laser light with a

different polarization angle from the initial laser light to pass. Fig. 3.3

shows the schematics of the components that are present on a CLSM

system.

The photomultiplier tube (PMT) is used to detect and amplify light

signals that are received back from the sample. PMTs are capable

of amplifying a signal around one million times without introducing

any noise [Peterson, 2010]. As the laser beam scans the surface, the

detection system constantly samples and converts the PMT output

and displays them on the computer monitor in correct order, thus

creating an accurate 3D mapping of the surface, see Fig. 3.3.

Additionally, it is also possible to retrieve profile views and apply

filters to the surface topography, Fig. 3.4. Therefore, CLSM is an

accurate way of measuring structure depth caused by laser ablation

and detect the roughness shape.

A focus variation system is also used to perform in-situ measure-

ments of the topography of the textured samples. This characteriz-

ation technique is used to perform rapid assessments of the quality
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Figure 3.4: Profile view of a CLSM measurement.

of the patterned structures. Due to its low accuracy for depth and

overall dimension evaluation capability, this method was only used for

qualitative assessment.

3.2.2 Scanning Electron Microscopy (SEM)

SEM is a technique used to characterize morphologically the sample’s

surface, with this method one is able to accurately observe the surface

in real-time and possibly identify cracks or defects on the surface, it

can also be beneficial to observe structures that are below the resolu-

tion scale of the CLSM. An electron beam scans the surface of a sample

and the interaction with the material surface atoms provides sufficient

a) b)

Figure 3.5: (a) Different electron interactions with the sample, image taken from

http://www.gla.ac.uk and (b) Basic representation of a SEM structure,

image taken from https://embryology.med.unsw.edu.au.
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Figure 3.6: (a) The available SEM at CL-UPM and (b) An example of a performed

SEM measurement on aluminium.

energy, so that emission of electrons and photons occur. These can

be secondary electrons (SE), backscattered electrons (BSE) and X-

rays (EDS) [Li, 2014]. In Fig. 3.5 (a) we can see the difference in

information given between these types of detected electrons.

Secondary electrons come from ionization and are related with the

topography of the surface. Backscattered, which result from elastic

backscattering collisions, show the relation between atomic numbers,

thus providing an image of element distribution, where brighter spots

correspond to higher atomic number elements. Suiting as comple-

mentary information, we have energy-dispersive X-ray spectroscopy

(EDS), which is an additional feature. This analyzes the emitted X-

rays in order to identify the present elements. An X-ray spectrum

is generated, showing qualitative and quantitative characterization of

the elements in the sample. In Fig. 3.5 (b) we see a basic scheme of

SEM components.

3.2.3 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy, also known as ESCA (Electron Spec-

troscopy for Chemical Analysis) is used to know the elemental and

chemical state of the desired sample’s surface, theoretically without
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Figure 3.7: Representation of a XPS measurement system (from [GonzalezFernandez,

2015]).

any restriction on the type of material that can be analysed.

The process starts with the sample being irradiated with x-rays,

usually monochromatic. When these waves interact with the sample,

photoelectrons are emitted. The kinetic energy of these emitted elec-

trons is unique and characteristic of an element present in the material.

This is known by analyzing the position and intensity of the peaks in a

resulting energy spectrum, so in the end we get all the chemical state

and quantitative information about the sample.

A scheme of the basic components and interactions on XPS meas-

urement is displayed in Fig. 3.7.

The advantage of XPS is that the chemical state of an atom alters

the corresponding binding energy (BE) of the electrons, which shifts

the emitted photoelectron kinetic energy (KE) (Fig. 3.8). The BE is

related to the measured photoelectron KE by the next relations. For

an atom named A, the photoionization is:

A+ hν → A+ + e− . (3.1)

Conservation of energy then requires that:

E(A) + hν = E(A+) + E(e−) . (3.2)
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Figure 3.8: Incident X-ray causing a emission of a photoelectron. Image taken from

https://web.statler.wvu.edu.

Since the emitted electron’s energy is only kinetic energy this can

be rearranged to give the following expression for KE of the photo-

electron:

KE = hν − [(E(A+)− E(A))] . (3.3)

Thus we get the final term, representing the difference in energy

between the ionized and neutral atoms, called binding energy of the

electron, leading to these simple equations,

for solids and liquids, KE = hν −BE − φ (3.4)

for gases, KE = hν −BE (3.5)

where hν is the incident photon (X-ray) energy, h is the Planck con-

stant, ν the frequency and φ is the work function.

In modern spectrometers the incident X-rays are energy filtered or

monochromatic using a quartz crystal, leading to a very narrow energy

spread. This allows high energy resolution of chemical shifts, as well

as a detailed study of line profiles and subtle changes in the valence

band.
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Figure 3.9: Example of a XPS measurement performed on Al2024, the corresponding

image is a deconvolution of the peak detected for aluminium.

Photoelectrons may also be collected from the surface in two di-

mensions to generate chemical state images of the surface.

Due to the XPS short depth analysis, which for example, only de-

tects approximately 7 nm for C 1s photoelectrons and 8 nm for Al 2p.

XPS is the best approach to detect chemical changes that occur on

the surface without having interference from the bulk composition.

3.2.4 Contact angle measurements

For the contact angle measurements, the sessile drop technique is one

of the most common methods that are used to evaluate the wettab-

ility properties of a material. It constitutes a direct way to measure

static and dynamic contact angles that are formed on the three-phase

interfaces. The major advantage of this technique is its simplicity

and reproducibility, as it consists on the simple deposition of a water

droplet on the surface [Wei, 2016; Tuteja, 2007]. Another advantage

is also the extremely small amount of liquid that is needed to perform

the measurement, while also being able to measure in small sample

areas. This method is suited for hydrophobic measurements as when
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Figure 3.10: Example a static water contact angle measurement performed on a

hydrophobic aluminium sample.

contact angles are high enough, as in greater than 20◦, it is possible

to obtain values with an accurracy of ±3◦.

Typically, for this type of measurements, MiliQ or bi-distiled water

are used in order to assure its purity and avoid the presence of other

components or ions that can hinder the measurements. Volumes of

droplet used normally may vary from 3 − 16µL. When volume is

lower, effects of the droplets weight are not considered thus typically

water contact angle values are higher. Contrarily, when volume is

higher, gravity is another factor that contributes to lower the contact

angle. Thus, commonly, researchers use 6 to 10µL of volume, which is

a middle term between both conditions [Jagdheesh, 2010; Jagdheesh,

2016b].

Through static water contact angle measurements, on the material’s

surface a water droplet is deposited and after waiting a few seconds

it stabilizes, at this moment several images are recorded. A baseline

is attributed defining the point of contact of the droplet with the

surface. Posterior to this, the software detects the spherical shape of

the droplet and calculates the tangent line that intersects the baseline.

The contact angle of both sides is calculated by measuring the angle
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of the created tangent line and the baseline, then the average value of

both is presented as the final contact angle. On Fig. 3.10 is depicted

an example of a static water contact angle measurement.

Normally, contact angle usually refers to a static value that evalu-

ates the wettability of a surface. However, there are other techniques

that are capable of evaluating non-static behaviours. For example,

sliding angle measurements are able to evaluate the roll off angle of

a given material [Choi, 2015; Fürstner, 2005; Lee, 2007]. This dif-

fers from the previous measurements as the calculated angle is not

between the liquid-air-solid interface but the tilted angle of the ma-

terial in which the droplet starts rolling or sliding and exits the surface.

Fig. 3.11 shows an illustration of the measurement procedure for the

sliding angle technique.

Through these measurements, superhydrophobic surfaces can also

be divided into low or high adhesion surfaces. Low adhesion refers to

surfaces that present a static water contact angle greater than 150◦

and a sliding angle lower than 10◦. For example, surfaces that possess

self-cleaning effects, like the lotus leaf, have low adhesion features.

However, not all superhydrophobic surfaces have self-cleaning capab-

ility and for high adhesion materials, even though static contact angle

Figure 3.11: Illustration of a sliding angle measurement with tilted angle material.



José Tiago Cardoso 87

values are greater than 150◦, water droplets are still not able to roll

off the surface, sometimes even if the structure is tilted to 180◦, see

Fig. 3.12. This phenomenon is named ”Petal Effect” [Fürstner, 2005;

Zhang, 2012b] and is due to a combination between the Cassie-Baxter

and Wenzel state at the material’s surface. For example on a rose

petal, on the nanoscale, water is supported by nano structures in a

Cassie-Baxter state. However, looking into the microscale, the gaps

between the microstructures are too large for water to stop penetrat-

ing, which results in a Wenzel state.

3.2.5 Anti-icing measurements

An experimental approach is employed to determine the anti-icing

properties of the produced samples. All testing was performed on the

ice and contamination research (iCORE) facility at Airbus Central

R&T (A-CRT). The iCORE facility consists of a closed-loop, mainly

constituted by wood. It is equipped with a centrifugal fan controlled

by a frequency inverter. The air that is circulated within the wind

tunnel is then cooled by a triple compressor system that regulates

the temperature of the fluid that constantly cools suits as a heat ex-

changer to the system [Hauk, 2015; Thompson, 2018]. Posterior to

the stabilization of the temperature in accordance to the test an icing

cloud is generated approximately two meters before the test section.

Figure 3.12: Optical micrographs of a water droplet on Rosa cv. Bairage at (a) 0◦ and

(b) 180◦ tilt angles. The droplet is still suspended when the petal is

turned upside down. Source: Bhushan et Her [Bhushan, 2010].
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In this position, three parallel aligned nozzles generate individually

full cones of water droplets that travel with the wind flow. The test

section is located on a converging section which intensifies the collision

of the sample with the stream. Inside the test section, a pitot tube is

placed in order to monitors the static pressure, total pressure and the

temperature of the air inside. The schematic of the iCORE system is

displayed in Fig. 3.13.

The measurement is based on after complete accumulation of ice

on the surface, the sample acts as a vibrating cantilever. On the back

part of the sample, a strain gauge sensor is placed. During the vibra-

tion, shear stress at the interface between the ice layer and the surface

is measured. The stress results from a constant acceleration of the

vibration until it resonant frequency is reached. Then the interfacial

shear stress exceeds the strength of the bond between the ice and the

surface. Typically, at this phase the ice layer delaminates from the

sample and complete ice removal is verified. In other cases, the accu-

mulated ice can crack without delaminating, thus decreasing the effort

that is needed to further remove it. Fig. 3.14 shows an illustration of

Figure 3.13: Wind tunnel (iCORE) measurement system at Airbus. Source: Hauk et

al. [Hauk, 2015].
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Figure 3.14: Illustration of the procedure for the measurement of anti-icing properties.

the measurement procedure. Fig. 3.15 depicts the output shear stress

signal pinpointed and synchronized with frames taken from a high

speed video of the cantilever with accumulated ice while approaching

resonant vibration.

In order to compare the behaviour of different samples, the max-

imum interfacial shear stress betwenn ice and the material is calculated

through the Euler-Bernoulli beam theory [Thompson, 2018].

τint =
εEF−alEice(h

2
ice + 2hice|e|)

2(x− l)(hcl − |e|)
(3.6)

where

τint = interfacial shear stress.

εEF−al = measured strain.

Eice = Young’s Modulus of ice.

hcl = thickness of the cantilever.
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x = linear position of the strain gauge with respect to the fixed

end of the cantilever.

l = length of the cantilever.

e = eccentricity of the neutral axis of the ice/metal beam with

respect to the ice/metal interface.

Figure 3.15: The output shear stress signal pinpointed and synchronized with pictures

from the cantilever with accumulated ice while approaching resonant

vibration. Source: Hauk et al. [Hauk, 2015].
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The retrieved experimental values are only the ice thickness and the

strain at delamination point. With the other values used as constant

the experimental values that must be input into the equation are the

ice thickness and the strain at delamination. All other values are either

constant or approximated and the eccentricity of the neutral axis is

calculated using:

τint =
h2
cl −

Eice
Ecl
h2
ice

2(hcl + Eice
Ecl
hice)

(3.7)

where

Ecl = Young’s modulus of the bulk cantilever material.

Let us then assume that for practical purposes a lower measured

interfacial shear stress is preferable, as it means that less energy is

being dispensed into the delamination process.

3.2.6 Corrosion behaviour experiments

Corrosion measurements were performed to evaluate the capability of

the samples to sustain highly aggressive corrosive media. The cor-

rosion mechanism at normal temperatures is given by heterogeneous

electrochemical reactions, this is due to the presence of anodic and

cathodic areas that are created through the presence of electrochem-

ical potential between two different metallic parts. This is the prin-

ciple of the corrosion measurements performed on a electrochemical

cell. During the measurements, the corrosion phenomenon causes the

metallic dissolution at certain points of the sample’s surface (anode)

in which metallic cations are formed and transported through a anodic

positive current. This implies damage on the surface in the form of

small pits. The presence of damage can hinder the properties that the

material had before the measurement, like superhydrophobicity.
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Figure 3.16: Illustration of the corrosion cell components and the Metrohm Autolab

PGSTAT 302N potensiostat.

The measurements are performed through the polarization of the

sample with a potential, Ecorr, applied by a potensiostat, in this work

a Metrohm Autolab PGSTAT 302N was used. The potensiostat reg-

ulates the current on the sample which suits as a working electrode,

the desired potential is defined in relation with a reference potential

probe in which it does not circulate any current. This component

has a known and constant potential of equilibrium that does not vary

through the whole process, inside the component there is a Potassium

Chloride (KCl) solution with 2M concentration. Inside the electro-

chemical cell there is also a counter electrode which closes the circuit

and allows the flow of current from the working electrode to it. In or-

der to perform the measurements, the cell is filled with an electrolyte

solution of Sodium Chloride (NaCl) in water with a concentration of

0.1M. In Fig. 3.16 a representation of the schematics of the corrosion

electrochemical cell is displayed. With the presence of the aqueous

middle, there are two types of reaction that occur, cathodic (reduc-

tion) and anodic (oxidation).

Cathodic reaction: O2 + 2 H2O + 4e− −−⇀↽−− 4 OH− (3.8)

Anodic reaction: Me −−⇀↽−−Men+ + ne− (3.9)
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Sweeping the potential current of the sample, different behaviours

can be observed when the current intensity, Icorr, of the middle is

analyzed. On a natural environment, metallic cations are formed and

transport the positive charges into the surrounding middle, however

normally this procedure is extremely slow when there are no external

currents.

Ia > 0 (3.10)

Since there is no external inputs, the material needs to have a

neutral charge, therefore next to the anodic region eq. 3.9, there ex-

ists a cathodic region eq. 3.8 which collects the electrons that are

freed during the oxidation process, thus a negative cathodic current is

generated.

Ic < 0 (3.11)

In equilibrium the global process of corrosion is then:

Ia = |Ic| (3.12)

It = Ia + Ic = 0 (3.13)

Then without applying any external influences the values of Ia and

Ic are also equal to the value of Icorr.

Ia = |Ic|= Icorr (3.14)
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Figure 3.17: Tafel plot with phase description.

However, when a polarization current is applyed, the equilibrium

that was stated on eq. 3.12 is interrupted and there is a different

behaviour of the overall current density. Fig. 3.17 demonstrates the

various phases of a polarization sweep. The graph is described as a

Tafel plot [Petrii, 2007] and it is used for the analysis of the corrosive

measurements. During the sweep the difference between the oxidiza-

tion and reduction currents is analyzed.

It = Ioxid + Ired = Ioxid − |Ired|= ∆I (3.15)

When the ∆I value is null, one can achieve the value of Ecorr, the

potential value of null current. Below this potential value, only cath-

odic reactions are observed and it can be observed the cathodic tafel
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line. In opposition, for potential values higher than the null current

potential only oxidation processes are verified and the anodic tafel

line is visualized. The icorr value is calculated at the Ecorr position by

using the intersection method, this is used by extrapolating tangent

lines from the cathodic and anodic tafel curves and intersecting them.

Between the Ecorr and the pitting potential, Epit, there is a passiva-

tion area , in this zone pitting cannot start and the material sustains

the increasing potential polarization. The Epit value is the minimum

potential for which pitting is verified and it starts spreading. Thus

indicating the loss of passivation and the crack of the passive layer

that protects the material from corroding. The value is located at

the region that the current density increases exponentially to a value

higher than 10 µA.cm−2. This value can be also known by Ec, critical

potential, for when the corrosion is not verified in the form of pits,

but in discoloration, changes of surface chemistry, etc. [Varela, 2014].

Using the icorr value, one is able to calculate the corrosion rate of

the samples in mm/year units.

Corrosion rate =
M

ρ.F

icorr
A
× t (3.16)

where

M = Molar mass.

A = Surface area.

F = Faraday constant.

t = total seconds in a year.

In order to compare samples and retrieve anti-corrosive properties,

let’s assume that a higher Ecorr, Epit and passivation region combined

with a lower icorr and corrosion rate are preferable.
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3.3 Lasers as a fabrication method

3.3.1 Laser systems

The first working ruby laser was invented in 1960 by Maiman [Steen,

2010], but the first mention of lasers appears in 1917 when Einstein

[Einstein, 1917] theoretically demonstrated that lasing action was feas-

ible. During the first decades, researchers were yet to discover a spe-

cific application for lasers, nowadays the unique properties of laser

irradiation are applied in a wide range of fields, e.g. communication

[Fang, 2013], biomedical [Fasasi, 2009], etc.

Due to the rapid growth of the laser industry, ownership costs were

decreased and integrated laser systems started to be applied in in-

dustry. Material processing was one of the fields that most benefited

from the automation and processing speed demonstrated by these in-

struments. Procedures like material welding [Liu, 2007a], cutting

[Niziev, 1999], removal [Zapka, 1991], marking [Dusser, 2010], etc.

are nowadays developed using mainly laser systems.

For different applications, distinct laser sources need to be taken

into account. The output of laser systems can be in the form of a

continuous wave (CW) or through pulses. To understand the modes

of laser operation, first it is required to understand the basics of laser

emission.

Analyzing Einstein’s discoveries [Einstein, 1917] of the radiation

from hot objects, he stated that in order to achieve an excited state of

a molecule, it is required that an input photon irradiation is present,

thus causing the release of energy from the excited molecule. This

principle defined the basis of laser emission, where stimulated output

photons maintain the same phase and direction as the input stimulat-

ing photons. In Fig 3.18 an illustration of a 4-level laser in an active

medium is depicted, where the stimulation of molecules present in the
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Figure 3.18: Illustration of a 4-level laser energy diagram.

gain medium pump their energy level to an excited state (1 to 2), from

this state the molecule rapidly decays to level 3 without emitting any

radiation, from level 3 to 4 the decay is slower and it’s in this trans-

ition that a photon which possesses the same properties as the original

input one is emitted, therefore amplifying the input. Once molecules

reach level 4 they rapidly descend into their lowest energy level where

population of level 1 is replenished. It is then clear that in order to

maintain laser emission, an inversion of population in the active me-

dium needs to verified, as in, the amount of excited molecules needs

to be higher than the molecules found on their lower-energy original

state (level 1). In order to meet this requirement, only few mater-

ials are able to consistently perform an amplification of the system,

opposed to absorption. Typical gain mediums of laser systems used

for material processing are carbon dioxide (CO2), neodymium-doped

yttrium aluminium garnet (Nd:YAG), erbium-doped YAG (Er:YAG),

excimer (KrF, ArF, XeCl) and diode (GaAs, GaAlAs, InGaAs, GaN)

and etc. Table 3.3 shows some information of commercially available

lasers and their insdustrial applications.

Posterior to the pumping phenomena in an active medium which

suits, which amplifies the light, there is still another requirement in

order to develop a laser. An optical resonator infinitely reflects the

generated light back and forth on the active medium. This way, the
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Table 3.3: Some commercialy available lasers and their industrial applications.

Laser
Year of dis-

covery
Wavelength Application

Ruby 1960 694.3 nm
biomedical applications, inor-

ganic material processing

Nd-glass 1961 1054 nm length and velocity measurement

Diode 1962
multiple

wavelengths

semiconductor processes, biomed-

ical applications, welding

He-Ne 1962 632,8 nm
pointers, speed and length meas-

urement, alignment devices

CO2 1964 CW
material processing which include

cutting or joining, atomic fusion

Nd:YAG 1964 1064 nm
material processing, joining, ana-

lytical measurements

Argon ion 1964 351 to 514.5 nm
powerful lighting, medical applic-

ations

Excimer 1975 126 to 351 nm
medical application, material pro-

cessing, colouring

Figure 3.19: Illustration of a laser cavity with all the main components necessary for

emission.
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light is continuously amplified and when the gain equals all the round

trip losses on the cavity, the resonator is at the threshold for lasing.

The output laser beam is generated by the presence of a total reflective

mirror on one end of the cavity and a partially transmitting window

on the other end. An illustration of a laser cavity is depicted on

Fig. 3.19. By modifying the laser cavity different operating modes

can be obtained in order to appeal several applications. For example,

a pulsed laser like ND:YAG, operates in such a way that all of its

energy is transmitted in a single pulse that is repeated in a given

frequency, pulse periods may vary from the pico- to the nanosecond

range. The mechanism behind pulsed emission can be performed with

via multiple techniques like passive and active mode-locking or Q-

switch, sometimes even both techniques. Taking the example of a

Q-switch, initially, the laser medium is being pumped while the Q-

switch prevents the feedback of light back into the active medium.

This effect produces a population inversion, however, laser operation

still does not occur since there is no round trip traveling of light inside

the resonator. Since stimulated emission is dependent on the amount

pumping that is entering the medium, the energy stored inside the

active medium is increased. Losses of energy are registered in the

active medium due to variability and spontaneous emission, therefore

a saturation of the active medium gain occurs. In this moment, the

Q-switch device that is placed inside the cavity is rapidly transited

from low to high Q-factor, which allows feedback from the resonator,

thus lasing begins. Due to the large amount of energy that was stored

in the active medium, the intensity of light that resonates in the cavity

quickly builds up. The output laser beam is then registered as a short

pulse of light which possess a high peak intensity. The switching

performed by the Q-switch modulator defines the frequency in which

these pulses are emitted.
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3.3.2 Laser material interaction

On laser material processing the choice of an appropriate laser source

depends on the application at hand. First, the structuring of metals,

semiconductors and dielectrics is very diverse and since ultra-short

pulse lasers operate at very high intensities they can employ nonlinear

absorption. Therefore ultra-short pulses constitute an obvious choice

for laser processing of transparent materials. However, in the end it

will all depends on the specifications of the application. The present

thesis aims to process only metals, specifically an aluminium alloy

named Al2024.

In the case of structural shaping at the micrometer scale, nano-

second lasers can offer sufficient accuracy at fast fabrication rates.

Short-pulsed lasers constitute an effective and fast solution to pat-

tern metallic surfaces with robust micro roughness [Jagdheesh, 2016d;

Palmieri, 2018]. However, if the aim is to produce features that reach

the nanometer scale, pico- or femtosecond laser sources must be taken

into account. To further identify the advantages and disadvantages

of each type of laser source one must comprehend the effects that are

present during laser material interaction.

Light interacts with different materials in distinct ways. On the

surface of any material, light can be absorbed, it can be reflected of

refracted on the interfaces, it can be scattered from irregularities on

the material, like defects or even transmitted. Mainly, when a mater-

ial interacts with light, inevitably electrons interact with photons. For

example, a material is heated with radiation, when photons interact

and excite electrons which will then vibrate the crystal lattice. The

exchange of energy between electrons and the vibrations of the lattice

are know as phonons. Another example is that materials present an

external color due to the way that they absorb and reflect different

wavelengths of light. Therefore, it is then clear that for different ma-
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Figure 3.20: The electromagnetic spectrum. Source: ElMasry [ElMasry, 2010]

terials there are preferable wavelengths that have higher absorption

than others. This behaviour is extremely important on the selection

of a laser sources. In the case of material processing on metals, trans-

mission of laser beams is mainly null, therefore in order to determine

the appropriate wavelength, one must consider the absorption and re-

flection quantities. The electromagnetic spectrum of light as radiation

is displayed in Fig. 3.20.

The optical behaviour of metals is commonly described by two val-

ues: the refraction index (n) and the extinction coefficient (k). These

values were reported for numerous materials with clean surfaces at

room temperature [Palik, 1997; Weaver, 1981]. The optical constants

n and k can be used to estimate the absorptivity, which is a value

of how much of the light of a particular wavelength is absorbed by

a material at normal incidence (θ=0). The value of absorption of a

particular material with respect to the angle (θ) of the incident light

can be determined by using an approximation of Fresnel’s formula:

Λpar =
4π cos θ

(n2 + k2) cos2 θ + 2n cos θ + 1
(3.17)
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and

Λperp =
4π cos θ

n2 + k2 + 2n cos θ + cos2 θ
(3.18)

where

Λpar = absorption of light with parallel polarization.

Λperp = absorption of light with perpendicular polarization.

The demonstrated approximation is only valid for when n2 +k2 >>

1, this is the the case for laser material interaction with metals [Prok-

horov, 1990]. As shown in equations 3.17 and 3.18, absorption values

are divided into parallel or perpendicular polarization of light. Since

in material processing laser beams are normally randomly or circu-

larly polarized, the final result comes from the average of both values,

which is obtained by setting the incident angle θ to zero. Fig 3.21

shows the calculated absorption rate of different metals in relation

with the incident light wavelength.

Figure 3.21: Absorption rate of different metals in relation with the wavelength of

light. Source: D. Bergström [D Bergström, 2008]
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Figure 3.22: Some physical interactions that occur during laser material processing.

Source: W.M. Steen [Steen, 2010]

Posterior to verifying the behaviour of absorption in relation with

the wavelength for different materials, the next step is to observe the

different material interactions for short and ultra-short pulsed lasers.

In the case of natural illumination, materials behave linearly and

electrons that are excited by incoming radiation, eventually relax to

their lower energy state, or are emitted as phonons. However, when

a material is exposed to a high intensity laser pulse, the behaviour

changes due to the great amount of energy that its transmitted to the

surface in a relative short duration. At this state, the irradiated spot

can reach extremely high temperatures while other parts of the ma-

terial remain at ambient temperature. The laser material interaction

from short to ultra-short pulsed irradiation will define how this income

of energy will be distributed. When electrons absorb the incident radi-

ation, there is a rate of energy transfer from these to the lattice, which

is linked to the strength of what is called electron-phonon coupling.

The rate of this process is described by a time constant, τe−p, this value

is dependent on the material, however its range is typically located on

the few tens of picoseconds [Waldecker, 2016]. Let’s define the laser

pulse width as τl, when the material is excited by nanosecond pulses,

τl >> τe−p, then the energy transfer of excited electrons to the lattice
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starts to occur along the duration of the laser. At the end of the pulse

period, the temperature of the irradiated area increased substantially,

however the temperature is located at the affected area and it has not

been distributed to the surrounding material [Martan, 2006]. The ab-

sorption process is linear and obeys the Beer-Lambert law, this type

of interaction is called photo-thermal and when the absorbed energy

reaches a value high enough, one can observe melting and vaporisation

of the material [SokolowskiTinten, 1998].

The melting of a material occurs on the surface where the binding

between atoms is the lowest. Then, the melting rapidly progresses into

the bulk . The maximum limit for the this progression velocity is the

speed of sound in the specific material, however measured velocities

of the melting front are relatively lower [Seitz, 1957]. Like it was

previously stated the electron-phonon energy transfer rate is in the

few tens of picoseconds, therefore that is the approximate period that

melting can be observed on a solid material. Fig. 3.22 shows some

physical interactions that occur during the process of laser material

interaction.

On the other hand, if the laser pulse width is shorter than the

electron-phonon energy transfer rate, τl << τe−p, the electrons still

retain the most part of the incident energy when the laser pulse fin-

ishes. Therefore, electron temperature is much higher than the lattice.

Fig. 3.23 depicts an illustrative overview of the interactions between

pulse, electron energy and lattice energy during the ablative process for

short and ultra-short pulsed lasers. Thus the following transfer occurs

only through electron-phonon interactions [SokolowskiTinten, 1998].

The whole process of energy transfer happens almost simultaneously,

thus leading to a superheating effect [Mondolfo, 1975], which causes

homogeneous nucleation. In the picosecond order melting through

homogeneous nucleation occurs much faster than normal melting.

During the process laser material interaction with ultra-short pulsed
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Figure 3.23: Illustrative comparison between electron energy absorption for short and

ultra-short pulsed lasers.

lasers, an amount of the excited energetic electrons escapes the irradi-

ated area into the surrounding material or are emitted from the sur-

face. When femtosecond pulses are used, a higher amount of electrons

are emitted from the material almost instantaneously. The positive

charge that is therefore created leads to crystal instability, electrostatic

repulsion and emission of positive particles through Coulomb explo-

sion effect lead to a non-thermal melting of the material due to gener-

ated instability [Brown, 2010; Cheng, 2013]. This effect is known as

photo-chemical ablation and it is much faster than the photo-thermal

interaction. Additionally, since the laser affected volume was very rap-

idly melted or had its crystalline structure destroyed, the surrounding

area is still almost untouched and structures are much sharper than

those generated through photo-thermal ablation [Chichkov, 1996a].

When metals are irradiated using pulsed lasers, ablation takes place
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Figure 3.24: Illustrative comparison between laser ablative processes caused by short

and ultra-short pulses.

when energy is above the ablation threshold [Knowles, 2007]. This

value is commonly expressed as fluence threshold, Fth, and it states

the ratio between total energy and area in J/cm2. Laser material

interaction will then define if the process is photo-thermal or non-

Figure 3.25: Laser ablated holes produced on stainless steel after laser ablation with

(a) nanosecond and (b) femtosecond pulses. Source: Chichkov et al.

[Chichkov, 1996a].
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thermal ablation and it will also define the shape of the final structure.

For nanosecond pulses, ablation is mainly caused by thermal heat

accumulation. During this process, the molten material starts to evap-

orate and forms the Knudsen layer [Kelly, 1990], which is a region

above the surface of the material where evaporating particles collide

between each other and approach a thermal equilibrium. Nanosecond

pulses interaction with this layer can cause two major distinct effects:

the evaporated material present on the layer absorbs more energy,

which leads to a dissociation of molecules or particles and the ioniz-

ation of some of the neutral atoms that are present, which leads to

the formation of plasma; the absorption and scattering on this layer

shields the material underneath and lowers the ablation efficiency.

Along this, the collision of particles during the entire process leads

to the back scattering and sputtering of the underlying material, this

is the principle for physical deposition systems, however it is not com-

mon on material processing due to the low-pressure gas environment.

An increase on the laser intensity leads to higher temperatures and

to a subsequently increase on the rate of ablation. When the mater-

ial approaches the thermodynamical critical temperature Tc, homo-

geneous nucleation can lead to explosive relaxation into a mixture of

vapour and liquid droplets, which is called phase explosion. This is

the reason why on the final structures we can observe the presence

of ejected droplets on the materials surface, and their presence is in-

tensified along with the amount of evaporated material. This effect is

typically observed with fluences that are above five times the ablation

threshold [Lu, 2002]. Additionally, during the vaporization phase the

expelled gas creates a recoil pressure [Mendes, 2003]. This effect is

responsible for pushing the material out of the center zone into the

edges. This effect causes the accumulation of molten material on the

outside regions of the spot and is one of the most important factors

caused by thermal damage effects. Recoil pressure can typically be
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estimated by using:

Rp = 0.54 ∗ Pa ∗ exp(
Lv(T − Tv)
RTTv

) ∗ fr (3.19)

where

Pa = atmospheric pressure.

Lv = latent heat of vaporization.

Tv = vaporization temperature.

R = Universal gas constant.

fr = spatial distribution of the laser intensity.

Thus it is visible that recoil pressure is only present once vaporiza-

tion temperature is reached. Figs. 3.22 and 3.23 depict the differences

between photo-thermal (nanosecond) and non-thermal photo ablation

(femtosecond).

For picosecond pulse lasers the pulse period is close to the rate of

electron-phonon energy transfer, τl ≈ τe−p. Therefore the process will

be described considering the material’s properties and the parameters

of the used laser. The behaviour is a mixture of nanosecond and

femtosecond pulse regimes. The absorption mechanisms are commonly

equal to nanosecond pulse ablation. However, melting and ablation

processes have features of both regimes, and the emitted plume has

clusters similar to those produced by femtosecond pulse ablation. Near

the threshold, the pulse energy of picosecond pulses is higher than that

of a femtosecond pulses, thus it enables more material to be evaporated

per pulse. Therefore, picosecond lasers have high interest for micro-

machining as a middle term between precision and efficiency, as long

as the material properties are taken into account.
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Figure 3.26: Thermal accumulation for different laser repetition rates. Source: Eaton

et al. [Eaton, 2008].

Another important aspect of laser ablation processes is the repe-

tition rate of laser sources. Let’s define high repetition lasers as the

ones that possess a frequency that is 1 kHz or more. The short delay

between consecutive incident pulses causes dynamic effects that need

to be considered. These effects often lower the Fth, and increase the

temperature of the area. In the case of low repetition lasers, the incom-

ing energy is dissipated before the next pulse irradiation and therefore

temperature is not conserved and reaches ambient values. Numerous

studies have proved that for high repetition lasers the temperature

increases in step-like form until it saturates, when a balance between

energy input and heat diffusion is established (Fig. 3.26) [Brygo, 2006;

Eaton, 2008].

The temperature at which the material saturates depends on sev-

eral parameters, such as, pulse energy, reppetion rate of the laser

source and the rate of heat diffusion of the material. When temperat-

ure increases due to laser irradiation, the rate of heat diffusion on the

material also raises, due to a higher difference of temperature between

the local ablated area and the surrounding middle. When temper-
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Figure 3.27: Applications for laser sources in relation with interaction time and light

intensity. Source: Bäuerle2011 [Bäuerle, 2011]

ature exceeds the melting point, the evaporation of atoms from the

liquid middle will additionally increase the diffusion rate. Induced de-

fects on the surface combined with the increasing temperature cause

a significant decrease on the fluence threshold.

This effect can therefore be controlled by changing the overlap of

pulses on the same spot, thus it is a function of the number of laser
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pulses per spot, Np , which can be described by:

Np = fl
Dspot

vscan
(3.20)

where

fl = repetition of the laser.

Dspot = diameter of the laser spot.

vscan = scan speed of the laser beam.

In the laser processes the standard units are not SI and differ from

the techniques used. In this thesis work the standard units of laser

ablative processes are adapted, which includes fluence as J.cm−2 and

scan speed as mm.s−1. In the end it is clear that different laser sources

have distinct interactions and therefore they must be chosen according

to their applications. A graph depicting different laser applications in

relation with the light interaction time and intensity is depicted on

Fig. 3.27. In the present work the laser sources were aimed to process

Al2024 and fabricate shapes at the micrometer range.

3.3.3 Fabrication process

The fabrication methods of the superhydrophobic samples included

the usage of three distinct laser sources and two different laser pat-

terning techniques. Each process is optimized to perform an accurate

laser texturing of the samples with a specific pattern. The main work-

ing laser is a UV nanosecond source that is used to process microcell

patterns on the AL2024 samples, additionally, a IR nanosecond laser

source is used to produce cost-efficient microcell patterns and compare

with the fabrication via UV. Finally, a picosecond IR laser source is

used to perform higher resolution features on top of the microcell

structures in order to achieve controllable hierarchical features.
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It is important to firstly declare the interaction of low intensity

short laser pulses with metal targets. As previously mentioned in sec-

tion 3.3.2 when laser energy hits a metallic sample, it is absorbed

by free electrons. From there the absorbed laser energy involves

thermal effects within the electron system, at this phase energy can be

transfered to the lattice or lost due to electron heat transport during

the incidence. Let’s asume that thermal effects are very fast and that

the electron and lattice systems can be identified by two distinct tem-

peratures, Te and Tl, respectively. Using a two-temperature diffusion

model [S I Anisimov B L Kapeliovich, 1974] the energy transport into

the metal can be defined by the following equations:

Ce
∂Te
∂t

= −∂Q(z)

∂z
− γel(Te − Tl) + S (3.21)

Cl
∂Tl
∂t

= γel(Te − Tl) (3.22)

Q(Z) = −ke
∂Te
∂z

, S = I(t)Aαe−αz (3.23)

where

z = Normal direction to the surface.

Q(z) = Heat flux.

S = Laser heating source.

I(t) = Laser intensity.

A = Laser absorptance.

α = Material absorption coefficient.

Ce, Cl = Heat capacities of electron and lattice, respectively.

γel = Electron-lattice coupling coefficient.
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ke = Electron thermal conductivity.

For the two-temperature model in order to simplify the equations,

the terms which include energy transfer through phonons at the lat-

tice system are neglected. The heat capacity of electrons is several

order lower than the lattice heat capacity (Ce << Cl), thus during

absorption of laser energy, electrons are heated into extremely high

temperatures. When the temperature of the electrons is below the

Fermi energy level, its heat capacity is given by Ce = C∗e .Te, and the

thermal conductivity value is ke = k0(Tl).
Te
Tl

, the values of C∗e and

k0(Tl) are known constants of the material. The development of the

above stated equations then depend on the time scale of the laser inter-

action, more specifically the value of electron cooling time, τe = Ce/γ,

lattice heating time τl = Cl/γ, where (τe << τl), and finally τL which

is the duration of the laser pulse. Which has previously stated with

define the regime of laser-material interaction as nanosecond, pico-

second and femtosecond regimes.

3.3.4 UV nanosecond - Direct Laser Writing

Direct laser writing was the technique chosen to perform texturing

of the Al2024 alloy surface. During laser material interaction at the

nanosecond range the condition for τL << τl is verified. So for this

specific situation the electron and lattice temperatures are equal, Te =

Tl = T , thus eqs. 3.21, 3.22 and 3.23 can be simplified to:

Cl
δT

δt
=
δ(k0 δT/δz)

δz
+ Iα α e

−αz (3.24)

In this regime the laser energy which is absorbed first causes thermal

heating of the metal target, the material then reaches the melting

point and posteriorly the vaporization temperature, for this reason
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Figure 3.28: Ablation models: a) classical ablation model; b) two-temperature model

as basis of ultrafast ablation model. Source: Leitz et al. [Leitz, 2011]

the nanosecond laser interaction can still be defined by the classical

beam-matter interaction definition [Leitz, 2011], see Fig. 3.28

The energy that is necessary to occur vaporization is much higher

than melting, additionally, during the laser material interaction, a

high percentage of energy is lost through heat conduction onto the

remaining solid material. The heat penetration depth is then given by

l ∼
√
Dt, where D is the heat diffusion coefficient, calculated through

D = k0/Cl. The accumulated energy inside the material per unit mass

is given by Em ∼ Iat/ρl, when t reaches tth the accumulated energy is

sufficient large to cause evaporation of the material, at this point the

threshold of the material was reached. Let us assume that ω is the

energy required to reach the threshold, thus Em ∼ ω and subsequently

tth ∼ D(ωρ/I)2. In the end the conditions to reach vaporization of

the material can be summed up as:

I > Ith ∼
ρω
√
D

√
τL

, F > F th ∼ ρω
√
D ×

√
τL (3.25)

The equations show, the laser intensity threshold and the most

commonly used fluence threshold. In this ablation regime with longer

pulses, there is a propagation of a thermal wave into the material,

thus a large part of the material is melted. Due to this effect, the va-
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Figure 3.29: Laser ablation with nanosecond pulses for different number of pulses per

spot. Source: Leitz et al. [Leitz, 2011]

porization occurs from liquid metal, which will create a recoil pressure

in the middle of the melt pool, this causes the processed material to

travel to the periphery of the pulse thus making micrometer precise

processing of metals extremely difficult for nanosecond material inter-

action, see Fig. 3.29. When the number of incident pulses per spot is

increased the diameter of the ablation zone and the depth of the hole

also increase. Which can eventually lead to a partial fill of the hole

due to the slid of molten material to inside the drill zone. Thus, even

though nanosecond laser material interaction, the final structure it’s

uncontrollable at a few-micrometer precision scale. However, when

Figure 3.30: (a) Schematic of the interactions present on a nanosecond laser pulsed

ablation and drilled holes in steel with (a) 80 ps, 900 µJ , F = 3.7 J/cm2

and (b) 3.3 ns, 1 mJ , F = 4.2 J/cm2, both pulses at 780 nm. Source:

Chichkov et al. [Chichkov, 1996b]
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Figure 3.31: Common laser beam profiles for laser ablation purposes, analysis

performed by a CCD-camera: (a) Gaussian beam; (b) flat-top; and (c)

inverse Gaussian power distribution. Source: Okunkova et al. [Okunkova,

2014]

laser processing parameters are tuned it is possible to take advantage

of the thermal defects and create suitable structures.Fig. 3.30 shows

schematics of the interactions that are present during nanosecond laser

pulsed ablation and SEM images of laser drilled holes in steel.

Figure 3.32: The integrated laser system (AB200) at CL-UPM used to perform DLW

with ns UV pulses.
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Figure 3.33: Schematics of the UV nanosecond laser system components.

The UV nanosecond direct laser writing process is performed in

a laboratory environment, at the Centro Láser de la Universidad

Politécnica de Madrid, using a Q-switched pulses nanosecond solid-

state diode laser source (from Spectra physics) that generates pulses

with a fixed duration of 30 nanoseconds at a repetition rate of 100

kHz. The central wavelength of these pulses is in the infrared region

of 1064 nm. Through non-linear processes of optical conversion the

fundamental wavelength is then frequency tripled to a value in the

ultraviolet spectra of 355 nm. The output laser beam has a Gaussian

power density profile, see Fig. 3.31, the incident ray is focused at the

surface of the material with a normal angle using a 250 mm focal lens.

The generated beam creates an apparent beam spot size of 15µm,

relative motion of the sample in relation to the beam is performed

by using a software controlled microfabrication workstation (AB-200)

with Optec components, see Fig. 3.32. The relative motion was ap-

plied by a translational X and Y stage that is able to move the sample

until 80 ± 0.025 mm/s with a resolution of 0.1 µm. Fig. 3.33 depicts

an illustration of the main components present in the integrated laser

system.

The processing parameters were performed following the principle
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reported by Jagdheesh et al. [Jagdheesh, 2016a], in which patterns

composed of micro-channels and micro-pillars were processed in alu-

minium foils with an UV laser source, the reported samples were shown

to be highly hydrophobic. In the present fabrication process, the ob-

jective is to pattern micro textures composed of cell patterns, called

microcells, in a one-step procedure. During the laser processing, by ad-

justing the pulse repetition rate and the scanning speed of the sample

stage, the number of pulses per spot that is irradiated on the sample

changes. Through nanosecond laser material interaction, a consecut-

ive pattern of holes or trenches with high overlap creates a channel

feature, in which the material at the center of the laser spot is va-

porized and the remaining melting pool assembles on the sides of the

scanning speed direction. This creates channel-like structures that

are composed of ”peak” and ”valley” shapes. Such channel-like struc-

tures have also been reported previously by Sozzi et al. [Sozzi, 2013],

Fig. 3.34 represents a focus variation microscopy profile of a patterned

channel-like structure on Al2024.

In order to produce a closed-packet feature like the microcell, the

laser processing starts with a succession of parallel lines spaced by a

distance that is hereby specified as hatch distance. The lines are pro-

cessed in row for a specific distance which commonly was defined as 1

cm, in the end of this process, the same succession of microchannels is

applied but with a perpendicular angle to the previous. This process

Figure 3.34: Focus variation 3D profile of a channel-like structure in Al2024.
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Figure 3.35: Illustration of the microcell laser manufacturing process with a SEM

micrograph of a patterned microcell structure.

Table 3.4: DLW UV laser process parameters.

Wavelength, λ (nm) 355

Pulse duration, T (ns) 30

Average laser power, PL (mW) 170 - 490

Laser spot diameter, D (µm) 15

Laser fluence, F (J.cm−2) 0.96 - 2.7

Pulse energy, E (µJ) 1.7 - 4.9

Repetition rate, fp (kHz) 100

Hatch distance, HD (µm) 15 - 35

Scan speed, V (mm.s−1) 80

creates periodic square-like patterns, that are composed of ”peaks”

and ”valleys” and that can potentiate air trapping effects due to their

close-packet formation. The overall laser manufacturing process is il-

lustrated in Fig. 3.35. The aim of producing these structures is to

obtain an efficient air trapping effect, and assure that the primary

contact of water droplets is through the created microwalls, thus de-

creasing the fraction of area that is in direct contact with water.

Table 3.4 summarizes the laser parameters that are used during the

DLW process. Scan speed is set to a maximum of 80 mm.s−1 while

using the fixed lenses method in order to meet industrial requirements.
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Hatch distances were varied from a minimum of 15 µm, the same as the

spot size, to 35 µm. Values of hatch distance higher than 35 µm were

not considered due to a greater exposure of hydrophilic unprocessed

areas during the wetting measurements, which are proved to hinder

the superhydrophobic effect [Jagdheesh, 2016d]. Due to the high re-

petition rate used, samples were irradiated with a total of 18 pulses

per spot, the effects of multi-shot pulsed later material interaction are

then noticeable. Raciukaitis et al. [Raciukaitis, 2008] showed that the

ablation threshold of a material decreases when consecutive pulses are

irradiated onto a sample. Table 3.5 shows the results reported in the

published article.

Taking advantage of this effect, one can perform easier material

removal with the usage of lower energy pulses that are consecutively

irradiated on the sample and consequently remove more material due

to an increased ablation rate. This effect is also beneficial to diminish

the presence of uncontrollable effects such as the expelling of liquid

jets from the melt pool during the laser ablation process. However,

Table 3.5: Ablation threshold of different metals for irradiation with 10 ps and 6 ns

pulse durations and a repetition rate of 100 kHz using a IR laser source.

Adapted from Raciukaitis et al. [Raciukaitis, 2008]

Laser Material Ablation threshold, J.cm−2

1 pulse 10 pulses 100 pulses 1000 pulses

PL10100 SS304 0.5 0.2 0.1 0.04

10 ps Aluminum 0.85 0.47 0.16 0.15

Copper 1.73 0.74 0.50 0.33

NL640 SS304 7.3 4.6 4.2 3.3

10 ns Aluminum 3.2 2.3 1.8 1.6

Copper 8.8 6.6 6.8 6.7
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this effect is still present and it will be further discussed in the next

chapter.

3.3.5 IR nanosecond - Direct Laser Writing

In a collaboration with the University of Birmingham (UoB), a study

on the feasibility of the fabrication of superhydrophobic surfaces through

DLW technique while using a IR nanosecond laser source is performed.

The objective of this work is to prove that microcell patterns can also

be produced in a relatively low-cost IR nanosecond laser source and

compare it with the fabrication through UV nanosecond. First, let

us remember that the main difference between using this two dis-

tinct laser sources is related with different radiation absorption values

of aluminium for distinct wavelengths. In Fig 3.21 the difference of

values for aluminium is depicted for UV (0.355 µm) and IR (1.064

µm). Thus it is expected that texturing through IR irradiation states

a more difficult challenge due to the lesser amount of radiation ab-

sorption combined with the high reflectivity of the sample’s smooth

surface.

In the UoB advanced manufacturing laboratories the Al2024 samples

were processed using a Yb-doped fiber nanosecond laser source (SPI

Figure 3.36: Schematics of the IR nanosecond laser system components.
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Figure 3.37: Focus variation microscopy of IR ns laser textured samples for (a) low

overlap, high energy and (b) high overlap, low energy.

G4 50W S-type). The pulse period is 15 ns with a maximum aver-

age power of 50 W. The central wavelength of the irradiated beam is

in the infrared domain, at 1064 nm, and the repetition rate can be

varied up to 1 MHz. The beam delivery system integrates a 3D scan

head (RhoThor RTA) with a 100 mm telecentric lens. The laser beam

has a Gaussian spatial and temporal profile with a spot diameter of

approximately 35 mm at focus. The maximum average power at the

end of the optical path was measured to be 36 W, measurements were

performed using a laser power meter (Gentec-EO UNO). The experi-

ments are performed under atmospheric conditions with the assistance

of a fume extractor. In Fig. 3.36 the main optical components of the

IR nanosecond laser integrated system are depicted.

The scanning process includes a similar manufacturing procedure

to the one detailed on the previous section. Thus, it includes cross

hatching surfaces patterned by laser ablation in two perpendicular

directions with the laser beam at focus. In order to efficiently form

microcell structures, the channels are performed in a single scan. Ini-

tially, an array of 25 mm2 fields is textured on the AL2024 plates with

a fixed repetition rate of 100 kHz and a hatch distance of 100 µm. At

this frequency, the maximum fluence value used is 3.21 J.cm−2, the

scanning speed is then varied from 5 to 1000 mm.s−1, subsequently

the pulse overlap ranged from 64 to 99.8 %. Preliminary tests allow
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Figure 3.38: Laser micromachining system at UoB’s advanced manufacturing

department.

to find that pulses energies below 11 mJ do not create any surface

texturing. Thus, the pulse energy is increased to its maximum value

and the overlap set to minimum, this creates very inconsistent channel

structures that present insignifcant depth values below the 2 µm. By

increasing the pulse overlap even with relatively low energies, thermal

induced effects start to appear and the formation of a recast layer

Table 3.6: DLW IR laser process parameters.

Wavelength, λ (nm) 1064

Pulse duration, T (ns) 15

Average laser power, PL (mW) 1500 - 2000

Laser spot diameter, D (µm) 35

Laser fluence, F (J.cm−2) 1.56 - 2.08

Pulse energy, E (µJ) 15 - 20

Repetition rate, fp (kHz) 100

Hatch distance, HD (µm) 40 - 100

Scan speed, V (mm.s−1) 40 - 100
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along the edges of the channels is observed, thus achieving micropillar

formation, see Fig. 3.37. A narrow processing window is then required

in order to produce the microcell structures for IR nanosecond laser

texturing. The manufacturing procedure includes high pulse overlap

with relatively low pulses energies. The processing parameters that

are used to fabricate periodic and homogeneous microcell patterns

through IR nanosecond laser patterning are shown in Table 3.6. An

image of the available laser micromachining system at the advanced

manufacturing department of the UoB is depicted in Fig. 3.38.

3.3.6 IR picosecond - Direct Laser Interference Patterning

Microcell structures can be texture onto Al2024 via DLW technique

through a one-step procedure. However, this technique is limited by

its spatial resolution, since the patterning area is correlated with the

beam spot diameter. In order to achieve smaller sized features with

dimensions below the beam spot diameter, a collaboration is per-

formed with the Fraunhofer Institute for Material and Beam Tech-

nology IWS and the Technical University of Dresden. Through this

partnership, hierarchical structures were performed on AL2024 by

combining both microcell structures patterned with an UV laser via

DLW technique and pillar-like structures via Direct Laser Interference

Patterning (DLIP) on a IR picosecond laser source.

To understand the physics behind picosecond laser material inter-

action one must go back to equations 3.21, 3.22 and 3.23. For

such phenomena, the following condition is fulfilled τe << τL << τl.

Analyzing the interaction for a time t >> τe, from eq. 3.21 one can

retrieve that CeTe/t << γTe, the electron temperature then is almost

quasistationary and eqs. 3.21- 3.23 become

keδTe/δz

δz
− γel(Te − Ti) + Iaαe

−αz = 0 (3.26)
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Tl =
1

τl

∫ t

0

e
− t−θτl Te(θ)dθ + T0 (3.27)

These equations describe the heating effects on metals from laser

pulses that have τL >> τe. For a time when t << τl the eq. 3.27 can

be reduce by considering the quasistationary property of the electron

temperature, thus neglecting T0 one can obtain

Tl ' TE(1− e
t
τl ) ' t

τl
.Te (3.28)

From the above equation one can deduce that in the picosecond

interaction regime, the lattice temperatures is much less than the elec-

tron temperature. That is the reason why it’s possible to neglect the

lattice temperature in order to simplify the equations. Ultimately,

for when keTeα
2 << γTe is verified, the electron cooling is caused by

energy exchange with the lattice, thus the electron and lattice tem-

perature at the end of the laser pulse can be obtained by

Te '
Iaα

γel
e−αz, Tl '

Faα

Cl
e−αz (3.29)

Due to the very short time scales involved in this ablation process,

the ablation depth, L, of the metals has a logarithmic dependence on

the absorbed fluence, Fa.

L ' ln(Fa/Fth)

α
(3.30)

For this reason, the ablation process of metals is normally per-

formed by repeatedly irradiate picosecond pulses on the same spot
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Figure 3.39: Laser ablation with picosecond pulses.

in order to achieve considerable depths. During the interaction laser

ablation is formed by electron heat conduction and the formation of

a melted zone inside the target material. Fig. 3.39 shows the laser

ablation process with picosecond pulses, it is observed that Direct

solid-vapor or solid-plasma transitions is more predominant, but the

presence of a relatively small liquid molten material caused mainly by

heat accumulation effects reduces the precision of this laser interac-

tion at the nanoscale. However, for the application that is aimed in

this work, the precision that is required at the desired texture scale is

sufficient.

During the last decade, DLIP technique has attracted growing in-

terest due to its ability to process high quality textures in materials

with submicron range [Lasagni, 2015]. The method is based on the

coherent overlap of two or more laser beams that then produce an

interference distribution pattern of the intensity. By controlling the

angle between the interfering beams and varying the number of incid-

ent rays, different periodical structures can be obtained [Rodriguez,

2009], see Fig. 3.40. When two beams interfere between each other,

line-like microstructures are produced on the material’s surface, these

are separated by a unique spatial period that is defined as

Λ =
λ

2sin(β/2)
(3.31)

where

Λ = Unique spatial period.
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λ = Wavelength.

β = Angle between incident beams.

An illustration of the two-beam interference process is depicted in

Fig. 3.41. The superposition of the two beams in a line-like pattern

on the surface creates a textured pattern at the interference maxima

positions. The energy intensity distribution of a line-like pattern is

described as

Φ(x, y) = 4F0cos

(
kxsin

(
θ

2

))
at z=0 (surface), (3.32)

where

F0 = Laser fluence of each beam.

k = 2π/λ = Wave number.

Figure 3.40: Simulations of interference patterns that can be obtained with the system:

(A and B) Gratings obtained using two beams with different angles of

incidence. (C-E) Arrays of dots originated by three-beams with different

angular positions. (F and G) Arrays of dots originated by four-beams

with different angles of incidence.(H-J) Arrays of dots/holes originated by

four-beams with different angular positions. Source: Rodriguez et

al [Rodriguez, 2009]
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Figure 3.41: Illustration of DLIP for two incident beams.

thus by considering a temporal intensity distribution of the laser

pulse as a Gaussin shape it is obtained

I(x, y, t) =
Φ(x, y)

σ
√

2π
e−

(t−t0)
2

2σ2 (3.33)

for a standard deviation σ.

DLIP technique is used to fabricate pillar-like structures on Al2024

through picosecond laser irradiation. The manufacturing process for

hierarchical structures was performed three weeks posterior to the

DLW process, during this time, samples were kept in room conditions

exposed to air. The fabrication included a Q-switched EDGEWAVE

picosecond solid-state Innoslab Nd:YVO4 with a pulse duration of 10

ps at 1064nm of wavelength while using a repetition rate of 1kHz.

The laser setup is displayed in Fig. 3.42, in this setup a beam

splitter divides the original beam in to two ”sub-beams” that latter are

overlapped on the material’s surface using a converging lens to focus

on the surface. A prism located in the setup defines the overlapping

angle of the two beams and subsequently the spatial period of the
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Figure 3.42: The IR picosecond laser from Fraunhofer located at the Technical

University of Dresden.

Table 3.7: DLIP IR ps laser process parameters.

Wavelength, λ (nm) 1064

Pulse duration, T (ps) 10

Average laser power, PL (mW) 89 - 293

Interference area diameter, D (µm) 160

Laser fluence, F (J.cm−2) 0.44 - 1.46

Pulse energy, E (µJ) 89 - 293

Repetition rate, fp (kHz) 1

Spatial period, Λ (µm) 2.58, 5.8

Scan speed, V (mm.s−1) 1.6 - 68.8

interference maxima peaks. The line-like pattern is formed on a laser

interference with a diameter of 160 µm. For the fabrication of pillar-

like structures , firstly the sample is irradiated with a line-like structure

in one direction, posterior to this, the sample is rotated by 90◦in the X-

Y plane and re-irradiated. The pillar-like structures were chosen over

line-like due to their isotropic wettability response. The laser process
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parameters used to pattern the pillar-like structures are displayed on

Table 3.7.



Chapter 4

Results and discussion

In this chapter, the results obtained during this thesis work are presen-

ted. Studies on the influence of laser parameters on structural dimen-

sion are firstly shown. In this section, microcell structures are pat-

terned via DLW using both IR and UV nanosecond lasers. In the end

part of this section, hierarchical structures are produced via a combin-

ation between DLW and DLIP. The next part of this chapter shows

the development of a detailed study on contact angle values for all the

patterned samples and their evolution in time. Additionally, in the

subsequent section the chemistry of the surface is also analysed and

the phenomenon of hydrophilic to hydrophobic transition is more thor-

oughly explained. Posteriorly, anti-corrosion studies on both microcell

and hierarchical structures are performed and their results explained.

In the end anti-icing studies are performed on the iCORE wind tunnel

and ice adhesion strength tests are developed.

4.1 Microstructure analysis

The fabrication process of microcells is in summary given by cross

hatching surfaces that are patterned by laser ablating in two perpen-

dicular directions.

131
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4.1.1 Microcells via IR ns DLW technique

Firstly, the manufacturing procedure of microcells is used via DLW

on a IR ns laser source, the procedure was described in section 3.3.5.

Arrays of 25 mm2 fields are textured on Al2024 plates. For the

process of the samples, two different scanning speeds are used, thus

it is important to comprehend that wen lower scan speed values are

used, the number of pulses per spot increases. This effects also causes

higher energy accumulation on the surface. So, for a repetition rate

of 100 kHz with a laser spot diameter of 35 µm the number of pulses

and the overlapping factor were estimated through:

OF =
2

πD

Darccos

(
d

D

)
− d

√
1−

(
d

D

)2

 (4.1)

where

OF = Overlapping factor.

d = Vc/fp = Pulse to pulse distance.

Vscan = Scan speed.

fp = Frequency of pulses.

This formula is trigonometrically obtained by considering the circu-

lar shape of the output beam. Typical overlapping factor calculations

threat the beam as a square shape which presents slightly overestim-

ated values. For a fixed repetition rate of 100 kHz, while using 100

mm.s−1 of scan speed, the estimated number of pulses per spots is

35, thus the pulse overlap is 96.4 %. Decreasing the scan speed to 40

mm.s−1 the number of pulses per spot then increases to 87, for a total

estimation of 98.5 % of pulse overlap.

Fig. 4.1 shows the SEM analysis of the patterned microcell struc-

tures. The images depict that as the center of the pulsed area is
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Figure 4.1: SEM images of microcells patterned with 100 kHz of repetition, 100

mm.s−1 of scan speed, 100 µm of hatch distance(top row): laser fluence

1.56 J.cm−2 (a) and 2.08 J.cm−2 (b); and a hatch distance 50 µm (bottom

row): laser fluence 1.56 J.cm−2 (c) and 2.08 J.cm−2 (d).

Figure 4.2: Confocal microscopy of microcell patterns performed with a IR ns laser

source. Laser parameters: 100 mm.s−1 of scan speed, 100 µm of hatch

distance and laser fluence 2.08 J.cm−2.
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vaporized and melted, it creates grooves, with the appliance of relat-

ive motion, channels are then fabricated. During this phenomenon,

molten material is accumulated on the sides of the channel, which

created the microcell structures.

In Fig. 4.2 a confocal microscopy measurement depicts the cross

section profile of the microcell. The presence of valley and peak struc-

tures is notoriously observed and results show that there is a regular

pattern of periodical microcells.

On a more detailed observation of Fig. 4.1, one can observe that

when laser fluence was increased, there was a higher presence of melted

Figure 4.3: SEM images of microcells patterned with 100 kHz, 40 mm.s−1 of scan

speed, 100 µm of hatch distance(top row): laser fluence 1.56 J.cm−2 (a)

and 2.08 J.cm−2 (b); and a hatch distance 50 µm (bottom row): laser

fluence 1.56 J.cm−2 (c) and 2.08 J.cm−2 (d).
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and ejected material, this effect also created higher structural dimen-

sions (higher depth and height). Spherical shaped particles that result

from the resolidification of expelled liquid jets during the vaporization

phase are also greatly increased with higher fluence values.

Switching the scan speed from 100 mm.s−1 to 40 mm.s−1 the same

behaviours can be detected. Fig. 4.3 shows SEM images of laser struc-

tured surfaces that were patterned with a scan speed of 40mm.s−1,

laser fluence of 1.56 and 2.08 J.cn−2 and hatch distances of 50 and

100 µm. By observing the micrographs, it is clearly noticeable that

reducing scan speed enlarged the amount of ejected and molten ma-

terial. When these samples are patterned with a laser fluence of 1.56

J.cm−2, it is observed that recast material near the channels is largely

present, and partially covering the created channels. When fluence is

increased this effect is even more noticeable, and material starts to

partially fill the channels, thus decreasing the depth of the patterned

microcells. Additionally, when the hatch distance is decreased, it is

Figure 4.4: Example of a topography cross section profile measurement where the

pillar heigh and width and channel depth are analysed.
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observable that the ejected material during the ablation process starts

to deposit on adjacent formed walls, which decreases the homogeneity

of the surfaces and leads to a higher presence of uncontrollable thermal

damage effects.

It is therefore important to analyse and understand the influence of

varying scan speed and fluence on structural dimensions. The dimen-

sions of the microcell structures are analysed via CLSM, from these

measurements, the values of channel depth (D), pillar height (H) and

width (W) are retrieved, see Fig. 4.4. In order to fully comprehend the

effects of laser parameters on the measured dimensions, the laser accu-

mulated fluence is studied [Scorticati, 2012], this parameter conjugates

both scan speed, fluence and repetition rate, providing information of

the total fluence that is irradiated into the sample per spot diameter.

F tot
0 = F0 ×

OS

1−OF
⇒ F tot

0 ∝
F0 × f
Vs

(4.2)

where

F0 = Pulse fluence.

OS = Number of overscans.

In order to meet industrial requirements, the patterning process is

performed in a single pass, thus OS = 1. By observing eq. 4.2 the

total accumulated fluence is then directly proportional to the pulse

fluence and repetition rate, while being inversely proportional with

the scan speed.

Correlating the laser parameters with the microcell dimensions,

Table 4.1 reports the measured values of pillar width, height and

channel depth. During the measurements a phenomenon is visual-

ised, inside the channel structures another formation of holes can be

detected, which increases the deviation of depth measurement values.
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Table 4.1: Structural dimensions of samples patterned with the processing laser

parameters.

Scan speed, V (mm.s−1) 100 40

No. of pulses (units)/ OF (%) 35/96.4% 87/98.5%

Laser fluence, F (J.cm−2) 1.56 2.08 1.56 2.08

Laser accumulated fluence, F (J.cm−2) 42.83 57.11 106.79 142.38

Range of channel depth (µm) 2.5 - 4.5 9.4 - 9.8 N/A 2.8 - 3.4

Range of pillar height (µm) 3.3 - 3.9 6.5 - 7.9 6.2 - 8.3 7.8 - 8.0

Range of pillar width (µm) 6.7 - 7.2 8.4 - 9.2 8.5 - 9.7 5.6 - 10.5

Posterior to the microcell dimensions assessment, it is important

to recall that the microwalls, formed by consecutive pillar formations,

will be the primary contact with water droplets during contact angle

measurements. Therefore, the dimension values of the microwalls are

analysed and correlated with the laser parameters. For this study, it

is important to analyse both pillar heigh and width, as they define the

amount of recast material that was ejected during the ablation process.

In order to quantify this amount the cross-section of microwalls is

analysed and the values of their height and width are multiplied. This

analysis approximates the area of the micropillars to a rectangle and

will correlate the microwalls dimensions with the laser parameters.

Table 4.2: Microwall/recast area (µm2) analysis for different laser accumulated fluence

and hatch distance values.

Laser accumulated fluence, F (J.cm−2)

Hatch distance (µm) 42.83 57.11 106.79 142.38

40 44.93 84.74 92.81 144.27

50 26.92 67.67 70.54 82.46

75 26.35 58.48 76.93 83.35

100 22.41 54.43 55.96 44.12
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Figure 4.5: Recast area in relation with laser accumulated fluence for different hatch

distances.

The measured values for pillar area are shown in Table 4.2.

In Fig. 4.5 the relation between the microwalls area and the laser

accumulated fluence is displayed. For the lowest estimated accumu-

lated fluence, samples were evidently less ablated, thus a fewer amount

of material is removed from the surface and consequently a lesser re-

cast area is measured. When the values of laser accumulated fluence

are at maximum, the amount of ablated material is higher, however,

an excess of energy is verified and the shape of the microwalls is

uncontrollable. Due to the greater amount of molten material, the

volume of ejected liquid metal that is pushed to the channel’s sides is

so high that the walls are significantly widened and part of the ma-

terial slides back inside the channel formations. For low volumes of

accumulated fluence, the structures are sharper and microwalls present

more height/width ratio which theoretically is preferred to improve air

trapping effects due to a more close-packet formation.
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4.1.2 Microcells via UV ns DLW technique

The manufacturing procedure for the pattern of microcell structures

via an UV ns laser source through DLW technique was described in

section 3.3.4.

On the bare samples of AL2024, arrays of 1 cm2 are textured. Dur-

ing the process, the laser fluence and hatch distance values are varied

in order to create microcell structures with different dimensions. These

structures are created using the same basis on thermal damage effects

that are also present in the previous fabrication process.

Through SEM measurements, the patterning of microcell structures

is verified, Fig. 4.6 depicts the resulting structures. Observing the im-

ages and comparing with the obtained results for IR DLW patterning

on Figs. 4.1 and 4.3, one can observe that firstly, samples patterned

with an UV source present a substantially greater amount of spherical

liquid jet particles that are expelled during the ablation process. Also,

due to the laser source and integrated micromachining system char-

acteristics shorter periodic gap distances, or hatch distance values are

achievable. This is an important feature, as low hatch distance values

Figure 4.6: SEM images of microcell patterns generated via DLW UV ns pulsed laser

ablation. Laser parameters: 80 mm.s−1, (a) 170 mW avg. power, 15 µm

hatch distance and (b) 354 mW avg. power, 25 µm hatch distance. Tilted

view: 45 ◦
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Figure 4.7: Comparison between wall height and fluence for DLW UV ns laser

patterned samples with different hatch distances.

are preferred due to a more even distribution of the Laplace pres-

sure [Jagdheesh, 2016b]. Additionally, it was observable on the IR

ns DLW patterning that inside the channels there was an additional

formation of holes. This effect is not verified on UV ns DLW pattern-

ing which increases the homogeneity of the resulting patterns. Finally,

through confocal microscopy and SEM measurements it is possible to

verify that the structures have sharper features and wall formation

grow more vertically. Analysis of results while increasing fluence al-

lows to verify that wall height saturates and instead of highly widening

the walls like it was previously observed, the SEM measurements show

that a greater amount of expelled material is present.

Fig. 4.7 depicts the saturation of wall’s height for higher fluence

values. The phenomenon is due to increasing thermal effects that

create higher volumes of molten material and liquid jet particles. Even

though the thermal laser material interaction is the key to fabricate

such patterns, as an amount of material is vaporized, another part is

molten into a pool which can assemble and solidify on the sides to
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form pillars. Other possible effects also include the material sliding

back inside the channels and onto the center region of the cells, or

being expelled randomly into the surface in the form of liquid jets.

Such uncontrollable effects are more noticeable when the used fluence

is higher which causes increased thermal damage.

Analyzing the measurements of wall height it can be observed that

for lower fluence values the resulting microcells have less measured

height. These structures present overall more defined and regular

structures, as there is a lesser amount of molten material, less ejec-

ted liquid jet particles and re-deposition on adjacent walls are also

visualized. However, when fluence is at its highest, there is a notice-

able higher presence of sphere shaped particles. These are scattered

across all the surface and increase the variation on the measured wall’s

height, thus decreasing the overall non-homogeneity of the surface.

4.1.3 Hierarchical structures via DLW and IR ps DLIP tech-

nique

The next fabrication process is performed to develop hierarchical struc-

tures on Al2024. For this purpose two distinct laser techniques are ap-

plied, DLW and DLIP. The DLW process was stated on the previous

section and the samples that are used in this manufacturing process

are produced via the same procedure. The DLIP technique is applied

using the conditions stated in section 3.3.6.

DLIP structures are fabricated on Al2024 through the usage of pico-

second laser irradiation. Periodical structures are patterned with two

distinct spatial periods (2.6 and 5.8 µm). The pulse-to-pulse overalp is

varied in the parallel direction to the line-like patterns, this variation

allows to control the structural depth of the patterned features. Due

to the relatively high spot diameter of the pulse, the pulse-to-pulse

overlap (OV) can simply be calculated without considering the shape

of the output beam. The following formula uses d as the pulse-to-pulse



142 Results and discussion

Figure 4.8: Overlap percentages as a function of the mean depth using confocal

microscopy, for samples patterned with a two-beam configuration (line-like)

via picosecond DLIP. (fp = 1 kHz, F = 1.46 J.cm−2)

distance and φ as the diameter of the interference area:

OV =

(
1− d

φ

)
· 100 (4.3)

Observing Fig. 4.8 shows the variation of the structure depth as a

function of the calculated pulse to pulse overlap. It is observable that

structure depth did not vary until overlap values that are higher than

90 %. Overlap values in the range of 90 % and 99 % allow to control

the dimensions of the patterned structures. This range of percentage

values corresponds to a variation of 10 to 100 pulses per spot, this

results in an accumulated fluence of 14.6 J.cm−2 and 146 J.cm−2,

respectively. Furthermore, it is also observable that for a spatial period

of 5.8 µm the measured depth is higher than the measured for 2.6

µm for every corresponding percentage value. This phenomenon is

explained by the difference between the two interference maxima in
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the two-beam interference pattern, this causes a partial ablation of

the adjacent patterned structure, and additionally, it also increases

the heat accumulation effect which augments the amount of liquid

phase.

In a second set of experiments, optimization of the fabrication of

pilla-like structures is performed. The samples are irradiated in a line-

like pattern with a maximum fluence of 1.46 J.cm−2 and an overlap

of 99 %. Subsequently the substrate is rotated by 90 ◦, the second

irradiation is then carried out with the same overlap percentage. The

fluence of the second pulses is varied in order to find the optimal para-

meters. The corresponding fluence value is then fixed at 1.18 J.cm−2,

which is equal to 81 % of the first pulse fluence. Higher values of laser

fluence showed that the previous line-like pattern is destroyed, which

diminished the sample’s homogeneity. Fig. 4.9 depicts the measured

depth as a function of the overlap for cross-like structures that are

patterned with spatial periods of 2.6 µm [Fig. 4.9(a)] and 5.8 µm

[Fig. 4.9(b)].

In order to perform the measurements on the samples, three distinct

directions are observed, horizontal, vertical and diagonal. The first

Figure 4.9: Mean depth measurements of cross-like structures as a function of the

overlap values between 90 - 99 %, (a) Λ = 2.6 µm, F = 1.18 J.cm−2 and

(b) Λ = 5.8 µm, F = 1.46 J.cm−2.
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corresponds to the depth at the interference maxima created by the

first line-like irradiation, vertical measures the depth related with the

second perpendicular pattern and the last retrieves information on

the maxima-maxima position of the pillars [AguilarMorales, 2018].

For both spatial periods the overlap percentage value of 95 % shows

similar values of vertical and horizontal depths, with a pillar aspect

ratio of 0.46 and 0.34, for 2.6 µm and 5.8 µm, respectively. The

identical measured depth values ensures that the second irradiation is

not erasing the structures patterned by the first passage.

To pattern the hierarchical structures, the unique spatial period of

2.6 µm is chosen in order to obtain a higher number of microstructures

in the bare center region of the microcell. The combination of DLW

and DLIP techniques allows the formation of innovative and unique

laser patterned surfaces that possess multi-scale hierarchical struc-

tures. Posterior to microcell formation via the UV DLW described

process, DLIP technique is applied on the patterned formations. The

parameters of this process were previously stated in Table 3.7 and

after the optimization procedure the unique spatial period is fixed at

2.6 µm and the overlap at 95 %.

During the procedure for the fabrication of hierarchical structures,

on the DLIP phase, the parameters that were set for fluence during the

study for cross-like formation are not viable for when the patterning is

applied on previously formed microcells. Changes into the absorption

of the surface during the microcell formation on the DLW process

restrict the chosen parameters on the DLIP phase. When using the

set fluences of 1.46 J.cm−2 and 1.18 J.cm−2, for the first and second

pulse, respectively, it is observable that the DLIP formation destroys

the microcell structures, thus hindering the creation of hierarchical

structures. Therefore, a new study is performed with line-like features

on top of the patterned microcell structures. The pulse fluence is then

fixed at 0.44 J.cm−2, which is the the maximum fluence for which
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the DLIP structures do not destroy any previous formation. This

value corresponded to 30 % of the original chosen fluence that was

set during the DLIP process on bare unprocessed samples. In order

to create cross-like micropillar structures, the fluence of the second

pulse is then calculated on the same proportion that was set during

the previous study, thus fixing at 0.36 J.cm−2.

In Fig. 4.10 SEM images of the laser patterned hierarchical struc-

tures are depicted. As it can be observed, there is a defined form-

ation of pillar-like structures (cross-like DLIP pattern) within each

previously textured microcell. The microwalls that are created dur-

ing the DLW process are still present after the patterning with DLIP.

Moreover, the overall structure is cleaned of liquid jet particles that

were once present, thus increasing the homogeneity of the surface.

Figure 4.10: SEM images of samples patterned with hierarchical structures, via

combination of DLW and DLIP techniques, using a hatch distance of: (a)

17 µm and (b) 35 µm (DLW: wavelenght: 355 nm, pulse duration: 15 ns,

repetition rate: 100 kHz, fluence: 1.28 J.cm−2, scan speed: 80 mm/s,

DLIP: wavelenght: 1064 nm, pulse duration: 10 ps, repetition rate: 1

kHz, fluence for the first irradiation: 0.44 J.cm−2, fluence for the second

irradiation: 0.44 J.cm−2, spatial period: 2.6 µm, overlap: 95 %; tilted

view: 45 ◦)
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4.2 Stactic water contact angle characterization

Initially, right after patterning, samples present a highly hydrophilic

behaviour. Contact angle measurements allow to visualized an imme-

diate spread of the droplet once it touches the textured surface. Bico

et al. [Bico, 2002] reported that posterior to the patterning, samples

behave like a 3D porous medium as metal oxides are extremelly hy-

drophilic.

4.2.1 Wettability transition

In order to fully comprehend the wettability transition of a sample

from its initial hydrophilic state to superhydrophobic a study of the

static water contact angle (SWCA) evolution in time is performed,

additionally, the influence of the sample storage conditions is also ana-

lyzed in order to know its influence. Samples patterned with IR ns

DLW process are used for this purpose, the details of the fabrication

process and microcell analysis are stated in sections 3.3.5 and 4.1.1,

respectively. For this purpose a first sample group of texturized plates

is composed by 4 equal Al2024 plates that are each patterned with

laser fluence of 1.56 and 2.08 J.cm−2, scan speed of 100 mm.s−1 and

a varying hatch distance value between 40 and 100 µm. Posterior

to the laser patterning, samples are stored inside polyethylene bags,

((C2H4)n), and are analyzed in a regular basis for a total period of 22

days.

To perform the SWCA measurements, one sample is wet in every

day of measurement and the remaining three samples are measured

in a rotational system, thus switching between them in an order such

as 1, 2, 3, 1, 2 and so on, in order to only measure two samples per

day. The original, as-received, non-laser patterned reference Al2024

samples shows a SWCA of 94.63 ◦ ± 3◦
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Figure 4.11: Comparison of SWCA values in time between samples that are patterned

with 100 kHz of repetition rate, 100 mm.s−1 of scan speed, 1.56 J.cm−2

and 2.08 J.cm−2 of laser fluence and 40 µm of hatch distance. Samples

that are consistently tested in every measurement are marked as ”repeat”

and the samples that are measured in a rotational process are marked as

”new”. All samples are stored inside polyethylene bags.

In Fig. 4.11 information related to the SWCA evolution in time is

depicted. In the first few days of measurements that are highlighted

by the blue outline, by analyzing the results for the same fluence, it

is observable a difference in behaviour on the repeatedly wet samples.

The Al2024 patterned texture areas have higher contact angle values

for both laser powers on the repeatedly tested samples. This is pos-

sibly explained by a combination between more frequent exposure of

the sample to ambient air, hydroxilation of the surface [Gentleman,

2010] and chemical adsorption of ions that can be naturally present

in pure water [Brand, 2004]. Additionally, for the patterns that are

measured in a rotational system it is observable that hydrophobic

properties appear faster for surfaces that are irradiated with less ac-

cumulated fluence. Posteriorly to 15 days span, all samples present an

equal superhydrophobic behaviour. Due to the distinct results that
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Figure 4.12: Evolution in time of SWCA values for samples that have a measured

recast area of 22.41 (F: 1.56 J.cm−2, HD: 100 µm), 44.93 (F: 1.56 J.cm−2,

HD: 40 µm), 54.43 (F: 2.08 J.cm−2, HD: 100 µm) and 84.74 µm2 (F: 2.08

J.cm−2, HD: 40 µm). Patterns are measured in a rotational process and

stored in polyethylene.

were observed showing differences in SWCA evolution in time for the

rotationally measured samples, this case is further analyzed to define

which laser parameters can assure better SWCA values and a quicker

hydrophobic transition.

Fig. 4.12 depicts the SWCA values for samples that are patterned

with 1.56 and 2.08 J.cm−2 of laser fluence and 40 and 100 µm of hatch

distance. Observing this graph, it can be noticed that patterns which

possess less recast area achieve hydrophobic properties sooner than

patterns with higher wall areas. Posterior to 15 days after the laser

processing, all samples presented superhydrophobicity, however it is

important to point that samples which are measured with a pillar area

of 22.41 µm2 presented a decay in the final measured SWCA value.

Such effect is explained by the high hatch distance which is present in

this texture. Large periodic gaps between structures have been proved
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to be less efficient on achieving high contact angles. Mainly due to a

greater exposure of hydrophilic non-patterned areas that are located

in the center of the microcell, and inefficient air trapping effects. This

allows to conclude that after the transition from hydrophilic to hy-

drophobic, in a final stage when the values of SWCA are stabilized

and do not increase any further the most defining factor is the struc-

tural dimensions. These results are in conformity with the discoveries

reported by Jagdheesh et al. [Jagdheesh, 2016a].

Posterior to the analysis of samples that are stored inside plastic

polyethylene bags, a study on the behaviour of samples for different

storage conditions is performed. For this purpose, multiple samples

are patterned with identical processing parameters and are each stored

inside a different polystyrene box, see Fig. 4.13. The boxes are then

maintained closed inside a lab environment where they are only opened

in order to perform wettability measurements.

During the SWCA measurements, the first two texturized plates are

always repeatedly measured and each time two new samples are used,

these are still left untouched since the laser patterning process. This

way, the effect of repeatedly wetting the samples on the hydrophobic

transition is studied. For this study, samples are processed with 100

Figure 4.13: Example of the used (a) polyethylene bag and (b) polystyrene box storage

conditions.
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Figure 4.14: Evolution in time of SWCA values of samples patterned with 100 kHz

repetition rate, 100 mm.s−1 scan speed, 1.56 J.cm−2 laser fluence and 75

µm of hatch distance. Displayed in black and red (samples R1 and R2),

patterns are repeatedly measured and in blue and gree (samples N1 and

N2) two new patterns are measured each day. All samples are stored

inside polystyrene boxes.

kHz repetition rate, 100 mm.s−1 scan speed, 1.56 J.cm−2 laser fluence

and 50, 75 and 100 µm of hatch distance. The hatch distance value is

varied in order to compare the behaviour for multiple periodic gaps.

Fig. 4.14 shows the SWCA values of samples with a hatch distance

of 75 µm of hatch distance. Obtained results for the other hatch dis-

tance values also show a similar behaviour to the ones depicted on the

graph. SWCA confirm that repeatedly wet samples primarily achieve

hydrophobic properties. However, a new effect is now visualized where

non-previously wet samples show that the hydrophobic transition pro-

cess stagnates. Results show that these surface present a random

behaviour, and no tendency to increase the contact angle, only one

occurrence after 37 days of the patterning showed hydrophobic prop-

erties. Additionally, when comparing with the results obtained for the

storage inside polyethylene bags, it can be observed that hydrophobic



José Tiago Cardoso 151

Figure 4.15: SWCA values measured after 8, 17 and 27 days of laser patterning

samples with 100 kHz of repetition rate, 100 mm.s−1 scan speed, 1.56 and

2.08 J.cm−2 laser fluence and 50, 75 and 100 µm of hatch distance. The

patterned samples are measured every time and plates are stored inside

polystyrene boxes.

properties appear later for the polystyrene storage condition.

Observing Fig. 4.15, it is observable that the amount of recast ma-

terial influences the hydrophilic to hydrophobic transition. For wall

areas above the 50 µm2 mark, even posterior to 27 days, samples

presented hydrophilic behaviour (highlighted by a green box). This

phenomenon indicates that the use of high fluence values particularly

with small hatch distances is not favorable to obtain hydrophobic ef-

fects in Al2024 samples.

In order to compare distinct storage conditions effects on the wet-

tability transition of the laser patterned samples, a new set of Al2024

plates is textured. A laser fluence of 1.56 and 2.08 J.cm−2, a scan

speed of 40 and 100 mm.s−1 and a hatch distance of 50 µm are used.

Posterior to the patterning process the samples are stored in a labor-
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Figure 4.16: Comparison of SWCA values measured after 4 and 8 days for samples

with different recast area that are exposed to lab ambient air.

atory environment exposed to air.

In Fig. 4.16 the contact angle measurements of the patterned samples

are depicted. Results show that only after 4 days superhydrophobic

properties are obtained. Additionally, in conformity with previous dis-

coveries, this value is also obtained for the sample which has the less

recast area. The phenomenon can be explained as during the laser ab-

lation, organic molecules that are attached to the bare samples from

atmospheric contamination are removed. Brand et al. [Brand, 2004]

reported that organic molecules present on aluminium oxide surfaces

are not removable with chemical solvents, thus non-patterned areas

still present hydrocarbons even after cleaning the sample with eth-

anol. When the laser ablation occurs and microcells are formed, the

recast material is composed of new aluminium oxides that are highly

hydrophilic. The walls that compose the microcell structures, are dir-

ectly in contact with the dispensed water droplets, thus their initial

high surface energy and polarity, which come from the oxides, greatly
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Figure 4.17: Comparison of SWCA values of samples that are patterned with 100 kHz

of repetition rate, 100 mm.s−1 scan speed, 1.56 J.cm−2 laser fluence, 40

µm of hatch distance for the sample stored in polyethylene bag and 50

µm for the sample kept inside a polystyrene box and exposed to air. All

samples are repeatedly wet in every measurement.

attracts the water molecules, this explains the initial high degree of

hydrophilicity.

The hydrophilic to hydrophobic transitions starts when in the newly

formed aluminium oxide there is a quick adsorption of surface hy-

droxyls from water molecules that are present in the air. These will

constitute a primary bound to organic functional groups, that are non-

polar, have less surface energy and subsequently, highly hydrophobic.

Thus, when during the ablation process, the amount of recast mater-

ial is higher, or the walls are bigger and wider, the formation of new

oxides on the surface is more noticeable, which does not favor the hy-

drophobic transition. This is mainly due to the exposing of a greater

area of hydrophilic material that will consequently require a superior

amount of time to achieve hydrophobic effects.
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Fig. 4.17 depicts the comparison of the obtained results for samples

that are patterned with 100 kHz of repetition rate, 100 mm.s−1 scan

speed, 1.56 J.cm−2 laser fluence. By analyzing the data, it can be

observed that storage conditions greatly influence the hydrophilic to

hydrophobic transition. Samples that are stored in a laboratory envir-

onment, exposed to ambient air, present hydrophobic properties much

sooner than the remainder. Even though the presented sample of poly-

ethylene storage condition has a 40 µm hatch distance, and thus higher

recast area than the others, in previous Fig. 4.12 it is noticeable that

the hydrophobic transition is delayed when compared to air exposure.

Subsequently, the sample that is stored inside a polystyrene box did

not achieve hydrophobic properties for a 15 day span. These notorious

differences between the results for distinct storages can be explained

by the frequency in which a surface contacts with air. Samples that

are kept in polystyrene are stored with a reduced volume of air that

is sealed. Adsorption of water vapour and organic molecules present

from the environment is then minimized as air flow is extremelly re-

duced. Samples that are stored inside polyethylene bags are sealed

with a ziplocker, thus not guaranteeing an airtight packaging, which

can allow for minimal airflow. Additionally, final SWCA values for the

polystyrene box samples did not reach values as high as the ones that

are presented for samples stored inside bags and exposed to air. Even

at 37 days posterior to the processing the values are recorded to be

below the superhydrophobic mark, measured at 140.52 ◦, remarkably

lower than the 170.73 ◦measured after 22 days for samples stored in

polyethylene bags.

Storage conditions are then proved to be a defining factor in the

hydrophilic to hydrophobic transition, mainly due to the presence of

air flow, since the samples exposed to ambient air are the fastest to

achieve hydrophobic properties. The distinct behaviour between stor-

age conditions is also attributed to a more efficient air seal by the poly-
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styrene box when compared to the polyethylene bags. Additionally,

polystyrene has a longer organic chain (C8H8)n than the low-density

polyethylene (C2H4)n that constitutes the bags. Due to structural

defects on the polymer, large pores are present in a much higher con-

centration for long chains, thus polystyrene is more prone to absorb

and retain organic molecules from the atmosphere [Larmann, 1983].

At both polymers are non-polar, they absorb water in minimal quant-

ities and constitute a good barrier to H2O [Sangaj, 2004]. Considering

that the polystyrene boxes have a more thicker volume than the poly-

ethylene bags, the combination of all the described factors with these

conditions, leads to a stagnation of the hydrophilic to hydrophobic

transition.

4.2.2 Wettability of hierarchical structures

In order to assess the wettability properties of laser patterned hierarch-

ical structured Al2024 samples, SWCA measurements are performed.

Tests that are performed 9 weeks after the patterning process, found

that the samples are ultrahydrophobic when a water droplet volume

of 8 µL is dispensed on the surface and it does not attach. Thus, two

distinct volumes of 8 and 10 µL are used during the whole wettabil-

ity assessment. A reference as-received non-patterned Al2024 shows

a mean contact angle of 109.5 ◦ ± 3◦ and 89.15 ◦ ± 3◦ for a droplet

volume of 8 and 10 µL, respectively.

In section 4.1.3 the microstructure analysis of hierarchical struc-

tures was presented. The wettability assessment is performed via

SWCA measurements on the patterned hierarchical sasmples. Fig. 4.18

depicts the relation of SWCA values of hierarchical structured samples

and the laser fluence used during the DLW process. In conformity

with previous discoveries, results show that pattern that are textured

with higher laser fluence values possess lower contact angle values. In

particular, on the 20 µm samples, a clear variation on the trend is
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Figure 4.18: SWCA measurements on hierarchical structured samples in relation to the

fluence used during the DLW process for different hatch distances, tests

are performed one week posterior to the DLIP process. (DLW:

wavelength: 355 nm, pulse duration: 15 ns, repetition rate: 100 kHz, Scan

speed: 80 mm.s−1, DLIP: wavelength: 1064 nm, pulse duration: 10 ps,

repetition rate: 1 kHz, fluence for the first irradiation: 0.44 J.cm−2,

fluence for the second irradiation: 0.36 J.cm−2, spatial period: 2.6 µm).

observed, the phenomenon is due to the thermal interaction during

the DLW process. Due to redeposition of recast material on adja-

cent pillars, when the hatch distance is lower and incident fluence is

high, a greater amount of material is redeposited on nearby previously

formed microcells, thus decreasing the homogeneity of the periodic

structures. Such effect along with a slower hydrophobic transition

also explains the fact that SWCA values are lower for when the flu-

ence is the highest. Nevertheless, by increasing the hatch distance to

20 µm there is less redeposition on adjacent walls due to the wider

gap, and at this case a higher fluence value is actually beneficial in

order to create well defined microcells that are able to more effectively

increase the contact angle.
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Figure 4.19: SWCA measurements of hierarchical structured samples, (a) HD: 15 µm,

droplet volume: 8 µL, time after patterning: 1 week; b) H.D:: 15 µm,

droplet volume: 10 µL, time after patterning: 10 weeks (DLW:

wavelength: 355 nm, pulse duration: 15 ns, laser fluence: 0.96 J.cm−2,

repetition rate: 100 kHz, Scan speed: 80 mm.s−1, DLIP: wavelength:

1064 nm, pulse duration: 10 ps, repetition rate: 1 kHz, fluence for the

first irradiation: 0.44 J.cm−2, fluence for the second irradiation: 0.36

J.cm−2, spatial period: 2.6 µm).

Fig. 4.19 shows SWCA measurements of hierarchical structured

samples, the first wettability assessment is performed one week pos-

terior to the hierarchical patterning process, thus after DLIP. In this

measurement 8 µL droplet volumes are used in order to evaluate the

wettability properties of the patterned samples. In Fig. ??(a) it can

be observed the behaviour of a sample patterned with 15 µm of hatch

distance. One week posterior to the DLIP patterning, the samples

is found to be superhydrophobic with a mean SWCA value of 161.5
◦ ± 3◦. In other measurements, surfaces that are patterned with 35

µm of hatch distance show distinct behaviours. These samples presen-

ted a maximum SWCA value of 110.4 ◦ ± 3◦, this phenomenon was

previously explained by the inefficient wettability behaviour of higher

hatch distance values.

The second set of experiments is performed 10 weeks posterior to

the laser processing. Ten weeks after the laser processing, a superhy-

drophobic behaviour is also visualized for the 15 µm of hatch distance
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Figure 4.20: Static contact angle measurements of hierarchical structured samples

patterned with a hatch distance of 17 µm, a) avg. power: 170 mW,

droplet volume: 8 µL, time after patterning: 1 week; b) avg. power: 290

mW, droplet volume: 8 µL, time after patterning: 1 week. (DLW:

wavelength: 355 nm, pulse duration: 15 ns, repetition rate: 100 kHz, Scan

speed: 80 mm.s−1, DLIP: wavelength: 1064 nm, pulse duration: 10 ps,

repetition rate: 1 kHz, fluence for the first irradiation: 0.44 J.cm−2,

fluence for the second irradiation: 0.36 J.cm−2, spatial period: 2.6 µm).

sample , in this measurement 8 µL droplets are dispensed on the sur-

face, however, the droplet does not stabilize and rapidly falls of the

surface. Due to this effect, the surface is considered to be ultrahy-

drophobic, and the droplet volume is changed to 10 µL. Fig. 4.19(b)

shows the SWCA measurement of the hierarchical structured sample

with 15 µm, a mean contact angle of 156.4 ◦ ± 3◦ is measured. At

this time, samples that are patterned with higher hatch distance val-

ues of 35 µm present a SWCA of 134.1 ◦ ± 3◦, this relative low value

is expected due to the correlation between the increased volume and

the droplet weight, which greatly increases the surface tension.

Fig. 4.20 depicts the SWCA measurements of hierarchical struc-

tured samples that are patterned with a hatch distance of 17 µm.

Surfaces that are present in Fig. 4.20(a) and (b) are patterned with a

laser fluence value of 0.96 and 2 J.cm−2, respectively. Analysing the

retrieved pictures from the measurements, it is opservable that for the

same droplet volume there is a clear distinction between the measured
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contact angle values. In conformity, with the previously presented res-

ults, samples that are irradiated with higher fluence values present a

slower hydrophobic transition, even for the case of hierarchical struc-

tured surfaces. Nevertheless, for measurements effectuated 10 weeks

posterior to the laser processing, similar values of SWCA values are

obtained for both surfaces, thus all samples reach a superhydrophobic

state after a certain period of time.

4.3 Analysis of surface chemistry

Posterior to completing the studies on the influence of laser paramet-

ers on the microstructural dimensions and on the contact angle, it is

important to perform a more in-depth assessment of the hydrophilic

to hydrophobic transition and the changes on surface chemistry.

The second reason for superhydrophobicity transition, besides the

micromachining of the surface, was reported by Long et al. [Long,

2015b] to surface chemistry changes on metal oxides. To understand

the behaviour of Al2024 posterior to laser processing, XPS meas-

urements are performed on three distinct samples: a reference non-

patterned sample, a sample that is processed one day before the meas-

urement and stored inside a polystyrene box, thus hydrophilic, and

finally a superhydrophobic sample. Microcell patterns on the surface

are performed following the parameters described on section 3.3.5, and

samples are patterned with 100 kHz repetition rate, 1.56 J.cm−2 laser

fluence, 100 mm.s−1 scan speed and 40 µm hatch distance.

In Fig. 4.21 is depicted the spectra for the measured samples. Ob-

serving the displayed results, it can be observed the presence of three

major contributions, O 1s, C 1s and Al 2p. Besides these three ele-

ments, minimal atomic percentages are measured, thus these are not

taken into consideration. Analyzing the binding energies of the ob-

served peaks, it can be retrieved that aluminium is mainly present in
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Figure 4.21: XPS measured spectra of a reference non-patterned sample (black), a

hydrophilic sample (red) and a superhydrophobic sample (blue).

Al2O3 form. Fig. 4.22 shows the deconvolution of the aluminium peaks

where it is visible that Al2O3 is the main contributor. This aluminium

oxide is commonly know as alumina, and it is expected to be the main

component of the outer oxide layer. Table 4.3 shows the composition

analysis with atomic percentage quantities of the main peaks that are

measured in the three distinct surfaces.

For the reference sample, there is an obvious presence of alumina

which exhibits an Al 2p3/2 at 75.5 eV, an O 1s peak at 532. eV,

and the correct O/Al ratio for the Al2O3 stoichiometry. Additionally,

carbon content is detected through the presence of organic molecules

on the surface. On the reference sample, its content is relatively high

with a 1.12 ratio of C/Al. This relatively high ratio is due to the

presence of adsorbed hydrocarbons from the polonged exposure to

ambient air. Since XPS is naturally more sensitive to the outer surface

of the material compared to the bulk, carbon content is detected in a

higher percentage than the underlying aluminium.
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Figure 4.22: XPS spectra of Al peaks for (a) reference, (b) hydrophilic and (c)

superhydrophobic samples.

On the hydrophilic freshly patterned sample, it can be observed

a noticeable decrease on the carbon content. During the laser pro-

cessing, organic molecules that are present on the original reference

sample are destroyed by the incidence of the laser beam. Posterior to

Table 4.3: Chemical composition of the XPS measured samples in atomic percentage.

Al (at%) O (at%) C (at%) C/Al O/Al

Reference 25.80 40.99 28.85 1.12 1.59

New 28.49 51.44 16.41 0.57 1.81

Hydrophobic 21.30 42.50 33.85 1.59 2.00
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the microcell formation due to recast accumulation, there is a rapid

formation of an oxide layer composed of alumina (Al2O3). Through

the formation of the oxide layer, a part of Al and O atoms are or-

ganized on the oxide lattice, however, not all are immediately paired

and the unsaturated elements, in the form of Al3+ and O−2, rise up

to the surface. These will constitute Lewis acid and base pairs at

the surface [Hass, 1998], and due to the polarity of these unsaturated

atoms, posterior to the patterning, the surface presents high surface

free energy, thus causing a hydrophilic response. When the surface

is exposed to ambient air, the Lewis acid-base pairs are subjected to

hydroxylation from airborne water molecules. During this reaction

adsorbed water vapour molecules are dissociated into OH− and H+,

these will then pair with the unsaturated ions on the surface to form

Al3+OH−. This reaction effectively passivates the surface and reduces

the strength of the Lewis acid-base pairs, thus decreasing the total sur-

face energy and consequently starting the hydrophilic to hydrophobic

transition.

On the newly patterned sample, due to a fast hydroxilation process,

the sample already presents a mix layer of hydroxides and oxides on

the surface, which is confirmed by the higher O/Al ratio when com-

paring to the reference sample. Such results were also reported by

Brand et al. [Brand, 2004] and Jagdheesh et al. [Jagdheesh, 2016a].

Even though organic molecules are destroyed during the laser abla-

tion process and new oxides are formed, carbon is still detected in the

hydrophilic sample, this is attributed to the presence of hydrocarbons

inside the non-patterned center region of the microcells along with a

possible quick attachment of organic molecules to the surface. Since

hydroxylation is a fast process and previous SWCA measurements

confirmed that hydrophobic properties are progressively obtained by

exposing the samples to ambient air, while considering that hydrox-

ides possess high affinity to water molecules, it can be retrieved that
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hydrophobicity it’s not directly correlated with the hydroxilation pro-

cess.

RCOOH(g) + Al −OH → RCOO − Al + H2O (4.4)

As reported by Brand et al. [Brand, 2004], hydrophobic properties

are obtained when organic molecules, that are present in the ambient

air moisture, attach to the aluminium surface. Through an interaction

with the hydroxide groups that are created during the hydroxilation

process, carboxylates are chemisorbed following the reaction described

in eq. 4.4. Chemisorbed carboxylates present in ambient air, such as

formic and acetic acid [DabekZlotorzynska, 2008], are composed of

short chain organic molecules that are non-polar, thus when the sur-

face absorbs these molecules, the total surface free energy is lowered.

This depolarization of the surface is responsible for the hydrophilic to

hydrophobic transition and it’s the main reason why samples that are

deprived from air present a slower or stagnated transition process.

The XPS results show the highest carbon to aluminium ratio for the

superhydrophobic sample, thus confirming the attachment of carboxylate

molecules to the surface as the cause for the wettability transition. The

ratio of oxygen to aluminium is also the highest detected, as the outer

layers of the surface are populated by carboxylates and oxyhydroxides.

Due to the XPS short depth analysis, only approximately 7 nm for C

1s and 8 nm for Al 2p photoelectrons are detected, thus aluminium

content is the least in this sample.

Long et al. [Long, 2015b] reported that in order to characterize the

polarity of the surfaces, not only the ratio of carbon to aluminium

must be analyzed but also the percentage values of the C − C(H)

bond. The combination of these two values provides a more accurate

description of the polarity of the surface, as organic chains are longer
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when the concentration of this bond is higher. Obtained results of the

bond percentage are 68.57 %, 40.66 % and31.68 %, for the reference,

superhydrophobic and hydrophilic samples, respectively. Percentage

values of the C − C(H) bond suggest that over the course of time,

samples that are exposed to ambient air tend to increase the chain

length of the organic species. Even though the hydrophobic sample

possesses the highest concentration of carbon content, the percentage

value of the bond indicates that primarily there is a chemisorption of

short chained organic molecules.

It is then deductible that an atmosphere rich of organic molecules

promotes a faster hydrophobic transition. However, posterior to the

hydroxylation process, the presence of water vapour molecules in the

atmosphere also stimulates the adsorption of a second layer of non-

dissociated water molecules through the formation of hydrogen bonds

with the preadsorbed hydroxyl groups present on the hydroxylated

oxide surface, this effect hinders the further adsorption of hydrocar-

bons from the surface since these reactive sites are passivated [Psarski,

2014]. Jagdheesh et al. [Jagdheesh, 2017b] reported that when using a

vacuum process, lubricationg oils present in the pumping mechanisms

release organic molecules into the vacuum chamber and contaminate

the sample. Consequently, there is a more efficient adsorption of hy-

drocarbons due to the very low partial pressure of water vapour that

can be reached at high vacuum situations.

4.4 Corrosion analysis of superhydrophobic sur-

faces

Corrosion measurements are performed on microcell and hierarchical

structured the samples that are patterned following the parameters

described in sections 3.3.4 and 3.3.6. The corrosive properties of the

textured samples are assessed by applying cyclic polarization curves
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Figure 4.23: Cyclic polarization curves for different laser patterned sufaces in

comparison with the reference sample: (a) microcell textured samples

with 15 µm of hatch distance, comparison between (b) microcell and (c)

hierarchical patterned samples, all irradiated with a laser fluence of 2.01

J.cm−2 during the DLW process.

on an electrochemical cell following the procedure described in sec-

tion 3.2.6.

In Fig. the cyclic polarization curves of different laser patterned

surfaces in comparison with the values obtained for the reference non-

patterned samples are depicted. In general, samples with greater res-

istance to corrosion show higher corrosion potential and lower current

density. Observing the graphs, the plotted results can be used to es-

timate such quantities. The anodic (βA) and cathodic slope (βC) are

used to define tangent lines which intersect between them, at this point
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Figure 4.24: Measured values of Ecorr in relation with the average laser power used

during the DLW process for (a) microcell and (b) hierarchical patterns.

the corrosion current (icorr) and the corrosion potential (Ecorr) can be

obtained. Specifically, the corrosion potential is defined by the value

of potential in which the current density reaches its minimum, and the

potential current (icorr) is calculated by measuring the value at the in-

tersection point. Corrosion potential is related with the active areas

that are being corroded, while corrosion current density defines the

corrosion resistance of the material. Considering results summarized

in

Fig. 4.23, the laser patterned surfaces have better anti-corrosion be-

havior compared with the base material. Further analysis on Fig. 4.23

also allows to observe important information on the influence of laser

parameters. In Fig. 4.23 (a) it can be observed that for microcell

samples, irradiation with less average power improves corrosion resist-

ance. Additionally, in Fig. 4.23(b), hatch distance is shown to directly

influence corrosion resistance, as a lower periodic structure is observed

to maintain better anti-corrosive behaviour. Lastly, in Fig. 4.23(c), it

is depicted that hierarchically patterned samples present the lowest

current density values, thus corresponding to better corrosion resist-

ance. Nevertheless, by comparison with the values obtained for the

reference sample, corrosion resistance is significantly improved for all
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Figure 4.25: Corrosion rate values calculated for (a) microcell and (b) hierarchical

structured samples in relation with the average power used during the

DLW process.

samples. It is then required to analyze the influence of the laser struc-

tured surfaces on the fluctuation of corrosion potential and density

values.

Fig. 4.24 depicts the measured values of corrosion potential during

the cyclic polarization tests. A positive shift on the values of potential

in relation with the reference represents an increase on anti-corrosive

behaviour. On Fig. 4.24(a) it could be observed that the potential val-

ues measured for microcells are extremely homogeneous and all present

in average a 200 mV increase from the reference sample. Hierarchical

structures, see Fig. 4.24(b), also present similar results but with less

homogeneity. Samples that possess values near the reference mark

may have possible defects on the surface which hindered the corrosive

potential measurements. Nevertheless, an average increase of 170 mV

in potential is measured in relation with the obtained reference value.

Posterior to the detection of the corrosion potential values, the val-

ues for corrosion current density are measured. With this distinct

value it is then possible to quantify the corrosion rate of all samples.

In order to calculate the corrosion rate (mm/year) eq. 3.16 is used. In

Fig. 4.25 corrosion rate values are shown for all samples with microcell
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Figure 4.26: Comparison between calculated corrosion resistance values for microcell

and hierarchically structured samples.

and hierarchical structured surfaces. A reference non-patterned virgin

sample presents a corrosion rate value of 0.0271 mm/year. Through

the analysis of the resulting plots it can be observed an inverse be-

haviour between microcell and hierarchical patterns. On Fig. 4.25(a)

samples present a tendency to increase corrosion resistance when aver-

age power is the lowest or the highest, in these cases samples presentan

average of 5 % of the reference value. However, when average power

is in the 500 mW range, anti-corrosive properties are less effective

on microcell structures and a registered corrosion rate value of 25

% of the reference sample is measured. On Fig. 4.25(b) hierarchical

samples present in general improved corrosion resistance values when

compared with the microcell shape, as it can be observed by the plot

scale.

Additionally, it is also visible an inverse proportion to the average

power. In this case, samples present better results when average power

is in the 500 mW range.
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Table 4.4: Calculated corrosion resistance values (mm/year) along with the percentage

in relation with the reference value for the laser patterned samples.

Avg. Power/ Hatch

distance

15 µm 17 µm 20 µm 25 µm

170

mW

Microc. 5.804E-05 (0.214 %) 2.023E-03 (7.455 %) 1.510E-03 (5,564 %) 1.747E-03 (6.436 %)

Hierar. 2.941E-05 (0.108 %) 2.576E-03 (9.491 %) 4.155E-03 (15.309 %) 1.362E-03 (5.018 %)

227

mW

Microc. 9.920E-05 (0.365 %) 3.948E-03 (14.545 %) 1.421E-03 (5.236 %) 1.244E-03 (4.582 %)

Hierar. 7.689E-05 (0.283 %) 5.626E-05 (0.207 %) 3.060E-03 (11.273 %) 5.577E-05 (0.205 %)

354

mW

Microc. 3.050E-03 (11.236 %) 1.887E-03 (6.952 %) 2.374E-03 (8.746 %) 1.194E-03 (4.400 %)

Hierar. 1.036E-06 (0.004 %) 1.452E-05 (0.053 %) 6.299E-04 (2.321 %) 7.975E-05 (0.294 %)

480

mW

Microc. 4.264E-03 (15,709 %) 3.402E-03(12.535 %) 3.307E-03 (12.182 %) 5.715E-03 (21.055 %)

Hierar. 5.902E-06 (0.022 %) 6.534E-05 (0.241 %) 2.599E-04 (0.957 %) 2.665E-04 (0.982 %)

620

mW

Microc. 3.948E-05(0.145 %) 2.205E-04 (0.812 %) 1.035E-03 (3.814 %) 4.313E-03 (15.891 %)

Hierar. 3.455E-04 (1.273 %) 1.564E-05 (0.058 %) 1.153E-03 (4.249 %) 8.669E-04 (3.194 %)

710

mW

Microc. 1.061E-04 (0.391 %) 1.540E-03 (5,673 %) 1.125E-03 (4.145 %) 1.244E-03 (4.582 %)

Hierar. 2.061E-04 (0.759 %) 2.270E-03 (8.364 %) 4.294E-03 (15.818 %) 9.870E-04 (3.636 %)

In Fig. 4.26 a comparison between the calculated corrosion rate val-

ues for the two distinct laser structured samples is depicted. By ob-

serving the graph, it can be observed that hierarchical samples present

very consistent results in comparison with microcells, this could be

explained by the fact that hierarchical samples present a very homo-

geneous surface with less irregularities than microcells. Finally, hier-

archical samples with a hatch distance of 15 µm, patterned with 354

mW during the DLW process, present a minimum corrosion rate value

of 5.902E-06 mm/year which corresponds to a decrease of 99.996 %

on the original reference value. The corrosion resistance improvements

are due to the samples’ extremely hydrophobic behaviour. As inside

microcells an air trapping effect occurred, the corrosive ions that are

present in the saline solution are unable to directly contact with the

samples’ surface. Thus, the layer of air that is trapped on the struc-

tures acts as a barrier for corrosion. All calculated values of corrosion

rate are displayed on Table 4.4.

Pitting resistance, Epit, is also an important information to retrieve
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Figure 4.27: Pitting resistance values for (a) microcell and (b) hierarchical patterned

aluminium surfaces.

when characterizing anti-corrosive behaviour. This value represents

the capacity of the sample to sustain higher values of potential without

damaging the surface by forming pits. Measurements are obtained by

calculating the difference between the Ecorr that is measured for the

reference sample and the potential value for when the current density

increases rapidly (Epit) on the samples, meaning that pits are being

formed and material is removed from the surface.

Fig. 4.27 depicts the relation between pitting and average power

for different hatch distances on microcell and hierarchical patterned

surfaces. Results demonstrate important relations that define the in-

fluence of laser parameters on the anti-corrosive behaviour of laser

patterned surfaces. In Fig. 4.27(a), firstly, there is a clear trend that

demonstrates that microcell samples that are patterned with higher

average power present less pitting resistance. This could be due to

an increase on surface area, as patterning with higher power results

on a higher presence of expelled material, while also having less ho-

mogeneous surfaces. Thus, it is retrieved that smaller and sharper

structures improve corrosive behaviour. Secondly, samples that are

patterned with lesser hatch distance values show a better response to

pitting resistance. This is due to the fact that when hatch distance
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Figure 4.28: Comparison between the measured pitting resistance values for microcell

and hierarchical patterned surfaces.

is larger, greater areas of non-patterned bare material are in contact

with the saline solution. These regions still present a hydrophilic be-

haviour, which hinders the resistance values. When addressing hier-

archical samples, in Fig. 4.27(b) it is visible that the values did not

present any general tendency.

For 15 µm of hatch distance the hierarchical sample shows a similar

behaviour to the microcell, however for the remaining samples, an im-

provement on the behaviour for increasing average power values can be

observed. This is caused by the presence of smaller sized features on

the center region of the microcells, which allows to surpass the prob-

lem of water droplets contacting with the virgin part of the material.

Additionally, observing Fig. 4.28, it can be observed that hierarchical

structures drastrically improve the anti-corrosive behaviour of samples

patterned with 25 µm of hatch distance. Such effect is caused by the

increased homogeneity on the surface, as during the DLIP process

liquid jet material that is expelled on the DLW ablation is cleaned.

This causes an overall decrease of the surface area in contact with
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Figure 4.29: SEM images of the surface damages caused by the cyclic polarization

measurements for the (a) reference sample and (b) hierarchical structured

sample with 17 µm of hatch distance and 710 mW of average laser power,

the inlet shows a magnified view of the pitting formation.

the aqueous solution, thus creating sharper structures that present

improved anti-corrosive behaviour. Comparing the obtained results

with the reference value, it can be noted that the samples’ pitting res-

istance values are always above of what is obtained for the reference

virgin material. This can be attributed to a combination between the

creation of new oxides on the surface due to laser irradiation and the

registered extreme hydrophobicity of the samples.

When pitting is verified, the amount of material that is removed

from the reference sample is much higher than the one registered for

laser structured samples. SEM measurements allow to detect sur-

face damages on the materials after the corrosion tests. Analyzing

Figs. 4.29 (a) and (b) it can be observed that the reference sample

presents higher surface damage than the laser patterned sample. In

the superhydrophobic pattern, damage is present in the form of small

pits that average a diameter size of 50 µm, the presence of such small

and non-regular pits is not able to hinder the hydrophobic behaviour

of the samples, as they do not constitute a major alteration to the

overall surface structure.
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Figure 4.30: SWCA measurements before and after corrosion tests for (a) microcell

and (b) hierarchical structures. Both samples are patterned with 354 mW

of average power during the DLW process.

Posterior to the cyclic polarization tests, static water contact angle

measurements are performed on the corroded samples and results are

compared with their original non-corroded state. It’s important to

notice that for high SWCA values the position of the baseline during

the measurements can influence the results. The tests are performed

5 times in order to minimize this error factor. Fig. 4.30 shows the

performed measurements for (a) microcell and (b) hierarchical struc-

tures. From the results it can be observed that all samples maintained

a superhydrophobic behaviour. Even though there are some small

differences, the wettability behaviour of the samples is not affected

by the corrosion measurements and samples still remain superhydro-

phobic. This phenomenon ultimately demonstrates the high degree of

anti-corrosive properties of the laser patterned surfaces on Al2024.

4.5 Anti-icing analysis of a superhydrophobic sur-

face

The wettability properties and surface chemical composition of two

laser treated metal alloys, Aluminium Alloy 2024 (AA2024), are ana-

lyzed before and after ice adhesion tests. Additionally, the stability
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Table 4.5: Wetting properties of the samples manufactured before the ice adhesion

tests.

Sample Contact Angle Roll-Off Angle Average Roughness, Ra Peak-to-Peak Roughness, Rz

Al2024 polished 59±2◦ >90◦ 0.017±0.005 µm 0.15±0.04 µm

Al2024 + Laser 165±2◦ 13±5◦ 0.673±0.103 µm 4.46±0.29 µm

Al2024 + Laser

+ Mecasurf R©
166±2◦ 14±4◦ 0.625± 0.106 µm 4.77±0.51 µm

of the natural superhydrophobic properties of the one-step process is

compared to a two-step process, where the laser treatment is followed

by a chemical hydrophobization step.

Three different samples are investigated, a Al2024 polished sample

used as reference and two laser-processed samples: an one-step Al2024

and a two-step Al2024. The same laser parameters are used for both

samples and details of the procedure are stated in section 3.3.4. The

hatch distance of the samples is fixed at 35 µm as an Airbus Group

requirement. Posterior to the processing one of the samples is treated

with the hydrophobic agent Mecasurf R© (perfluoropolyether compound

by Surfactis, Angers, France), hence resulting in a two-step process.

The wettability of the surfaces is characterized before and after

the icing tests via Static Water Contact Angle (SWCA) and Roll-

off Angle (RoA) measurements using the sessile drop technique with

a video-based optical goniometer (DSA 25, Krüss GmbH, Hamburg,

Germany). Water droplets of 10 µL volume are deposited in atmo-

spheric conditions in all measurements. Additionally, surface rough-

ness is measured with a benchtop stylus profiler (DektakXT, Bruker,

Billerica, Massachusetts, United States), following the standard DIN

EN ISO 4287. Table 4.5 reports the wetting properties and the rough-

ness of the samples.

After the manufacturing and characterization of the samples, in-

situ ice adhesion tests are conducted in the lab-sized icing wind tun-
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Table 4.6: Wetting properties of the samples manufactured before the ice adhesion

tests.

Ice Type TAT (◦C) Airspeed (m/s) LWC (g/m3) MVD (µm) AFF

Rime -20 50 0.3 20 1.0

Mixed/Rime -20 50 0.8 20 0.7

Mixed/Glaze -5 50 0.3 20 0.55

Glaze -5 80 1.0 20 0.2

nel iCORE of Airbus, as described in section 3.2.5. The test samples

area is 125 × 13 mm2 in the shape of a cantilever, fixed on one end,

on which atmospheric ice is accreted and then removed via mechan-

ical vibration. The shear stress at the interface between the accreted

ice layer and the cantilever is measured by a strain gauge and used

to characterize the ice interfacial shear strength. Four different icing

conditions are used during the measurement, corresponding to four

representative atmospheric ice types and achieved by distinct freezing

fractions of impacting droplets, see table 4.6. The freezing fraction ap-

proximation (AFF) is based on the report by Pervier [Pervier, 2012].

TAT is defined as the Total air temperature, the Liquid Water Con-

tent (LWC) represents the density of supercooled water droplets in

the icing cloud, while the Median Effective Volume Droplet Diameter

(MVD) is defined as the droplet diameter which divides the total li-

quid water content present in the drop distribution in half. Half the

water volume is in larger drops and half the volume in smaller drops.

Every test point for each sample is repeated 4 times for statistical

purpose. The ice layer thickness must be accurately determined, since

it defines the position of the neutral axis of the composite beam cal-

culated according to the Euler-Bernoulli model [Hassan, 2010]. The

interfacial shear stress, which primarily causes adhesive ice debond-

ing, reaches its maximum when the neutral axis coincides with the

interface between the ice and the cantilever, while no bending stresses
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Figure 4.31: Ice adhesion strengths of the tested samples.

are present. Therefore the ice thickness chosen for the Al2024 samples

is 4.55 mm.

Figure 4.31 shows the ice adhesion strength of the tested samples.

The reference Al2024 polished shows the lowest ice adhesion strength,

hence the most icephobic properties. The laser-treated samples ex-

hibit a higher ice adhesion strength, most likely due to the surface

structuring: the laser tracks increase the surface area, generating a

higher mechanical interlocking between ice and surface, as showed

schematically in Figure 4.31. In particular, the glaze ice case shows

the highest adhesion for the laser-treated samples, due to the nature

of this type of ice. The impinging supercooled water droplets do not

freeze on impact, but they run wet after it and they can fill the mi-

crostructures on the surface and then freeze in them, which results in
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Table 4.7: Wetting properties of the samples manufactured before the ice adhesion

tests.

Sample
Before icing After icing

Contact angle Roll-off angle C (at. %) Contact angle Roll-off angle C (at. %)

Al2024 + Laser 165 ◦ ± 2 ◦ 13 ◦ ± 5 ◦ 49,7 ± 1 90 ◦ ± 8 ◦ > 90 ◦ 45 ± 0.7

an even increased mechanical interlocking. No significant difference in

ice adhesion strength can be observed between the two laser-treated

samples, thus according to the data, natural and artificial superhy-

drophobicity does not play a role in reducing ice adhesion strength in

atmospheric icing conditions. The higher ice adhesion strength can

be rationalized with the periodicity of the laser-produced microstruc-

tures. The impinging droplets have a MVD of 20 µm, while the hatch

distance on the laser patterned surface is 35 µm. Therefore, a share

of the impinging droplets are smaller than the manufactured features,

thus they can insert themselves at the hydrophilic center region of the

microcells and the lotus effect ceases to occur.

Further investigation on the wettability and the chemical compos-

ition of the laser-treated samples after the ice adhesion tests is per-

formed, in order to understand the durability of the superhydrophobic

property of the surfaces to consecutive icing and de-icing cycles. The

laser-treated samples hydrophobized with Mecasurf R© are still super-

hydrophobic after the icing tests, due to the covalent bond between

perfluoropolyether and metal oxide. However, the natural superhy-

drophobicity on the one-step laser-treated samples is lost, since the

non-polar C layer is only adsorbed on the surface. Table 4.7 shows

the results of the static and dynamic wetting before and after the

icing tests, and the relative carbon content on the surfaces measured

via XPS for the laser patterned surfaces that developed natural hy-

drophobicity.

Both materials show a decrease in SWCA and on the carbon content
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Figure 4.32: SEM micrographs of the natural superhydrophobic laser treated samples

(one-step process) of Al2024 before (a) and after (b) the icing tests.

of the surface, along with a dramatic increase of RoA, typical of a wet-

ting Wenzel state. Even if the minor carbon loss in atomic percentage

does not seem to correspond to the decrease of SWCA or increase in

RoA, it must be remembered that the relation between contact angles

and surface energy is not linear and not even continuous. Further,

the large effect on wettability is most probably due to the removal of

the adsorbed carbon coating from the most exposed surface asperities

only, which represent but a little fraction of the overall surface area.

In summary, the supercooled droplets impacting at high speed inter-

act with the surfaces similarly to a mechanical cleaning process, such

as plasma cleaning, where particles and organic residues are removed

from the most exposed or less protected surface structures, causing a

transition from the superhydrophobic to a hydrophobic state.

SEM evaluation is used to understand if the topography plays a

role in the wetting properties change, or if it is purely a chemistry-

driven process. Fig. 4.32 shows that the microstructure do not change

after 16 icing and de-icing cycles, thus the modification of the wetting

properties is related to the surface chemical composition only, of which

the carbon content is a representative parameter.



Chapter 5

General conclusions and future

prospects

5.1 General conclusions

In this thesis work, laser patterned superhydrophobic surfaces are de-

veloped through three distinct laser sources and two ablation tech-

niques. The influence of the laser parameters is studied in order to op-

timize the reproduction of viable superhydrophobic surfaces on Al2024

aluminium alloy. The patterned structures are extensively character-

ized and the hydrophobic transition mechanism is explained through

the chemical analysis of the surfaces. Measurements of anti-corrosion

and anti-icing properties are performed in order to test the viability of

the samples for these applications. The fabrication of an unique hier-

archical structure is developed and its properties are also extensively

researched.

From this work several conclusions can be retrieved:

• Combining surface chemistry changes and micro cell patterning,

superhydrophobic samples are developed on Al2024 aluminium

alloy with a cost efficient nanosecond infrared laser.

• Wettability measurements are performed and the results demon-

strated that surfaces with superhydrophobic properties were cre-
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ated without any post treatment. Storage conditions are found

to have a significant inflence on SWCA evolution in time due

to the reduced air flow. The accumulated laser fluence is dis-

covered to have a direct impact on the dimensions and shape of

micro structures, i.e. microwalls, formed by the ablation pro-

cess, consequently also influencing the hydrophobic transition.

Results show that the volume of ejected material that forms the

microwalls has an inverse relation with the rate of hydrophobic

properties appearance.

• XPS measurements are carried out and confirm that surface chem-

ical changes influence the wettability of the samples. Organic

molecules responsible for low surface energy and a non-polar sur-

face are detected through a higher concentration of carbon on

the superhydrophobic sample, proving that organic molecules are

adsorbed from aluminium oxides present on the surface posterior

to the patterning process.

• Unique hierarchical periodic surface structures are textured on

Al2024 aluminium alloy substrates by irradiating with two dis-

tinct nano- (UV) and pico-second (IR) laser sources. By com-

bining DLW and DLIP techniques, microcell patterns are first

produced and posterior to it micro and nanostructures are tex-

tured.

• The fabrication procedure initiated with Direct Laser Writing

(DLW) process, where the thermal effects caused by a nanosecond

pulsed laser irradiation were beneficial to the creation of microcell

structures through dislocating the melt pool by a present recoil

pressure. Formed microwalls size and shape are influenced by

the laser fluence used during the DLW process and along with a

periodic separation denominated hatch distance, both factors are

proved to be defining elements for achieving superhydrophobic

properties.
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• Posterior to the DLW process, a picosecond laser source is used

to perform Direct Laser Interference Patterning (DLIP) on the

previously formed microcells. Preliminary studies are made in

order to achieve the best micropillar aspect ratio. Variations in

the absorption of Al2024 are detected when picosecond irradiation

is performed posterior to the DLW process.

• Observing the measured patterns one can clearly state that the

fabrication of multi-scaled hierarchical structures is achieved. Mi-

crocell formations are textured in Al2024 via DLW technique and

posterior to this process, few-micron features are created using

DLIP, thus surpassing the limiting factor of DLW low resolution.

Moreover, the presence of such hierarchical features influences the

surface’s properties, as the non-patterned area inside the micro-

cells is highly hydrophilic after the DLW process.

• Through Static Water Contact Angle (SWCA) measurements the

wettability properties of hierarchical structured samples are eval-

uated,allowing to comprehend that contact angle values are lower

after the DLIP process. Early measurements correlate with pre-

vious discoveries which state that samples that are irradiated

with the highest fluence values during the DLW process present a

slower hydrophilic to hydrophobic transition. Additionally, ana-

lyzing the variation of the periodic distance between microwalls

shows that contact angle values are smaller when hatch distance

is increased, possibly due to a combination between a more ineffi-

cient air trapping effect with a greater exposure of the droplet to

the center region of the microcells. Furthermore, after 10 weeks

all samples were ultrahydrophobic for an 8 µL droplet volume

and hydrophobic with a 10 µL water droplet.

• Corrosion resistance tests are carried out and samples are dis-

covered to possess extremely effective anti-corrosive properties.

Process parameters are correlated with anti-corrosive behaviour
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and results show that the periodic hatch distance between micro-

cells and the laser power used during the DLW process greatly

influence the corrosive properties. Additionally, due to their

more homogeneous surfaces and smaller sized features, hierarch-

ical structures are proven to further improve anti-corrosion.

• The combination between smaller hatch distances and hierarch-

ical structures is shown to be the most effective for anti-corrosive

behaviours. The presence of small closed-packet shapes improves

air-trapping effects on the surface and the DLIP patterning cre-

ates a more homogeneous surface with sharper features, which

additionally cleans irregularities on the surface and patterns the

otherwise virgin center area of the microcells. This improves

the air trapping effect, which creates a barrier of air between

the aqueous solution and the metal surface, thus increasing anti-

corrosive properties.

• Characterization of the corroded surfaces via SEM technique al-

lows to detect that minimal damage is present on the materi-

als after the corrosive measurements. SWCA measurements pos-

terior to the cyclic polarization tests show that samples retain

their superhydrophobic properties during all the process.

• A study is performed on the icephobic performances of laser-

treated microstructured aluminium alloy surfaces with respect to

atmospheric in-flight icing conditions. The produced samples are

assessed to whether they could be potentially used on aircrafts.

• Results show that the laser-treated surfaces manufactured in this

study do not reduce ice adhesion under in-flight icing conditions.

The microstructure actually enhances the mechanical interlocking

between the ice and the surface, resulting in a higher interfacial

adhesion strength. One design rule for such surfaces seems to be

that the microstructures must be smaller than the typical water
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droplet sizes so as to avoid insertion and freezing of droplets into

the structures themselves.

• Changes on surface chemistry from environmental adsorption of

organic molecules are discovered to not play a role on the ice ad-

hesion results. Moreover, the superhydrophobicity resulting from

the one-step laser treatment is lost after 16 consecutive icing and

de-icing cycles, proving the insufficient durability of the one-step

treatment for aeronautical applications. The loss of superhydro-

phobicity can be attributed to the fragility of the non-polar car-

bon layer adsorbed on the surface. This suggests that the carbon

content alone cannot be used as the main indicator, but most

likely other wetting mechanisms take place and must be invest-

igated further.

• The chemical functionalization through the usage of an hydro-

phobic agent after laser processing produces surfaces that pre-

serve their superhydrophobicity up to 16 icing/de-icing cycles,

showing the benefit of a two-step process in order to achieve dur-

able superhydrophobic properties for aeronautical applications.

5.2 Future prospects

The results that are obtained during this thesis work open the path for

fully integrating laser patterned superhydrophobic surfaces in several

industry fiels.

Particularly the application of laser hierarchical structured samples

is still an undergoing study. These represent a closer representation of

what is observed in nature and the combination between their unique

hierarchical features with a hydrophobic behaviour demonstrates a

huge potential for several applications, due to the presence of ”large”

and ”small” air pockets, hydrophobic properties can be present in a

larger range of droplet volumes. This may be beneficial for several
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applications such as superoleophobic and self-cleaning surfaces. In

addition, due to their small sized features these surfaces may present

optimal conditions for anti-icing properties, where at the moment,

more experiments are being developed to investigate the application

of smaller hatch distance microcells and hierarchical structures in or-

der to assess the topography which is most beneficial for reducing ice

adhesion in in-flight conditions.

The one-step process of laser patterned surfaces is shown to be cap-

able of handling several properties, however the chemical functionaliz-

ation through the application of a hydrophobic agent produces surfaces

that preserve their superhydrophobicity up to 16 icing/de-icing cycles,

showing the benefit of a two-step process in order to achieve durable

superhydrophobic properties for aeronautical applications. Other ap-

plications like home appliances might still rely on the one-step process

due to the different operational conditions and future investigations

must be led in this field in order to apply a anti-bacterial and oleo-

phobic durable superhydrophobic surfaces.

Laser structured surfaces on Al2024 are confirmed to possess ex-

tremelly anti-corrosive behaviour. In addition to their previously

reported self-cleaning property [Jagdheesh, 2016a], the combination

between all these characteristics can constitute future implementa-

tions on several fields, such as, home appliance, automotive industry,

aerospace and aeronautical engineering. Future work must be focused

primarily on the mechanical durability characterization in order to

create robust and durable superhydrophobic surfaces.
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[Bäuerle, 2011] Dieter Bäuerle. Laser Processing and Chem-

istry. Berlin, Heidelberg: Springer Berlin

Heidelberg, 2011. isbn: 978-3-642-17612-8.

doi: 10.1007/978-3-642-17613-5 (cit. on

p. 110).

[Bhushan, 2010] Bharat Bhushan and Eun Kyu Her. ‘Fab-

rication of Superhydrophobic Surfaces with

High and Low Adhesion Inspired from Rose

Petal’. In: Langmuir 26.11 (June 2010),

pp. 8207–8217. issn: 0743-7463. doi: 10 .

1021/la904585j (cit. on p. 87).
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Annex A

Modeling of laser ablation through

DLIP technique

During pulsed laser machining, single or multiple pulses are irradiated

on the surface in order to process the surface. As discussed during the

thesis, the degree of interaction between the laser beam and material

depends on the characteristics of the material and the laser source.

A computational model is developed to simulate the laser material

interaction of DLIP technique with multiple pulses and then theoret-

ical results are correlated with the experimental observations to study

the effects of various process parameters on the evolution of surface

topography of the laser-machined aluminium alloy.

1.1 Introduction to the model

Recent reports show the formation of a recast layer on the walls of

machined surfaces when nanosecond laser ablation is performed. This

spatter formation on top of the surface lacks dimensional accuracy,

thus a computational model that is able to simulate this procedure is

a powerful tool. Furthermore, DLIP technique lacks a computational

model that is able to accurately describe the dimensional character-

istics of the surfaces after laser irradiation.

As observed during the thesis work DLIP technique is applied by

the interference pattern of two or more beams, in this work line-like

219
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Figure 1.1: Schematics of the procedure performed during the computational model.

two-beam interference patterns are studied. It is important to know

that delivering an increased number of pulses, higher material removal

rates are achieved and consequently more thermal damage effects are

verified. Thus, for multiple pulses it is required that fluid mechan-

ics are able to describe the molten flow that is verified on the sur-

faces. Therefore, in the present study, the effect of multiple laser

pulses on the evolution of surface topography is modeled to under-

stand the laser machining mechanism for various conditions. This

comprehensive study aims to to predict the surface topography dur-

ing multidimensional DLIP machining processes.

It is required to understand that the material removal during laser

machining is carried out either by vaporization or by melt ejection,

which solely depends on the laser machining parameters, such as av-

erage laser power, pulse width, and repetition rate. The laser is de-

scribed as a heating source that acts on the surface of the material,

the application of the first pulse follows the time that is set by the



José Tiago Cardoso 221

pulse width, in the end of the pulse the material is considered to cool

down for 0.1 s. At the end of this time, the model verifies the mesh

and rearranges it in order to follow the new structures created by

laser irradiation. All the conditions are then saved and the model

runs again now considering the final conditions that were set by the

previous pulse. Fig. 1.1 depicts a rundown on the procedure that was

performed in order to develop the simulation.

1.1.1 Heat transfer model

During the laser machining the materials suffers phase changes (solid,

liquid and vapor). The heat that is used during this transition between

states can be released or consumed and it’s value is correspondent to

the latent heat of the material. This value greatly influences the out-

put dimensions of the material. Thus, the temperature-dependent

properties of aluminium, such as density, specific heat or thermal

conductivity are incorporated on the model to accurately simulate.

Table 1.1 shows the material properties of aluminium that are used

on the computational model along with the laser parameters.

1.1.2 Simulation of multiple laser pulses

In the present work, multiple pulses are irradiated on the surface with

a spacing of 0.1 s. The pulses are applied by re-running the simulation

with the final conditions of the previous pulse as initial values. The

laser is irradiating the surface for a period defined by the pulse width

using a interpolation function. The sample then cools at ambient

temperature from the end of the pulse until 0.1 s, which corresponds

to the repetition rate of the laser source. The time step during laser

heating is defined as 1E-7, during the cooling period the time step is

changed to 0.005 s. On the verge of changing the time steps, small

ranges with steps of 1E-14 are used in order to avoid convergence

problems.
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Table 1.1: Initial material properties of aluminium and laser parameters.

Property Nomenclature Value (units)

Material properties

Melting temperature Tm 2324 (K)

Vaporization temperature Tv 3273.15 (K)

Latent heat of melting Lm 1067.43 (J/g)

Latent heat of evaporation Lv 1066.5 (J/g)

Ambient temperature Ta 293.15 (K)

Initial temperature Ti 293.15 (K)

Laser parameters

Absorptivity A 0.07

Repetition rate f 10 (Hz)

Pulse width PW 10 ns

Angle between pulses β 4 (◦)

Fluence F 0.94 - 1.89 (J.cm−2)

Spot diameter D 0.5 (mm)

Avg. Laser power Pw 15 - 30 (mW)

Avg. power gaussian Pg
Pw

PW
.exp

[
− (x−xr)2

σ

]
DLIP power distribution A.4.cos((2.π

λ
).r.sin(β

2
))2.Pg

1.1.3 Pattern formation

The temperature of the model is tracked in order to identify the phase

changes. Once the melting temperature is reached the simulation as-

sumes that aluminium is in liquid form. When the vaporization tem-

perature is reached the elements that reach these values are removed

from the surface by applying fast vertical motion. The removal of

these elements then defines the final structure of the material after

the laser ablation.
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In order to fully simulate all the interactions during the nano-

second laser ablation, fluid mechanics should be applied. However,

due to several setbacks this model only considers the vaporization of

the material. The fluid flow can be incorporated in the model by us-

ing multiphase fluid flow coupled with heat transfer and phase change

kinetics. Using this approach, conservation of mass, momentum and

incompressible laminar flow can be coupled with the heat transfer that

was used on the simulation. The recoil pressure caused by the vaporiz-

ation of the material depends on the incident laser energy distribution.

From here, by introducing molten hydrodynamics the phenomenon of

melt expulsion that causes deposition on the edges can be computed.

Thus, recoil pressure only needs to be applied after vaporization is

present (T > Tv).

On the liquid-air interface, posterior to the melting of the material,

Marangoni convection can be incorporated in order to incorporate the

shear stress that is proportional to the gradient of temperature that is

present on the surface. This effect causes the material to slide, on the

interference maxima of the two-beam interference surface tension is

the weakest due to higher values of temperature. Thus, the difference

in surface tension causes the material to move from the center to the

edges of the molten pool. The line-like patterns are created on a

2D dimensional model with a unique spatial period of 4.3 µm on a

material designed with an area of 30× 14µm2

1.2 Experimental setup

In this work, a Q-Switched Nd:YAG laser emitting 10 ns pulses at a

wavelength of 266 nm with a repetition rate of 10 Hz is used as the

laser source to fabricate the periodic structures (Quanta Ray, Spectra

Physics). Laser processing is carried out under two-beam configura-

tion, see Fig. 1.2, thus the original beam is split into two beams that

possess equal intensity, the splitting is performed by a beam splitter
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Figure 1.2: Schematic representation of the DLIP two-beam interference configuration

setup.

and the optical paths are adjusted by mirrors and lenses.

The experiments were performed by setting the interference period

to 4.6 µm. The fluence of the irradiated laser beam is varied along

with the number of pulses that are delivered per spot. Fluence values

range from 0.94 to 1.89 J.cm−2 and in order to structure large areas

the beam spot diameter is fixed to 500 µm. The shape of the beam

at this position can be considered Gaussian. The Al2024 aluminium

alloy that is described on the thesis is used during this procedure.

1.3 Results and discussion

A 3D representation of the running model is depicted in Fig. 1.3. In

this image, line-like patterns are performed and the temperature is dis-

played in the color bar. The value of temperature does not rise above

the 3500 K mark due to the removal of material from vaporization

once the specified temperature is reached.

In Fig. 1.4 an analysis on the measured structural depth of the the-

oretically and practically obtained results is depicted. Results show

increasing depth values for higher average laser power, there is a sim-

ilar trend between theoretical and practical results, which indicates

that the model is valid for single pulse DLIP ablation.
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Figure 1.3: Illustration of the computational DLIP ablation model in 3D. The

retrieved image presents the temperature values.

Fig. 1.5 show the computational model results for DLIP ablation

with 15 mW of average laser power. The images depict the structure

and mesh after several pulses. One can observe that the aspect ratio of

the line-like formations greatly increases in the model. It is observable

Figure 1.4: DLIP model structural depth in relation with average laser power.
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Figure 1.5: Results computed for the DLIP model with 15 mW of average laser power.

Images depict the structure after (a) 1 pulse, (b) 2 pulses and (5) pulses.

that due to the sharper features the mesh size around the edges is

smaller, this causes an increase in computational time. In Fig. 1.6 the

results of the model are compared with the obtained through confocal

measurements of the laser patterned surfaces.

The graph shows that this computational approach is not capable

of predicting multi-pulsed DLIP ablation processes, when the number

of pulses per spot is higher the influence of fluid behaviour on the sur-

face is much greater. In practice the multi-shot procedure completely

melts the surface and the line-like patterns are created mostly from

fluid physics. Contrary to this behaviour the model only predicts va-

porization of the surface thus it predicts a linear behaviour with the
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Figure 1.6: DLIP model structural depth in relation with the number of applied pulses

per spot.

increasing of the number of pulses. Fig. 1.7 depicts a SEM measure-

ment of a sample that is patterned with 5 pulses per spot with an

average laser power of 15 mW. In the image it is observable a regular

line-like pattern performed on a large area, the magnified inlet shows

Figure 1.7: SEM images of the line-like patterns performed with 5 pulses of 15 mW

average laser power.
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evident and predominant melting of the surface which confirms that

the structuring is mostly defined by fluidic behaviour.

1.4 Conclusions and future work

A computational model is developed to predict the laser material in-

teraction of a UV nanosecond laser source with the aluminium alloy

Al2024. The model considers multiple pulsed ablation procedures and

theoretical results are correlated with the experimental observations

to study the effects of the various process parameters on the evolution

of surface topography of the laser-machined aluminium alloy.

Results show strong correlation between theoretical and practical

results for single pulse ablation, which indicates that the model is

able to predict the structural dimension of the line-like patterns for

different laser processing powers. However the same computational

approach is not capable of predicting multi-pulsed DLIP ablation pro-

cesses,as when the number of pulses per spot is higher the surface

is completely melt and the line-like patterns are created mostly from

fluid physics. SEM measurements performed on the surface confirmed

the predominant melting of the surface .

This model opens the path for a complete study on 3D and 2D com-

putational approach on DLIP ablation. A comprehensive study on the

physics behind the DLIP ablation process was performed and in order

to obtain accurate computational results for multiple pulsed processes

it is required to integrate fluid physics on the model. With the 3D

representation of the DLIP ablation process, it is then possible to also

include other processing parameters such as relative motion, and the

modeling of cross-like structures. These studies may constitute the

work of a future PhD thesis.
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