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1.1. Introduction 

The development of hydrophobic and superhydrophobic materials has recently attracted 

a lot of attention due to the wide range of applications that these surfaces offer. Self-cleaning 

surfaces, anti-fouling materials, stain resistant textiles or antiicing coatings are just some 

examples that show the potential of these materials1,2. Additionally, the development of paints 

and coatings for outdoor use is another interesting field where durability, low dirt pick and water 

resistance is desired3–5.  

Hydrophobicity is commonly characterized by the water contact angle (Ѳ), which is 

higher than 90⁰ for hydrophobic surfaces and higher than 150⁰ for superhydrophobic surfaces. 

The contact angle depends on both the nature of the material, which can be characterized by 

the water contact angle on a flat surface, and the texture of the surface6–8. The most 

hydrophobic polymers (fluoropolymers) have a contact angle on flat surfaces that rarely goes 

above 110⁰ 9,10. Therefore, in order to increase the hydrophobicity of these systems, the 

introduction of surface roughness is needed11. 

Fluoropolymer coatings are useful for a wide variety of applications that range from 

houseware and medical articles to industrial coatings12. All these applications arise from the 

unique properties offered by these materials such as improved weatherability, corrosion 

resistance or easy to clean properties13,14.  
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Environmental concerns have pushed coating and paint industries throughout the world 

to develop products with low toxicity levels. Water-based products are increasingly important 

because they substantially reduce the volatile organic compounds (VOC) levels and the 

hazardous air pollutants (HAP) emissions15,16.  

The production of (super)hydrophobic materials in water media would be particularly 

valuable and challenging at the same time since in order to produce stable dispersions in 

water, polymer particles should have a relatively hydrophilic surface.  

In this work the different possibilities to obtain waterborne (super)hydrophobic coatings 

based on fluoropolymers will be studied. 

1.2. Motivation and objective of the work 

The motivation of the present work has its origin in the growing need for the 

development of hydrophobic and superhydrophobic coatings to be applied to large complex 

surfaces in high performance applications where excellent water repellency is required. There 

are many fields nowadays requesting materials to avoid the deposition of water or even ice 

formation and accumulation such as aeronautical devices, wind power generators and air 

conditioning equipments17–19.  

It would be particularly valuable to produce these materials in water media instead of 

solvent media in order to reduce VOCs. Emulsion polymerization constitutes an appropriate 
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technique to produce waterborne dispersions of polymer particles, than can be further 

incorporated into coating and paint formulation 

Fluorinated polymers will be used because they provide a large number of additional 

benefits to the final coating13,20. Many formulations based on fluorinated polymers such as 

polytetrafluoroethylene or polyvinylidene fluoride have been already implemented in aqueous 

systems21–28. Additionally, fluoropolymer additives are widely used in different formulations that 

look for the increase in water and oil repellency, reduction in friction, scratching, surface 

tension, etc14,29.  

To prepare waterborne dispersions of these fluorinated materials, it is necessary to 

consider the hydrophobic nature of the fluorinated monomers. Fluorinated monomers are 

virtually insoluble in water. Therefore, their use in emulsion polymerization is restricted 

because in this process, mass transfer through the aqueous phase is necessary and the 

transport by collision30 is not fast enough. Miniemulsion polymerization31–33 is particularly well 

suited to polymerize water insoluble monomers in aqueous media, because transport through 

the aqueous phase is not needed as polymerization occurs in preformed droplets.  

The main objective of this PhD Thesis is to produce waterborne (super)hydrophobic 

coatings from waterborne fluoropolymer dispersions. An important requirement is that the 

developed materials need to be applied to large surfaces by conventional coating methods 

such as brushing or spraying to make viable their commercial utilization.  
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The key aspects of this work include the synthesis of different water-based 

fluoropolymers and the attempts to fine-tune the film surface topography by several methods to 

increase hydrophobicity. Finally, the incorporation of the polymer dispersions in commercial 

paint formulations and the analysis of the properties of the final paints are also included.  

1.3. Outline 

Chapter 2 presents a general description of the fundamental aspects of hydrophobicity 

and superhydrophobicity together with a review of the most relevant techniques used to 

develop this kind of surfaces. 

Chapter 3 reports on the formation of highly hydrophobic coatings from waterborne 

latexes able to form films at ambient temperature. The contact angle of film forming copolymers 

of 2-ethylhexyl acrylate (2EHA) and 1H, 1H, 2H, 2H-perfluorodecyl acrylate (PFDA) was limited 

to 114º because flat surfaces were obtained. Attempts to increase the roughness of the film 

using blends of film forming latexes with the latex of PFDA homopolymer (which is not film 

forming) were not successful under regular casting conditions because the PFDA particles 

accumulated at the film-substrate interface. Film formation engineering allowed modifying the 

morphology of the film obtaining a contact angle of 137º. 

Chapter 4 shows that the challenge of producing cost effective and environmentally 

friendly, highly hydrophobic, cohesive and non-porous coatings applicable to large and 

irregular surfaces can be achieved by forming wrinkles on the surface of waterborne coatings 
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through fine tuning of the film forming conditions. The proof of concept was demonstrated by 

using waterborne dispersions of copolymers of PFDA and 2EHA, and using temperature and 

hardness of the copolymer as control variables during film formation. This allowed the 

formation of transparent films with a wrinkled surface that had a contact angle of 133⁰, which 

represents an increase of 20⁰ with respect to the film cast under standard conditions.  

In Chapter 5 the production of superhydrophobic coatings from waterborne polymer 

dispersions is presented. For this purpose, a new strategy based on the fractal aggregation of 

the PFDA homopolymer and the open-time of the coatings was developed leading to films with 

water contact angles higher than 150⁰, low sliding angles and low contact angle hysteresis. 

Additionally, the mechanical strength of the films and the oleophobicity and icephobicity was 

studied.  

The work presented in Chapter 6 was carried out in Nuplex Resins (Bergen Op Zoom, 

The Netherlands) under the supervision of Dr. Javier Bohórquez. In this chapter, the synthesis 

and the incorporation of fluorinated polymer resins into paint formulations was studied. The 

potential benefits of the incorporation of fluorinated polymers into paints were analyzed by 

studying different properties such as gloss, contact angle or chemical resistance. Additionally, 

an approach to produce low VOCs paints is presented. 

Finally, in Chapter 7 the most relevant conclusions of this PhD Thesis are summarized.  
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2.1. Fundamental aspects of hydrophobicity and superhydrophobicity 

As was explained in Chapter 1, hydrophobic and superhydrophobic surfaces are highly 

demanded because they present many useful properties such as antibiofouling, antisticking, 

anticorrosion, stain resistance and self cleanability1,2. In order to promote superhydrophobicity, 

two different factors should be considered: the hydrophobic nature of the material and the 

surface microstructure.  

The hydrophobic nature of the materials is characterized by the wettability of their flat 

surfaces. When a water droplet rests on a flat surface, three different interfaces are created: 

solid-liquid, liquid-vapour and solid-vapour. Therefore, the balance between the corresponding 

interfacial forces (γsl, γlv, γsv) will determine whether the droplet will wet or not the surface. The 

spreading coefficient3,4 is defined as the difference between the surface energy (per unit area) 

of the dry and wet substrate: 

                                                              𝐒 = 𝛄𝐒𝐕 − 𝛄𝐒𝐋 − 𝛄𝐋𝐕                                                               (2.1) 

When S > 0, complete wetting of the surface occurs and the water droplet will spread on 

top of the surface. When S < 0, the wetting of the surface does not occur spontaneously and 

the droplet partially wets the substrate as illustrated in Figure 2.1. As it was described by 

Thomas Young5 in 1805, the contact angle of a liquid drop on a solid surface (Ѳ) is determined 

by the mechanical equilibrium of the drop under the action of the three interfacial tensions6 

(Equation 2.2).  
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Figure 2.1. Water droplet on a flat surface 

                                

                                                    𝛄𝐒𝐕 =  𝛄𝐒𝐋 + 𝛄𝐋𝐕 · 𝐜𝐨𝐬Ѳ                                                        (2.2) 

According to the contact angle value with water, surfaces can be defined as hydrophilic 

(Ѳ < 90⁰), hydrophobic (Ѳ > 90⁰) and superhydrophobic (Ѳ > 150⁰).  

Table 2.1 presents the surface tensions and the water contact angles of a 

representative list of polymers7.  
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Table 2.1. Surface tension (γSV) and contact angle with water (θ) for various polymers7. 

Polymer name γSV (mN/m) Ѳ (⁰) 

Polyvinyl alcohol (PVOH) 37 51 

Polyvinyl acetate (PVA) 35.3 60.6 

Nylon 6 43.9 62.6 

Polyethylene oxide(PEO)/Polyethylene glycol(PEG) 43 63 

Nylon 6,6 42.2 68.3 

Polymethyl methacrylate (PMMA) 37.5 70.9 

Nylon 12 37.1 72.4 

Polyethylene terephthalate (PET) 39 72.5 

Epoxies 44.5 76.3 

Polyvinylidene chloride (PVDC) 40.2 80 

Acrylonitrile butadiene styrene (ABS) 38.5 80.9 

Polycarbonate (PC) 44 82 

Polyvinyl fluoride (PVF) 32.7 84.5 

Polyvinyl chloride (PVC) 37.9 85.6 

Polystyrene (PS) 34 87.4 

Polyvinylidene fluoride (PVDF) 31.6 89 

Polytrifluoroethylene 26.5 92 

Polybutadiene 29.3 96 

Polyethylene (PE) 31.6 96 

Polychlorotrifluoroethylene (PCTFE) 30.8 99.3 

Polypropylene (PP) 30.5 102.1 

Polydimethylsiloxane (PMDS) 20.1 107.2 

Poly t-butyl methacrylate (PtBMA) 18.1 108.1 

Fluorinated ethylene propylene (FEP) 19.1 108.5 

Hexatriacontane 20.6 108.5 

Paraffin 24.8 108.9 

Polytetrafluoroethylene (PTFE) 19.4 109.2 

Poly(hexafluoropropylene) 16.9 112 

Polyisobutylene (PIB, butyl rubber) 27 112.1 
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It can be seen that low surface tension leads to high contact angles. Fluorine is very 

effective for lowering the surface free energy. It was reported by Zisman and coworkers8  that 

the surface free energy decreased in the order –CH2 > –CH3 > –CF2 > –CF2H > -CF3 9,10. 

Therefore, the introduction of fluorine atoms into a polymer chain producing fluorinated 

polymers represents an important strategy to create low surface energy materials. Fluorine 

atom has unique characteristics that produce interesting properties in the fluorinated materials. 

It has small atomic radius and the biggest electronegativity among atoms. The C-F chemical 

bond is the strongest known single bond in organic chemistry leading to a great stability of 

these compounds. Additionally, polymers that contain C-F bonds exhibit excellent weather and 

chemical resistance, and also the small dipole moment of these compounds contributes to their 

oleophobicity and hydrophobicity, as well as their low surface tension, low refractive index, low 

friction coefficient and reduced adhesion to surfaces11–14. The values in Table 2.1 show that 

although low surface energy polymers as silicones and fluorinated polymers show 

hydrophobicity, they are far from providing superhydrophobicity, that can only be achieved 

increasing the surface roughness of intrinsically hydrophobic materials (materials with water 

contact angles greater than 90⁰). 
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2.1.1. Wetting of rough surfaces 

The theory for the wetting of rough surfaces is well developed and two different 

situations are considered depending on the penetration of the liquid to the interior of the 

cavities of the rough surface.  

a) Cassie-Baxter state: 

In this case, which is illustrated in Figure 2.2, the liquid does not penetrate in the 

cavities of the rough surface and only wets the top of the asperities of the surface (a necessary 

condition for this to occur is that Ѳ > 90⁰, where Ѳ is the contact angle value on a flat surface).  

 

Figure 2.2. Cassie- Baxter state 

The energy balance applied to the situation in which the water droplet moves a distance 

dx leads to the following expression15.  
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                 𝐝𝐄 =  𝚽𝐒 · (𝛄𝐒𝐋 − 𝛄𝐒𝐕) · 𝐝𝐱 + (𝟏 − 𝚽𝐒) · 𝛄𝐋𝐕 · 𝐝𝐱 − 𝛄𝐋𝐕 · 𝐜𝐨𝐬(𝟏𝟖𝟎 − Ѳ𝐫) · 𝐝𝐱              (2.3) 

 

 

Where ΦS is the fraction of the horizontal surface of the substrate in contact with the 

liquid, and Ѳr  is the contact angle of the rough surface. Under equilibrium conditions (dE/dx) is 

equal to zero and combination of Equation 2.2 and Equation 2.3 yields:  

                                                          𝐜𝐨𝐬 Ѳ𝐫 =  𝚽𝐒 · 𝐜𝐨𝐬Ѳ + 𝚽𝐒 −  𝟏                                                    (2.4) 

Equation 2.4 is called Cassie’s equation16,17 and shows that when the liquid does not 

penetrate in the cavities, the contact angle of the rough surface is higher than in a flat surface 

and this difference increases as ΦS decreases.  
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b) Wenzel state: 

Wenzel18 considered the case in which the liquid penetrates into the cavities of the 

rough surface (Figure 2.3).  

 

Figure 2.3. Wenzel state 

The energy balance that arises from this situation is15: 

                                                𝐝𝐄 =  𝐫 · (𝛄𝐒𝐋 − 𝛄𝐒𝐕) · 𝐝𝐱 +  𝛄𝐋𝐕 · 𝐜𝐨𝐬 Ѳ𝐫 · 𝐝𝐱                                      (2.5) 

 

 

Under equilibrium, where (dE/dx) is zero, combination of Equation 2.2 and Equation 2.5 

gives Wenzel’s equation.  

                                                                    𝐜𝐨𝐬 Ѳ𝐫 =  𝐫 · 𝐜𝐨𝐬 Ѳ                                                                             (2.6) 

Contribution for 
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Where the term r, defined as the roughness factor, represents the ratio of the area of 

the real surface to the projected area in the horizontal plane, therefore, it will be always higher 

than 1. Because of the capillary forces, entry of fluid in the cavities of the surface will always 

occur when Ѳ < 90⁰. In this case, Equation 2.6 predicts Ѳr < Ѳ. For the cases where Ѳ > 90⁰, 

Ѳr > Ѳ and Ѳr increases with r19.  

In the previous discussion it has been shown that for Ѳ > 90⁰ both the Cassie’s and the 

Wenzel’s equation are available. In order to decide which one should be applicable, it is 

necessary to know if the liquid penetrate in the cavities. The liquid will not penetrate if             

dE Cassie-Baxter < dE Wenzel. Combination of Equations 2.3 and 2.5 lead to the condition for 

maintaining dry the cavities: 

                                                                          𝐜𝐨𝐬 Ѳ <  
𝚽𝐬−𝟏

𝐫−𝚽𝐬
                                                                 (2.7) 

Figure 2.4 illustrates the effect of 𝚽𝐒 and r on the wetting of the cavities and the effect of 

the wetting on the contact angle of the rough surface. It can be seen that as r increases the 

wetting of the cavities is less likely and this results in a higher contact angle. The 

thermodynamic reason is that as r increases the energy needed to wet the cavities increases, 

and the Cassie’s case becomes more favorable.  

 



Hydrophobic and superhydrophobic coatings 

17 

 

   

Figure 2.4. Effect of 𝚽𝐬 and 𝐫 on wetting of the cavities and on the contact angle.  

Nature has overperformed the surface structures considered in the previous figures. 

Lotus leaves present some amazing properties. They have such superhydrophobicity that  

water droplets roll and slide over the surface and also, they collect the dirt located on top of it20. 

This superhydrophobicity is a consequence of the microstructure of these materials. As can be 

observed in Figure 2.5 they present a hierarchical structure built by wax tubules that are 

randomly oriented. The term ‘hierarchical roughness’ refers to the presence of roughness at 

different scales. The scanning electron micrographs of Figure 2.5 show a highly rough 

microstructure that present a large number of microbumps with an average peak to valley 

height of 13 μm, midwidth of 10 μm and peak radius of 3 μm.  All over the surface and also, on 

the top of these microbumps, small nanobumps are present with an average peak to valley 

height of 780 nm, midwidth of 40 nm and peak radius of 150 nm21. 

Wenzel

Ѳ r =133⁰

Cassie

Ѳ r =150⁰

cos Ѳ >  
Φs − 1

r − Φs
 

 

Φs = 0.2; r = 2 

cos Ѳ <  
Φs − 1

r − Φs
 

 

Φs = 0.2; r = 4 

Ѳ = 110⁰ 
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Figure 2.5. Scanning electron micrographs of the Lotus Leaf microstructure21. 

This hierarchical structure can be simplified in the scheme of Figure 2.6 where two 

scales of roughness are considered.  

 

Figure 2.6. Water droplet on a surface with hierarchical roughness. 

The fraction of solid-liquid contact surface is given by the product 𝚽𝐬𝟏 · 𝚽𝐬𝟐. For this 

case, Cassie’s equation becomes:  

                                                        𝐜𝐨𝐬 Ѳ𝐫 =  −𝟏 + Ф𝐬𝟏 ·  Ф𝐬𝟐 · (𝐜𝐨𝐬 Ѳ +  𝟏)                                      (2.8) 

ФS1

ФS2
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The introduction of roughness at two different scales produces a significant increase in 

the final contact angle of the rough surface as shown below for the case of a material with       

Ѳ = 110⁰. 

 

 

 

 

2.1.2. Contact Angle Hysteresis (CAH) and Sliding Angle (SA) 

When the Lotus leaf was discussed, it was mentioned that the water droplet easily slide 

over its surface. This property is characterized by means of the Sliding Angle (SA) and the 

Contact Angle Hysteresis (CAH).  

One scale roughness 

Ѳ = 110⁰ 

Фs= 0.25 

Ѳr = 146⁰ 

 

Two scale roughness 

 Ѳ = 110⁰ 

Фs1= 0.25 

Фs2= 0.25 

Ѳr = 163⁰ 
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Figure 2.7. Contact Angle Hysteresis and Sliding Angle. 

The sliding angle is the angle at which the liquid drop slides over the surface (α in 

Figure 2.7 for the droplet b). At tilting angles lower than the sliding angle, the droplet deforms 

by the action of the gravity and two contact angles can be measured. The contact angle 

hysteresis (CAH) is defined as the difference between the advancing (Ѳadv) and the receding 

(Ѳrec) contact angles, just before the sliding point (case a, Figure 2.7). These angles can be 

measured by placing a drop on the surface and varying the volume until the contact line moves 

or by tilting the substrate until the contact line begins to move4,22. The advancing contact angle 

is higher than the receding contact angle due to energy barriers to the droplet flow caused by 

the surface roughness or chemical heterogeneities21. Therefore, the lower the CAH, the easier 

the droplet will flow and roll off the surface. In general, superhydrophobic surfaces usually have 

CAH values lower than 10⁰.  

Ѳrec
Ѳadv

a b 
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It is worth pointing out that contact angle, CAH and SA respond to different 

characteristics of the surface. Gao and McCarthy23 designed a clever experiment to 

demonstrate that contact angle is a function of the contact line where the three phases (liquid, 

vapour and solid) coexist, and not a function of the interfacial area between the solid and the 

liquid. To probe this concept, three types of two component surfaces were prepared by Gao 

and McCarthy23, varying chemistry of the surface and topography. These surfaces are 

represented in Figure 2.8 where case (a) corresponds to a surface in which a hydrophilic spot 

is located inside a hydrophobic surface, in case (b), a rough hydrophobic region is located 

inside a flat hydrophobic field and in case (c), a flat hydrophobic spot is located inside a rough 

hydrophobic surface. The data from the experiments showed that the contact angle is 

determined by the interactions of the liquid and the solid at the three-phase contact line, the 

interfacial area within the contact perimeter being irrelevant as it is illustrated in Figure 2.8.  
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Figure 2.8. Surfaces with different wettabilities23. 

The sliding angle, which is defined as the critical angle where a water droplet with a 

certain weight begins to slide down the inclinated plane24 is controlled by both the three-phase 

contact line and the interfacial area. This last influence can be understood by considering that 

for the droplet to slide, the gravity force (m·g·sinα) should overcome the adhesion energy 

between the droplet and the substrate. This energy is proportional to 𝐫 · (𝛄𝐬𝐯 − 𝛄𝐬𝐥 −  𝛄𝐥𝐯) when 

the cavities are wetted (Wenzel’s regime) and to 𝚽𝐒 · (𝛄𝐬𝐯 − 𝛄𝐬𝐥 −  𝛄𝐥𝐯) when the cavities are not 

wetted (Cassie’s regime). As 𝐫 ≫ 𝚽𝐒, the energy needed to remove the droplet is higher for 

Wenzel’s case, namely higher sliding angles are expected for this case. The real situation is 

a b c 
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more complex as in order to slide, the droplet has to cross the three-phase contact line. This 

consideration led Furmidge to develop an expression linking the contact angle hysteresis and 

the sliding angle25. 

                                               𝐦·𝐠·𝐬𝐢𝐧𝛂

𝐰
=  𝛄𝐥𝐯 · (𝐜𝐨𝐬Ѳ𝐫𝐞𝐜 − 𝐜𝐨𝐬 Ѳ𝐚𝐝𝐯)                                          (2.9) 

Where m and w are the mass and width of the droplet. As can be observed in the 

Equation 2.9, smaller values of contact angle hysteresis will result into smaller values of sliding 

angle26.  

2.2. Techniques for the preparation of rough surfaces 

In the previous section it has been shown that very high contact angles, low contact 

angle hysteresis and low sliding angles can be achieved by avoiding the wetting of the cavities 

of the rough surface (Cassie’s regime). For a given polymer, this requires a high value of 

roughness factor, r, therefore deep (and complex) cavities. If this condition is fulfilled, 

multiscale roughness may lead to superhydrophobicity (Ѳ𝐫 > 150⁰, CAH < 10⁰ and very low 

sliding angles). Therefore, plenty of effort has been devoted to develop different techniques to 

produce this kind of surfaces. The most relevant procedures are summarized below. 
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Textiles and fibres 

Textile technology is one of the most potential applications of these water repellent 

surfaces. It was firstly studied by Wenzel27, stating that fibrous materials were very effective for 

water repellency. Indeed, many woven or non-woven cloths have been treated by immersion in 

different solutions to chemically increase the hydrophobicity of the system28–32 or to introduce 

additional roughness to the initial structure33. Artificial fibers can be produced by the use of 

techniques such as electrospinning where the fiber size, composition and surface texture are 

varied34. Good control of this method yields excellent water repellent materials35–37. 

Lithographic techniques 

Lithography constitutes a well established technique for the production of patterned 

surfaces and therefore, it is one of the most frequently used methods to produce 

superhydrophobic surfaces in academia. Its commercial implementation is limited by its high 

cost and the need of specific equipment. However, it has been very useful to understand 

wetting phenomena over the last decades. It allows the fabrication of surfaces where the solid-

liquid contact area can be tuned, what allows users to create surfaces with different r and Ф𝐬 

values4. There are several lithographic techniques in which a certain design is transferred from 

a master onto a substrate, even in the nanometric scale, leading to nano-imprint 

lithography38,39. Photolithography is an alternative in which a photoactive polymer layer is 

irradiated through a patterned mask where either the exposed or the unexposed polymer layer 

is removed40–42. Although lithographic techniques have been mostly used to study the theories 

of wetting, they are also useful in other applications such as in the fabrication of electronic 
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devices or in the production of molds that will be used as templates for the fabrication of 

patterned surfaces43.  

Templating 

Surfaces with microstructure can be produced by the use of templating techniques. A 

material is printed, pressed or grown in the voids of a template. After the template removal, the 

surface has the inverse of the template pattern which can be also used as a template to have a 

replicate of the original44. This technique is very reproducible and templates can be created in 

many different ways. Lithography is a procedure to produce well defined templates. 

Additionally, the production of anodic aluminum oxide (AAO) templates is widely used to 

produce nanopatterned surfaces45,46. The polymer is then infiltrated into the AAO template and 

later, the aluminum oxide is removed by dissolution leaving the polymer pillars. Other 

approaches with sacrificial templates to generate nanostructured surfaces can be done by 

producing polymeric films around nanoparticle arrays. The removal of the template leads to 

macroporous solids with highly rough microstructures47. Furthermore, natural 

superhydrophobic surfaces can be used directly as templates, obtaining replicas of some water 

repellent materials such as the Lotus leaves48.   

Phase separation 

A multi-component mixture can phase separate due to changes in temperature or 

pressure. In such case, the different phases form a bicontinuous structure. If one of the 

components solidifies in this structure, the other can be removed leading to a 3D porous 
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network49. The size of the pores can be controlled by controlling the ratio between phases or 

the phase separation conditions together with the solidification conditions. This strategy is easy 

to produce and economically viable although the transparency and hardness of the materials 

produced generally decreases as the structures become larger. Phase separation was mainly 

used to produce filters and chromatography stationary phases, but many researchers have 

used this technique for the production of superhydrophobic surfaces out of a wide range 

polymers50–53.  

Crystal growth 

The generation of rough surfaces by controlling the growth of crystals constitutes a 

versatile technique to create different microstructures such as nano-pillars, nano-fibers or 

needle-like structures. Size and shape of the crystals can be varied by changing different 

parameters such as the rate of cooling and solvent evaporation or addition. There are many 

examples in literature where rough superhydrophobic structures are created from different 

polymer systems54–56 and also, with the use of different inorganic materials such as ZnO57, 

carbon nanotubes51,52 or SnO260.  

Diffusion-limited growth processes 

The formation of surface roughness during the deposition of several layers on top of a 

certain substrate is often an undesired effect. Once the first protuberances are formed, they will 

gather more material on top of them than the surrounding areas. The growth of these 

structures will depend on the flux of material that arrives to the surface; therefore, the diffusion 
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of material61 controls the size of the protuberances. Electrodeposition62 and gas-phase 

deposition63–65 are common techniques to produce such surfaces out of many different 

materials, from metals to polymers. The highly rough microstructure of these surfaces, make 

them quite fragile in some cases, and also the transparency is affected by the structures at 

different length scales. However, this technique is versatile and it allows the deposition of thin 

films on top of initially rough surfaces for further hydrophobisation. 

Etching 

This technique is often used for the creation of structured surfaces, out of directly 

hydrophobic substrates or by the combination of non-hydrophobic substrates and an additional 

hydrophobisation stage. Different etching techniques can be used including wet chemical 

etching of metals66,67, plasma etching of polymers68,69 or laser etching of inorganic 

materials70,71.  

Sol-gel processing 

Sol-gel processing is a technique that has been widely used for the production of 

hydrophobic surfaces from different materials72–75. This technique is quite versatile in terms of 

application leading to different structures such as porours foams or sol-gel films. The 

morphology of the final surfaces can be controlled by varying the nature of the precursors used 

or the amount and size of particles incorporated76–78.  
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Aggregation/assembly of particles 

Colloidal particles can generate rough surfaces when they self assemble or they pack 

into closed arrays. This method, compared to the others, is applicable to larger surfaces and 

also more economically viable. Indeed, many industrial products such as paints are distributed 

in the form of particles in a binder to be used in large amounts79. To achieve more organized 

rough structures, it is possible to control the conditions of the aggregation80,81 and also, the 

incorporation of different particle sizes82 and morphologies83 can be used to enhance the 

roughness of the system.  

Wrinkling 

Another way of producing rough surfaces is by wrinkling. Wrinkles are formed in two-

layer composites due to the mismatch between the mechanical properties of the relatively hard 

upper layer and the soft elastic lower layer84,85. Mechanical stretching86–89, swelling-

evaporation90–92, and templates93,94 are commonly used methods.  

Wrinkles can also be formed by creating the mechanical mismatch by chemical 

reactions. Wrinkling coatings have been produced from liquid-applied thermally cured acrylic-

melamine and alkyd systems, from powder applied and thermally cured epoxy and polyesters 

systems as well as from UV-Cured acrylate systems95. Photoinitiated polymerization of furfuryl 

alcohol96 has also been used to generate a wrinkled topography. However, these polymers are 

not hydrophobic ( Ѳ < 90º) and for these systems Wenzel’s equation predicts that roughness 

further reduces the contact angle. Hydrophobic wrinkles have been produced via reactive 
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silane infusion into a poly(2-hydroxyethyl methacrylate) film97. Superhydrophobicity has been 

achieved by nanoimprint lithography of the wrinkled surfaces98. However, these methods 

involve the use of solvents and are not suitable for large surfaces. 

2.3. Challenges for the commercial production of superhydrophobic 

coatings 

Coatings have a tremendous impact on economy as they reduce corrosion (the 

worldwide cost of corrosion has been estimated to be 3% of the world's GDP99) by limiting the 

transport of water containing corrosive ions to the substrate. A way of reducing this transport is 

to increase the hydrophobicity of the coating, if possible to the superhydrophobic level, but this 

requires control of the texture of the coating.  

The methods discussed in Section 2.2 allow a quite good control of the roughness and 

hence superhydrophobic surfaces can be obtained. However, these methods are not well 

suited to produce commercial coatings because these coatings should: i) be easily applied to 

large and irregular (often rigid) surfaces, ii) form a cohesive non-porous and mechanical 

resistant film, iii) be cost effective, which is related to the possibility of high tonnage production, 

and iv) be environmentally friendly. Table 2.2 shows that none of the techniques described 

before able to produce highly hydrophobic and superhydrophobic coatings meet these 

conditions. 
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These four conditions are met by the waterborne coatings and this is the reason why 

these coatings are gaining share of the market to solvent-based ones, even in highly 

demanding applications as automotive coatings100. The global waterborne coatings market is 

estimated to reach $78 trillion by 2019101. However, the idea of highly hydrophobic waterborne 

coatings seems to be an oxymoron as in order to form a stable dispersion in water, the polymer 

particles should have a relatively hydrophilic surface.  

Table 2.2. Conditions met by the techniques developed to produce (super)hydrophobic 

coatings. 

 

Easily applied to 
large and 

irregular rigid 
surfaces 

Cohesive 
nonporous 
mechanical 

resistant film 

Cost 
effective 

Environmentally 
friendly 

(Super)  
hydrophobicity 

Lithography No Yes No No Yes 

Templating No Yes No No Yes 

Phase separation No No No No Yes 

Crystal growth No Yes No No Yes 

Etching No Yes No No Yes 

Colloidal particles 
coagulation 

                        
Yes 

                        
No 

                      
Yes 

                                  
?? 

                              
Yes 

Wrinkles 
mechanical 
stretching 

                              
No 

                           
Yes 

                        
No 

                                      
?? 

                              
Yes 

 Wrinkles swelling-
evaporation 

                            
Yes 

                           
Yes 

                          
No 

                                      
No 

                               
Yes 

Templated 
wrinkles 

                              
No 

                          
Yes 

                         
No 

                                     
No 

                              
Yes 

Wrinkles formed 
by reactions 

                 
Sometimes 

                          
Yes 

            
Sometimes 

                                
Perhaps sometimes 

                     
Sometimes 
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Film formation from waterborne dispersed polymers is often described as a process 

involving three steps in series (Figure 2.9): i) water evaporation to form a close-packing of the 

polymer particles, ii) particle deformation to form a dodecahedral structure, and iii) interdiffusion 

and coalescence of the deformed polymer particles102. When the three steps occur, relatively 

flat films are formed, and therefore the contact angle is determined by the nature of both the 

polymer and the hydrophilic components of the latex formulation (surfactant and initiator). 

 

Figure 2.9. Stages of film formation. 

When a waterborne dispersion of polymer particles is deposited onto a certain 

substrate, water evaporation will occur, and consequently, the particles will come into close 

contact forming a close-packed array of particles. This contact between particles will force 

particle deformation in order to fill the voids between them. In this point where no space 
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between particles is present, optical clarity in the film appears because light is not scattered 

anymore by the heterogeneities in the refractive index. This onset of optical clarity is defined as 

the Minimum Film Formation Temperature (MFFT). Once the particles are deformed, and at 

temperatures above the glass transition temperature of the polymer (Tg), interdiffusion of the 

polymer chains across the boundaries of the particles occurs leading to a continuous film102.  

Waterborne coatings can be easily applied to any type of surface, but for most common 

formulations the contact angle of the film rarely reaches the hydrophobic threshold. Thus, for 

styrene-acrylic systems, a contact angle of 72⁰ was achieved103. Higher values have been 

achieved by including polydimethylsiloxane (PDMS) in hybrid polymer-polymer systems. 

Rodríguez et al.104 synthesized silicone-(meth)acrylic latexes by miniemulsion polymerization 

finding that the amount of PDMS grafted to the (meth)acrylic chains, and not the overall 

amount of PDMS, was the main factor affecting film hydrophobicity. A value of θ = 100⁰ was 

reported. PDMS has been also included in polyester waterborne dispersions reaching values of 

θ = 104⁰ 105,106. In spite of these improvements these contact angles are lower than those of 

the very hydrophobic polymers. 

A large number of hydrophobic monomers have been polymerized using miniemulsion 

polymerization including lauryl methacrylate107,108, isobornyl acrylate109, stearyl acrylate110,111 

and fluorinated monomers112. In this last case, the latexes were not able to form films at 

ambient temperature. For fluorinated homopolymers, films were formed at 50⁰C leading to Ѳ = 

130⁰. Smaller contact angles (Ѳ = 105⁰) were obtained at temperatures above room 

temperature for copolymers of the fluorinated monomers and butyl methacrylate112. Fluorinated 
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surfmers (surfmers are surfactants containing a reactive double bond which allow them to be 

incorporated into the polymer with the main purpose of avoiding the drawbacks associated to 

surfactant migration113) were used in an attempt to increase the hydrophobicity of polystyrene 

latexes114 but a very modest Ѳ = 85⁰ was achieved, likely because the fluorinated chain of the 

polymer was oriented towards the interior of the particle and the hydrophilic moiety of the 

surfmer was at the surface of the particles giving them a rather hydrophilic character. This 

result indicates that, due to the presence of surfactants, the contact angle of films cast from 

fluorinated latexes may be lower than that of the neat fluoropolymer.  

Superhydrophobic materials were developed by several authors from waterborne 

polymer dispersions incorporating silica nanoparticles115–118. Also superhydrophobic-

superoleophilic filter paper was prepared for oil and water separation processes from 

fluorinated waterborne epoxy emulsions obtaining sticky surfaces with 152⁰ of contact angle119 

and even superhydrophobic emulsions for cementitious composites in order to improve the 

freeze-thaw stability120.  

The production of (super)hydrophobic materials in water media may seem contradictory 

and challenging but at the same time particularly interesting in order to produce 

environmentally friendly systems that can be applied to large and complex surfaces at a 

competitive price. 
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3.1. Introduction 

As it has been explained in Chapters 1 and 2, hydrophobic or water repellent surfaces 

are highly demanded because they present many useful properties such as antibiofouling, 

antisticking, anticorrosion, stain resistance and self cleanability1,2. The most convenient way to 

provide with these properties to widely different products is by means of a polymer coating; 

ideally, a waterborne coating that avoids the environmental impact of the solventborne 

coatings.  

Film formation from waterborne dispersions involves three steps. i) water evaporation, ii) 

particle deformation, and iii) particle coalescence and polymer interpenetration3, and the result 

of these processes is a film with a rather flat surface. Rougher surfaces can be obtained using 

hard particles, but then a mechanically weak film with many pores is obtained.  

This work aims at producing highly hydrophobic coatings from waterborne latexes able 

to form films at ambient temperature. Film forming latexes were synthesized by miniemulsion 

copolymerization of a fluorinated monomer and a soft acrylic monomer. These films showed a 

relatively high contact angle (114º) but further increase was precluded by the relatively flat 

surface of the film. Attempts to increase the roughness of the film using blends of film-forming 

latexes with latex of the fluorinated homopolymer (which is not film forming) were not 

successful under regular conditions because the fluorinated homopolymer particles 
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accumulated at the film-substrate interface. Film formation engineering allowed to modify the 

morphology of the film obtaining a contact angle of 137º. 

3.2. Experimental 

3.2.1. Materials 

1H, 1H, 2H, 2H-perfluorodecyl acrylate (PFDA) supplied by Interchim and 2-ethylhexyl 

acrylate (2EHA) supplied by Quimidroga were used as monomers. Dowfax 2A1 (alkyl 

diphenyloxide disulfonate); (anionic) from Dow Chemical and Capstone FS-30 (non ionic) from 

DuPont were used as surfactants. 2,2-azobisisobutyronitrile (AIBN) from Aldrich was used as 

oil soluble initiator for the polymerizations. All these compounds were used as received. Double 

deionized water (DDI) was used as continuous medium in the polymerizations. 

 

3.2.2. Miniemulsion polymerization 

40% solids content miniemulsions were prepared and further polymerized in a batch 

process. The organic phase was prepared dissolving the AIBN in the monomer mixture (PFDA 

in the homopolymerization and PFDA and 2EHA in the copolymerizations). The aqueous phase 

contained the surfactant. The organic phase was gently added to the aqueous phase and 

mixed under magnetic stirring for fifteen minutes. The coarse miniemulsion was sonified for 10 

min (70% amplitude, 50% duty cycle) in a Branson Sonifier 450. The miniemulsion stability was 

checked by the use of a Turbiscan LAbexpert equipment where the backscattered light signal of 
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the dispersions is recorded as a function of time. The bigger the change of the backscattering 

over time, the less stable the miniemulsion.  

The reactions were carried out in batch in a 250 ml glass-jacketed reactor equipped with 

a reflux condenser, N2 inlet, and a stainless steel turbine stirrer working at 200 rpm. The 

system was led to react during four hours at 70⁰C. The polymerizations carried out are 

summarized in Table 3.1. 

Two latexes were produced by copolymerization of PFDA and 2EHA in different 

proportions. In addition, two PFDA homopolymer hard latexes were synthesized using different 

types and concentrations of surfactants. The goal of these experiments was to have widely 

different particle sizes because it was expected that the topography of the surface of the films 

cast from blends of film forming and hard latexes would be influenced by the size of the hard 

latex.  

 

 

 

 

 

 

 

 

 

 



Chapter 3                  

48 

 

Table 3.1. Formulation for the latexes synthesized 

LATEX 

ORGANIC PHASE AQUEOUS PHASE  
ddroplet 
(nm) 

 

 
dparticle 
(nm) 

 
MONOMER RATIOa 

(wt/wt) INITIATOR 
b

 EMULSIFIER 
b

 WATER 

1 PFDA/2EHA (100/0) 
AIBN 
1 wt% 

CAPSTONE FS-30 
4 wt% 

    ≈60 wt% 

≈ 750 ≈ 750 

2 PFDA/2EHA (100/0) AIBN 
1 wt% 

DOWFAX 2A-1 
1 wt% 

181 200 

3 PFDA/2EHA (90/10) AIBN 
1 wt% 

DOWFAX 2A-1 
1 wt% 

154 169 

4 PFDA/2EHA (82/18) 
AIBN 
1 wt% 

DOWFAX 2A-1 
1 wt% 

169 177 

aMonomer represents 40% of the total weight of the formulation.   

bbased on the total weight of monomer    

      

3.2.3. Characterization 

The droplet and particle size were measured by Dynamic Light Scattering (Zetasizer 

Nano Z, Malvern Instruments). Scanning Electron Microscopy was used for the large particle 

sizes. 

Monomer conversion was determined gravimetrically. The final latexes were dried at 

23⁰C and 55% humidity and their thermal transitions were analyzed by Differential Scanning 

Calorimetry (DSC, Q1000, TA Instruments). The heating rate used was 10⁰C/min over a 

temperature range from -80 to 120⁰C under nitrogen atmosphere.  
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Water contact angles were measured in a OCA 20 Instrument (Dataphysics). Films from 

the different latexes were cast on glass substrates and then dried for two days at 23⁰C and 

55% relative humidity. In order to mimic the removal of the migrated surfactant by rain, films 

were immersed in water for 24 hours and dried again for another two days. The measurement 

of the contact angle was done by placing 10 µl droplets of distilled water on the surface of the 

films. The values given are an average of twenty measurements per film. The appearance of 

the films was evaluated visually and by SEM microscopy. 

3.3. Results and discussion 

Table 3.1 presents the latexes synthesized. It can be seen that for all the cases, the 

particle size was very similar to the droplet size, which indicated an efficient nucleation of 

stable droplets. Droplet nucleation was favored by the use of an oil soluble initiator, which 

mainly produced radicals in the droplets. However, this alone does not guarantee an efficient 

droplet nucleation because AIBN partitions between the monomer droplets and the aqueous 

phase and hence radicals can also be generated in this phase. In addition, initiator radicals 

produced in the droplets can desorb to the aqueous phase4. These radicals can initiate 

polymerization in the aqueous phase leading to the formation of new particles by 

homogeneous nucleation. In the present case, the water insolubility of the monomers 

precluded this process.  

Figure 3.1 presents the evolution of the light backscattered from the miniemulsions over 

four hours. Because the stability of the miniemulsions decreases as temperature increases, the 
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measurements were carried out at the maximum temperature of the equipment (60⁰C) in order 

to be as close as possible to the polymerization temperature (70⁰C). It can be seen that the 

PFDA miniemulsions were stable for the whole period of time (no change in backscattered 

light) whereas the miniemulsions containing 2EHA showed some degradation that was more 

accused for the miniemulsion containing the highest amount of 2EHA. This was due to the 

higher water solubility of the 2EHA. With these results in mind, it may be surprising that droplet 

degradation/coalescence was avoided in the polymerization of the miniemulsions containing 

2EHA. The reason was that polymerization was very fast (Figure 3.2) and the droplets did not 

have time to degrade. The fast polymerization was due to the high propagation rate of the 

acrylates5. 
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Figure 3.1. Evolution of the light backscattering profiles at 60⁰C for the miniemulsions: 

a) PFDA homopolymer with Capstone FS-30, b) PFDA homopolymer with Dowfax 2A1, c) 

90/10 (PFDA/2EHA) copolymer, d) 82/18 (PFDA/2EHA) copolymer. In the abscissa, 0 is the 

bottom of the miniemulsion and the top is close to 50. 
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Figure 3.2. Evolution of the conversion for the different reactions. 

Figure 3.3 presents the DSC thermograms of the polymers synthesized. The 

represented homopolymer corresponds to the one from Latex 2, although no difference was 

found with respect to the one from Latex 1. It can be observed that the homopolymer is 

crystalline showing a big melting peak at a temperature close to 75⁰C. Increasing the 

percentage of 2EHA incorporated in the copolymer, the melting temperature and the 

crystallinity decreased. This affected film formation. Latexes 1 and 2 (homopolymer) and Latex 
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3 (90/10) were too hard to form coherent films at ambient temperature, but Latex 4 (82/18) 

yielded a good and transparent film (Figure 3.4). 

 
Figure 3.3. DSC thermograms for the different polymers. (Exo Down) 
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Figure 3.4. Films formed from the homopolymer and the different copolymers. 

Figure 3.5 presents the effect of the polymer composition on the water contact angle. It 

can be seen that contact angles higher than 114⁰ were obtained in all the cases and that the 

contact angle increased with the PFDA content, reaching 134⁰ for the Latex 2 (small particle 

size homopolymer of PFDA). However, PFDA contents higher than 82 wt% were too hard to 

form films at ambient temperature. 

Latex 2 (PFDA/2EHA 100/0) Latex 3 (PFDA/2EHA 90/10) Latex 4 (PFDA/2EHA 82/18)
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Figure 3.5. Effect of the PFDA content on the contact angle (the PFDA homopolymer is 

Latex 2).  

The contact angle value of the flat homopolymer was also determined by preparing a 

film of Latex 2 at 90⁰C, well above its melting temperature. A value of 111⁰ was measured; 

therefore the fact that the observed contact angles were higher than the value for a flat surface 

of the homopolymer indicates that surface topography contributed to increase the contact 

angles. Actually the surface roughness can be observed in the SEM images of Figure 3.5. 

Comparison between these images shows that roughness increased with the PFDA content, 
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due to the fact that particles became harder, and hence they did not deform during film 

formation. The drawback is that the mechanical properties of the films deteriorated. This means 

that using film forming latexes produced by copolymerization of PFDA and 2EHA, the 

maximum contact angle is limited to a value of about 114⁰. 

Blends of soft and hard latexes have shown to be beneficial in many applications 

including zero VOC coatings6, coatings with improved mechanical properties7,8 and adhesives 

with both temperature responsiveness and optimum properties9. This last article is particularly 

interesting for the present work because it shows a latex blend that led to a good film with a 

rough surface.  

This prompted us to explore the possibility of improving the hydrophobicity of the films 

obtained from waterborne polymer dispersions by using latex blends of the film forming Latex 4 

(82/18) and Latexes 1 and 2 (PFDA homopolymer).  

The films cast from blends of Latex 4 (82/18) and Latex 2 (PFDA with the smaller 

particle size) showed contact angles that were similar to those of the copolymer (Table 3.2), 

which indicated that the surface of the film was covered by the copolymer. This was confirmed 

by the SEM images of the surface of the film (Figure 3.6, top). Further analysis of the films 

showed that the hard particles accumulated at the film-substrate interface, indicating 

sedimentation of the more dense homopolymer particles. This led to higher contact angles at 

the film-substrate interfaces (Figure 3.2). Latex 1 was not used at this stage because a 

stronger sedimentation was expected for larger PFDA particles. 
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Table 3.2. Water contact angles for blends of Latex 2 (PFDA) and Latex 4 (82/18) in 

different ratios at the air-film and film-substrate interfaces. These films had 1250 µm of wet 

thickness. 

Latex 4/ Latex 2 Ѳ water air-film interface (⁰) Ѳ water film-substrate interface (⁰) 

0/100 134±1 134±1 

50/50 117±3 129±2 

60/40 110±2 121±8 

70/30 112±3 121±2 

100/0 114±3 114±3 

 

 

Figure 3.6. SEM images for the air-film interface and film-substrate interface for different 

blending ratios: a) Latex 4/Latex 2: 50/50; b) Latex 4/Latex 2: 60/40; c) Latex 4/Latex 2: 70/30. 

6 μm 6 μm 6 μm

6 μm 6 μm 6 μm

FILM-SUBSTRATE INTERFACE

AIR-FILM INTERFACE
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Several strategies were adopted to avoid or at least minimize the effect of the 

sedimentation and to take advantage of gravity. These strategies include: i) to use thinner 

films; ii) reverting the orientation of the film to use gravity to bring the PFDA particles to the air-

film interface; iii) increasing the viscosity of the blend and the density of the softer latex; and iv) 

applying the PFDA homopolymer latex onto a primer of the softer latex during the open time of 

this latex.  

3.3.1. Use a thinner film 

The effect of sedimentation can be reduced by preparing thinner films, because as 

these films dry faster, the denser particles have less time to sediment. 

50/50 and 20/80 wt/wt blends of Latexes 1 (large particle size PFDA homopolymer) and 

4 (82/18 2EHA/PFDA copolymer) were used to cast 90 μm wet thick films that were dried at 

23⁰C and 55% relative humidity. Figure 3.7 presents the SEM images of the air-film interfaces 

of the dried films and the corresponding contact angles. Comparison of the results obtained 

with the 50/50 blend with those in Figure 3.6,a show that reducing the film wet thickness from 

1250 μm to 90 μm substantially increased the amount of PFDA particles at the air-film interface 

leading to a higher contact angle (123⁰±8). For the 20/80 blend, the thickness of the film did not 

have any significant effect on the distribution of the hard PFDA particles and on the contact 

angle.  
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Figure 3.7. PFDA distribution and contact angles for the 90 μm wet thick films of blends 

of Latexes 1 and 4. a) Latex1/Latex 4 = 20/80 wt/wt; b) Latex1/Latex 4 = 50/50 wt/wt. 

3.3.2. Reverting the orientation of the film during drying 

A simple way of bringing the denser and bigger PFDA particles to the air-film interface is 

to dry the film upside down. 50/50 and 20/80 wt/wt blends of the Latexes 1 and 4 were 

prepared, 90 μm wet films were cast on a glass substrate and turned upside down while drying 

at 23⁰C and 55% relative humidity. Figure 3.8 shows the SEM images of the air-film interface 

and the contact angles. It can be seen that drying upside down did not have any effect for the 

20/80 blend, but for the 50/50 blend the contact angle increased from 123⁰ to 130⁰. This effect 

would likely be stronger in thicker films.  

5 μm 5 μm

a) Ѳ = 114⁰ ± 4 b) Ѳ = 123⁰ ± 8 
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Figure 3.8. Effect of drying upside down on PFDA distribution and contact angle for the 90 μm 

wet films of blends of Latexes 1 and 4. a) Latex1/Latex 4 = 20/80 wt/wt; b) Latex1/Latex 4 = 

50/50 wt/wt. 

3.3.3. Increasing the viscosity of the dispersion and the 

density of the softer latex 

This was achieved by using a high solids (60 wt%) poly(vinylidene chloride) (p(VDC)) 

latex supplied by Solvay (particle diameter = 185 nm). The high solids increased the viscosity 

and the p(VDC) has a density of 1.69 kg/L, which is closer to the PFDA homopolymer density 

(1.91 kg/L) than that of the 82/18 copolymer (1.56 kg/L). The p(VDC) latex was blended with 

Latexes 1 and 2 (PFDA homopolymers) in a 50/50 weight ratio (dry basis) and 90 μm wet films 

were cast at 23⁰C and 55% relative humidity.  

Figure 3.9 shows the SEM images of the air-film and film-substrate interfaces. These 

images show that for the case of the blend with the small particle size PFDA homopolymer, no 

5 μm 5 μm

a) Ѳ = 113⁰ ± 5 

 

b) Ѳ = 130⁰ ± 6 
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proof of sedimentation can be observed in the film-substrate interface. On the other hand, for 

the case of the large PFDA homopolymer particles, sedimentation is only partially prevented 

likely due to the fact that these particles were larger and therefore they sedimented faster. This 

uneven distribution of the hydrophobic particles affected the contact angle at the air-film 

interface that was 133⁰±1 for the small PFDA particles and 120⁰±2 for the large ones. These 

values are remarkably high having in mind that the contact angle of the p(VDC) is only 68⁰±1.  

 

Figure 3.9. SEM images of the air-film (left) and film-substrate (right) interfaces of the 

films cast from 50/50 wt/wt (dry basis) of latexes 1 and 2 (PFDA homopolymers) with the 

p(VDC) latex. 
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3.3.4. Application of the PFDA latex onto a primer of soft latex 

In the previous section, it has been shown that blends of the PFDA and p(VDC) latexes 

can provide very high contact angles. However, when high weatherability is required, 

fluorinated polymers are preferred. As it is discussed above, the maximum contact angle 

achieved with blends of PFDA and PFDA-2EHA was 130⁰ using upside down drying. However, 

this type of drying is difficult to implement in practice. Therefore, the fraction of PFDA at the air-

film interface was increased by using a coating procedure that takes advantage of the open 

time of the waterborne coatings. Open time is the time available to rework a wet coating after 

its initial application10. This means that during this time, the layer of drying latex can be mixed 

with another latex that is applied on top of this layer. This opens the possibility of increasing the 

contact angle of a coating by casting a layer of hydrophobic particles on top of a primer. In 

order to proof the concept, the films were cast in a spin-coater. First, a primer was formed by 

spin-coating. This primer was Latex 4 (82/18 copolymer) that was spin-coated at 500 rpm 

during 30 seconds. Then, an equal amount of Latex 1 (large particle size PFDA latex) was 

added on top of the primer and spin coated at 1500 rpm for 60 seconds. The composite film 

was allowed to dry at 23⁰C and 55% relative humidity obtaining a cohesive film. Figure 3.10 

(left) shows that this coating technique led to an air-film interface completely covered by PFDA 

particles. The texture of the surface allowed reaching a contact angle of 133⁰ (well above that 

of the flat PFDA). 
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Spin coating 

Ѳ = 133⁰± 5 

                    Spray coating 

                     Ѳ = 137⁰± 4 

 
 

Figure 3.10. SEM images and water contact angles of the films obtained by means of 

the double coating strategy. 

Once the proof of concept was demonstrated, the idea was applied to a coating strategy 

better suited to coat large and complex surfaces. In this strategy, the 82/18 latex (Latex 4) was 

cast and let to dry for three minutes at 23⁰C and 55% relative humidity. Then, the large particle 

size PFDA latex (Latex 1) was sprayed on top of the partially dried film (2-3 mg polymer/cm2 in 

15 seconds), and then, completely dried at 23⁰C and 55% relative humidity. Figure 3.10 (right) 

shows that the air-film interface was completely covered by PFDA particles, which led to a 

contact angle of 137⁰±4. 
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3.4. Conclusions 

This work aims at producing highly hydrophobic coatings (water contact angles greater 

than 130⁰) from waterborne latexes able to form films at ambient temperature. These are 

conflicting requirements because these contact angles can only be achieved by means of 

textured surfaces and polymers able to form film at ambient temperature yield flat surfaces. 

Film-forming latexes prepared by miniemulsion copolymerization of 2-ethylhexyl acrylate 

(2EHA) and 1H, 1H, 2H, 2H- perfluorodecyl acrylate (PFDA) yielded a contact angle of 114⁰. 

Higher contact angles were obtained with formulations richer in PFDA, but films of poor quality 

were obtained at room temperature.  

Blending of these latexes with a latex of PFDA homopolymer (which is not film forming 

at room temperature) did not show any improvement in the case of thick films because the 

denser PFDA particles sedimented. Sedimentation was reduced by using thinner films and 

higher contact angles were observed (Ѳ = 123⁰). In an attempt to take advantage of gravity, 

films were dried upside down and a contact angle of 130⁰ was achieved because PFDA 

particles sedimented at the air-film interface. However, this type of drying is difficult to 

implement in practice. Higher contact angles (Ѳ = 133⁰) were obtained reducing sedimentation 

by using a film forming 60 wt% solids content latex of poly(vinylidene chloride) that increase 

both the viscosity of the blend and the density of the soft polymer. A dual coating strategy 

which is not limited in terms of density of the polymers and takes advantage of the open time of 

the waterborne coatings was developed. In this strategy, a film forming dispersion is cast first 
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and during its open time, a latex of hard hydrophobic particles is cast on top of it using spray 

coating. A contact angle of 137⁰ was obtained using this strategy.  
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4.1. Introduction 

Among the different methods to produce (super)hydrophobic coatings presented in 

Chapter 2, wrinkling was one of the potential techniques to produce hydrophobic surfaces. In 

this chapter a wrinkling strategy to produce easy to apply, cost effective, environmentally 

friendly, good quality (super)hydrophobic coatings is presented.    

Chapter 3 showed that the formation of a cohesive non-porous and mechanical resistant 

film with a rough surface from waterborne polymer dispersions is very challenging. 

Nevertheless, film formation engineering allowed modifying the morphology of the film 

obtaining a contact angle of 137º. 

 This chapter presents a solution for this problem by promoting the formation of wrinkles 

during film formation. This was achieved by taking advantage of the phenomenon of skin 

formation that can occur during the first part of the water evaporation1. It is shown that 

controlling the conditions for film formation; a polymer skin can be formed at the film-air 

interface before the interior of the film becomes dry. As a consequence, a mechanical 

mismatch between the surface of the film and its interior is created and wrinkles can be formed. 

The wrinkled film presented a water contact angle substantially higher than that of the film 

obtained under standard conditions. 
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4.2. Experimental 

4.2.1. Materials 

1H, 1H, 2H, 2H-perfluorodecyl acrylate (PFDA) supplied by Interchim and 2-ethylhexyl 

acrylate (2EHA) supplied by Quimidroga were used as monomers. Dowfax 2A1 (alkyl 

diphenyloxide disulfonate) from Dow Chemical was used as anionic surfactant for the 

miniemulsion stabilization. 2,2-azobisisobutyronitrile (AIBN) from Aldrich was used as oil 

soluble initiator for the polymerizations. All these compounds were used as received. Double 

deionized water (DDI) was used as continuous medium in the polymerizations. 

 

4.2.2. Miniemulsion polymerization 

40% solids content miniemulsions were prepared and polymerized in a batch process. 

The organic phase was prepared dissolving the AIBN in the monomer mixture (1 wt% based on 

monomers). The aqueous phase contained the surfactant (1 wt% based on monomers). The 

organic phase was gently added to the aqueous phase and mixed under magnetic stirring for 

fifteen minutes. The coarse miniemulsion was sonified for ten minutes (70% amplitude, 50% 

duty cycle) in a Branson Sonifier 450.  

The reactions were carried out in batch in a 250 ml glass-jacketed reactor equipped with 

a reflux condenser, N2 inlet, and a stainless steel turbine stirrer working at 200 rpm. The 
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system was led to react during four hours at 70⁰C. The polymerizations carried out are 

summarized in Table 4.1. 

Table 4.1. Properties of the latexes synthesized 

MONOMER RATIO (wt/wt) d particle (nm) Tm (⁰C) Xca 

PFDA/2EHA (100/0) 200 76 100 

PFDA/2EHA (90/10) 169 40 61 

PFDA/2EHA (82/18) 177 17 29 

PFDA/2EHA (80/20) 209 13 18 

PFDA/2EHA (75/25) 187 6 5 

a Referred to the homopolymer  
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4.2.3. Characterization 

The droplet and particle diameter (Z-average) was measured by Dynamic Light 

Scattering (Zetasizer Nano Z, Malvern Instruments). The values given are the average of two 

measurements. Monomer conversion was determined gravimetrically reaching in all the cases 

100%.  

The final latexes were dried at 23⁰C and 55% relative humidity and their thermal 

transitions were analyzed by Differential Scanning Calorimetry (DSC, Q1000, TA Instruments). 

The heating rate used was 10⁰C/min over a temperature range from -80 to 120⁰C under 

nitrogen atmosphere. The crystallinity of the polymers, Xc, was calculated by dividing the 

calorimetric heat of fusion (ΔHf) of each polymer by the ΔHf for the fluorinated homopolymer. 

Films were cast onto glass substrates and dried at 23⁰C and 90⁰C and 55% relative 

humidity in both cases. In order to mimic the removal of the surfactant that migrates to the 

surface of the film by rain, the films were rinsed with water and dried again at 23⁰C and 55% 

relative humidity. 

Water contact angles were measured in an OCA 20 Instrument (DataPhysics). The 

measurement was carried out by placing 10 µl droplets of distilled water on the surface of the 

films. The given values are an average of ten measurements per film.   

The surface of the film was analyzed by Scanning Electron Microscopy in a Hitachi 

TM3030 Scanning Electron Microscope.  
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4.3. Results and discussion 

Table 4.1 summarizes the properties of the latexes. Before the polymerization, the 

miniemulsion stability was checked at 60⁰C. Figure 4.1 presents the evolution of the light 

backscattered from the miniemulsions over four hours.  

It can be observed that the PFDA miniemulsion was stable for the whole period of time 

(no change in backscattered light) whereas those miniemulsions containing the highest 

amounts of 2EHA showed some degradation. As was explained in Chapter 3, this was due to 

the higher water solubility of the 2EHA. However, droplets did not have time to degrade in the 

reactor since the polymerization was very fast (Figure 4.2) due to the high propagation rate of 

the acrylates2. 
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Figure 4.1. Evolution of the light backscattering profiles at 60⁰C for the miniemulsions: 

a) PFDA homopolymer, b) 90/10 (PFDA/2EHA) copolymer, c) 82/18 (PFDA/2EHA) copolymer, 

d) 80/20 (PFDA/2EHA) copolymer, e) 75/25 (PFDA/2EHA) copolymer. In the abscissa, 0 is the 

bottom of the miniemulsion and the top is close to 50. 
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Figure 4.2. Evolution of the conversion for the different reactions. 

The thermal transitions of the polymers were analyzed and the DSC thermograms are 

presented in Figure 4.3. All of them presented some crystallinity (Xc) with melting temperatures 

(Tm) that decreased with the 2EHA content. 

0

20

40

60

80

100

120

0 100 200

M
on

om
er

 c
on

ve
rs

io
n 

(w
t%

)

Time (min)

PFDA/2EHA 100/0

PFDA/2EHA 90/10 

PFDA/2EHA 82/18

PFDA/2EHA 80/20

PFDA/2EHA 75/25



Chapter 4                  

74 

 

 

Figure 4.3. DSC thermograms of the polymers synthesized. (Exo Down) 

The Tgs of the amorphous part of the polymers could not be determined from the data 

in Figure 4.3. The big the melting peaks that are obtained in these systems make the 

observation of the Tg transitions very complicated.  Therefore, a different approach was used. 

A completely amorphous copolymer of PFDA and PFHA (1H,1H,2H,2H-perfluorohexyl acrylate) 

in a 75/25 wt/wt ratio was synthesized and its Tg measured (Tg ≈ -2⁰C). Then, the Tg of 

poly(PFHA) was determined from the DSC of its homopolymer (Tg ≈ -26⁰C). Finally, the Tg of 

poly(PFDA) was determined from these data using the Fox equation3,4 (Equation 4.1) where x 
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represents the weight fraction of each component in the mixture. Figure 4.4 represents the 

DSC thermograms for the PFHA homopolymer and for the PFDA/PFHA amorphous copolymer.  

                                                     
𝟏

  𝑻𝒈
=

𝒙𝟏

𝑻𝒈,𝟏
+

𝒙𝟐

𝑻𝒈,𝟐
                                                      (4.1) 

 

Figure 4.4. DSC thermograms of the PFDA/PFHA copolymer (75/25 wt/wt) and the PFHA 

homopolymer. (Exo Down) 

The Tg of the poly(PFDA) was estimated to be 7ºC. As the Tg of 2EHA is -50 ºC5 , the 
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temperature. Therefore for this system particle deformation and interdiffusion was controlled by 

the Tm. 

Film formation was theoretically analyzed by Routh and Russell6. They predicted that 

the regimes for the deformation mechanisms of the polymer particles depend on the relative 

rates of water evaporation, particle collapse and diffusion rate of the particles within the wet 

film. When the water evaporation rate is faster than the rate of diffusion of the particles in the 

wet film, the particles are trapped by the receding water front and accumulate at the air-film 

interface. For relatively hard polymers, i.e. polymers with a Tg/Tm in the order or higher than 

the casting temperature, the particles accumulated at the interface will not collapse and form a 

porous structure that allows evaporation of the rest of water. However, for softer polymer 

particles, the particles may collapse forming a continuous polymer film (skin) at the air-film 

interface. According to Routh and Russell6 this occurs when the rate for particle collapse is of 

the order or higher than the evaporation rate. Therefore, in order to form skin, the rate of 

evaporation should be faster than the rate of particle diffusion and similar or slower than the 

rate of particle coalescence. 

There are several ways in which these rates can be modified. Thus, the rate of diffusion 

of the particles can be increased by decreasing the particle size, the solids content and the 

viscosity of the continuous medium. Water evaporation can be accelerated by increasing the 

temperature and decreasing the relative humidity. The rate of particle coalescence increases 

as the size of the particles and the Tg/Tm of the polymer decreases as well as when the 

temperature increases. Among all these possibilities, in this work, the casting temperature and 

the Tg/Tm of the copolymer were chosen as variables to demonstrate the proof of concept. 
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Films were cast at 23⁰C and 90⁰C using 55% relative humidity. On the other hand, the Tg/Tm 

of the copolymer was controlled by means of its composition, which was varied from 

PFDA/2EHA = 75/25 wt/wt to 100/0 wt/wt (Table 4.1).  

Figure 4.5 presents the films obtained at 23ºC. It can be seen that coherent and 

transparent films were formed for latexes containing 2EHA contents higher than 18 wt%. 

However, as was discussed in Chapter 3 (Figures 3.4 and 3.5), latexes with 2EHA contents 

lower than 18 wt% were too hard to form films at ambient temperature and therefore for the 

PFDA homopolymer and the 90/10 copolymer the crystalline domains of PFDA hindered the 

formation of a good film and a porous weak film was obtained. The whiteness of the film is a 

fingerprint of the presence of pores that resulted from the lack of particle deformation and 

coalescence during film formation as it can be observed in the SEM image of the PFDA 

homopolymer (Figure 4.5). The contact angles of the films are given in Figure 4.6. It can be 

seen that the higher contact angles corresponded to the films cast from the PFDA 

homopolymer because of the higher hydrophobicity of the polymer and the roughness of the 

porous structure of the film caused by the hard particles that did not deform at the casting 

temperature. Contact angle decreased increasing the 2EHA content until 18 wt%, because the 

polymer was more hydrophilic and the film less rough. Surprisingly, the films prepared with 

higher amounts of 2EHA led to an increase in the contact angle. The presence of wrinkles in 

the 75/25 and the 80/20 films was the reason for the higher contact angle as compared with the 

82/18 film. The formation of these wrinkles is discussed below.  
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PFDA/2EHA(wt/wt) FILMS CAST AT 23⁰C, 55% RELATIVE HUMIDITY 
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Figure 4.5. Films cast at 23ºC and 55% relative humidity 
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Figure 4.6. Effect of the copolymer composition and casting conditions on the contact angle. 

Figure 4.7 presents the SEM micrographs and pictures of the films obtained at 90ºC. In 

all cases, coherent films were obtained because the casting temperature was higher than the 

melting temperature of the polymers. It can be seen that polymer composition strongly affected 

the topography of the film surface. Wrinkled surfaces were obtained for the 82/18, 80/20 and 

75/25 latexes, whereas flat surfaces were produced with higher PFDA contents. The peak to 

valley distance for the 75/25 latex was 1.5-2 μm as estimated from the SEM images of the 

cracks generated in the film when it was detached from a glass substrate by using liquid 

nitrogen (Figure 4.8).  
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PFDA/2EHA (wt/wt) FILMS CAST AT 90⁰C, 55% RELATIVE HUMIDITY 
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Figure 4.7. Films cast at 90ºC and 55% relative humidity. 
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Figure 4.8. SEM micrograph of a crack generated in the 75/25 film cast at 90ºC and 

55% relative humidity, when it was detached from a glass substrate by using liquid nitrogen. 

The reason for these results is as follows. In all cases, at the beginning of the film 

formation process, the rate of evaporation was faster than the rate of diffusion of the polymer 

particles, and therefore polymer particles concentrated at the water-air interface. For the softer 

polymers, the rate of particle coalescence was similar or faster than the rate of evaporation and 

particle coalescence formed a polymer skin on top of the drying film. This led to the formation 

10 μm
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of a bilayer structure: a soft polymer film on top of an aqueous dispersion of polymer particles. 

The mismatch between the mechanical properties of the two layers combined with the 

decrease in volume of the lower layer caused by the evaporation of water resulted in the 

formation of wrinkles at the film surface. Harder polymer particles (i.e. particles with a higher 

PFDA content) did not deform rapidly and hence they were not able to form a skin at the 

surface of the drying film before the majority of the water evaporates. Consequently there was 

no formation of the bilayer structure and rather flat films were formed through capillary, 

receding water front or moist sintering particle deformation mechanisms6. Figure 4.6 shows that 

for the latexes cast at 90⁰C, the water contact angle was maximum for the latexes that led to 

wrinkled films even though they had the lowest fluoropolymer content (75 wt% and 80 wt% of 

PFDA). Thus, the 75/25 latex dried at 90⁰C reached a contact angle of 133⁰. 

4.4. Conclusions 

This chapter deals with the challenge of producing in a cost effective and 

environmentally friendly manner highly hydrophobic, cohesive and non-porous coatings 

applicable to large and irregular surfaces. It is shown that this goal can be achieved by 

manipulating the film formation process in order to fine tune the texture of the surface of 

waterborne coatings. Waterborne dispersions of copolymers of 1H, 1H, 2H, 2H-perfluorodecyl 

acrylate and 2-ethylhexyl acrylate were chosen as a case study. The Tg of the copolymer can 

be easily tuned by modifying the monomer ratio. In Chapter 3, it was observed that the film 

forming copolymer PFDA/2EHA of 82/18 composition presented a contact angle of 114⁰ when 
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the film was cast at 23⁰C. In order to increase this value, roughness of the surface of the films 

cast from these dispersions was enhanced by creating wrinkles, which are naturally formed 

during film formation when the following conditions are met: 1) the rate of water evaporation is 

high enough to make the velocity of the receding water front faster than the rate of diffusion of 

the polymer particles in the wet film, and 2) the rate of coalescence of the particles is similar or 

faster than the rate of evaporation. Under these conditions, a polymer skin is formed at the film-

air interface before the interior of the film becomes dry. The mechanical mismatch between the 

surface of the film and its interior leads to the formation of wrinkles when the film dries. Among 

the different ways in which these rates can be modified, in this work, temperature and hardness 

of the polymer were chosen to demonstrate the proof of concept. This allowed the formation of 

transparent films with a wrinkled surface that had a contact angle of 133⁰, which is a 

substantial increase with respect to the film cast under standard conditions. 
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5.1. Introduction 

In Chapters 3 and 4, the topography of the surface of the films cast from waterborne 

polymer dispersions was modified by forming wrinkles and by taking advantage of the open 

time during film formation. However, the maximum water contact angle for wrinkled films was 

133⁰. In the open-time strategy, a film forming latex is cast first and during the open time of this 

film, a hard and hydrophobic latex is applied. This second latex blends with the first one, but its 

polymer particles concentrate near the surface of the film leading to a rough surface mainly 

covered by the hard and hydrophobic particles of the second latex. By using a second latex of 

large fluoropolymer particles (750 nm) the contact angle obtained was 137⁰. This strategy has 

the advantage that can be applied at ambient temperature, but the topography of the film 

surface was not enough to provide superhydrophobicity. 

A way to increase the roughness of the final film would be to have a dispersion of 

colloidal fractals as second latex. The term fractal, first coined by Mandelbrot1, refers to objects 

that exhibit self-similarity over an infinite range of length scales2. However, for real fractals self-

similarity is restricted to a limited number of scales. Fractal surfaces have huge values of the 

roughness factor, r (ratio of the real area to the projected area), and hence lead to 

superhydrophobic surfaces3,4. 

Colloidal fractals can be produced by aggregation of primary particles. The field has 

been recently reviewed5. Fractals are characterized by the fractal dimension of the aggregates, 

df, that varies from df=1 (linear aggregates) to 3 (spherical aggregates). The aggregation 
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mechanism strongly affects the fractal dimension. Open clusters are formed through the so-

called diffusion limited cluster aggregation mechanism (DLCA) which occurs when each 

contact between particles leads to aggregation, namely there is no repulsion. For stabilized 

colloids, several contacts are needed before aggregation occurs. This mechanism is called 

reaction-limited cluster aggregation (RLCA) and leads to relatively compact clusters. It has 

been reported that df increases with the stability of the colloid6 and the initial concentration of 

primary particles (initially occupied volume fraction, ∅𝟎)7. On the other hand, df decreases with 

the size of the primary particles8 and the polydispersity of the primary particles9. 

In the present case, the fractal aggregates should meet several conflicting 

requirements. 

 Mechanical strength as they are intended to form the surface of the coating. 

Therefore, relatively compact aggregates should be aimed. 

 High solids content to minimize the amount of water added to the film. The 

solids content is limited by the high viscosity of the fractal aggregates. 

 Made out of a hydrophobic polymer. This leads to miniemulsion 

polymerization, which yields to broad particle size distributions, which tend to 

form open aggregates.  

 Often fractal aggregates are formed by destabilization of previously formed colloidal 

dispersions10–16. For the case of polymer dispersions this involves two stages: polymerization 

and destabilization. In this chapter, formation of fractal aggregates during the miniemulsion 

polymerization was attempted because this substantially reduces cost and operation time. In 

order to achieve this goal, the miniemulsion polymerization should be carried out near the 
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stability limit and this is expected to yield large and polydispersed latexes that according to 

previous works8,9 may lead to open and therefore, weak aggregates. This effect was 

compensated increasing the solids content.  Additionally, the incorporation of this polymer latex 

in a dual coating strategy taking advantage of the open-time of waterborne coatings was 

explored in an attempt to achieve the formation of mechanically strong superhydrophobic 

coatings from waterborne polymer dispersions.   

5.2. Experimental 

5.2.1. Materials 

In this work, 1H, 1H, 2H, 2H-perfluorodecyl acrylate (PFDA) supplied by Interchim was 

used as monomer. Disponil AFX 4060 (modified ethoxylated fattyalcohol) from BASF was used 

as surfactant (non ionic). The polymeric ionic liquid poly(1-vinyl-3-ethylimidazolium bromide) 

(Poly(ViEtIm
+
Br

- )17, Mw of 20000 g/mol) was also used as stabilizer. As initiators, the redox 

pair composed by tert-butyl hydroperoxide (TBHP, Aldrich) and FF7 (Brüggemann Chemical, 

Heilbronn) and the oil soluble thermal initiator AIBN were used.  

5.2.2. Synthesis of the waterborne dispersions  

For the open-time strategy, both a film forming and a fractal aggregated hard latex are 

needed. A film forming latex was synthesized using the formulation given in Table 5.1 (Latex 

1). Latex 1 was a methyl methacrylate/ butyl acrylate/ methacrylic acid (MMA/BA/MAA) 

copolymer produced by seeded semicontinuous emulsion polymerization18. The seed was 
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synthesized by semicontinuous emulsion polymerization using the formulation in Table 5.2. An 

anionic surfactant (Dowfax 2A1) was used.  

Table 5.1. Formulation used to synthesize Latex 1 (dp=318 nm, S.C.=61.2%) 

Component Initial charge (g) Stream 1 (g) 

Seed 19.83 --- 

MMA 1 175.74 

BA 1 175.74 

MAA --- 3.57 

Water  135.504 80.466 a 

KPS 1.79 --- 

Dowfax 2A1 b --- 5.36 

a added water + water coming from the surfactant solution       

b active matter 

Table 5.2. Formulation for the seed latex (dp=64 nm, S.C. = 14.8%) 

Component Initial charge (g) Stream 1 (g) 

MMA --- 44.55 

BA --- 44.55 

MAA --- 0.9 

Water a 507.1 --- 

KPS 0.45 --- 

NaHCO3 0.14 --- 

Ammonia b 0.9 --- 

Dowfax 2A1 c 0.9 --- 

a added water + water coming from the surfactant solution       

b 25% aqueous solution 

c active matter  
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The fractal aggregated hard latex was a PFDA homopolymer synthesized by batch 

miniemulsion polymerization. Different homopolymers were synthesized by changing the 

emulsifiers and initiators (Table 5.3). A non ionic surfactant (Disponil AFX 4060) which is less 

sensitive to water than the ionic ones was used. In addition, a polymeric ionic liquid (PIL) 

poly(1-vinyl-3-ethylimidazolium bromide) with a Mw ≈ 20000 g/mol was also used. Initiators 

yielding non-charged radicals (AIBN and TBHP/FF7) were used. AIBN is a thermal initiator that 

forms radicals in pairs within the droplets/particles and its efficiency is limited by the frequent 

termination between these radicals19. TBHP/FF7 forms tert-butoxyl radicals in the aqueous 

phase that as they are hydrophobic enter rapidly in the polymer particles. The concentration of 

the surfactants was varied to achieve aggregation of the polymer particles, but to avoid 

complete coagulation. The type of initiator was varied in an attempt to influence polymerization 

rate, which through the polymer content affects the stickiness of the polymer particles and 

hence the aggregation. The formulations for the different reactions are presented in Table 5.3.  

The miniemulsions were sonified for 10 min (70% amplitude, 50% duty cycle) in a 

Branson Sonifier 450. In reaction E, where the redox pair TBHP/FF7 was used, the FF7 was 

incorporated to the aqueous phase and the TBHP was dissolved in water and fed to the reactor 

during the first hour of reaction. In the cases in which AIBN was used, the oil soluble initiator 

was dissolved in the fluorinated monomer.  

The miniemulsion polymerizations were carried out in a 250 ml glass-jacketed reactor 

equipped with a reflux condenser, N2 inlet, and a stainless steel turbine stirrer. Although the 

size of the aggregates is determined by the aggregation and breakage processes that are 

strongly affected by agitation5, it was decided to maintain constant the agitation rate at 200 rpm 
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and control the aggregation through the surfactant and initiator systems. The systems were 

allowed to react during four hours at 40 ⁰C (TBHP/FF7) or 70 ⁰C (AIBN). 

Table 5.3. Formulations used to obtain the fractal aggregated hard PFDA latex. 

 
Component A (wt %) B (wt %) C (wt %) D (wt %) E (wt %)  

Organic 
phase 

PFDA 20 wt % 20 wt % 20 wt % 20 wt % 20 wt % 

AIBN a 1 wt % 1 wt % 1 wt % 1 wt % ---- 

Water 
phase 

Disponil AFX 4060 a,b 1 wt % 0.8 wt % 0.5 wt % 0.5 wt % 0.5 wt % 

PIL a 0.5 wt % 0.5 wt % 0.5 wt % ---- ---- 

FF7/TBHP a ---- ---- ---- ---- 1.1 wt %/1.1 wt % 

Water  ≈80 wt % ≈80 wt % ≈80 wt % ≈80 wt %  ≈80 wt % c 

 

a based on the total weight of monomer       

b active matter   

c total amount of water including miniemulsion preparation and TBHP feeding. 
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5.2.3. Characterization 

Scanning Electron Microscopy was used to characterize the size of the aggregates.  

Monomer conversion was determined gravimetrically. Thermal transitions were 

analyzed by Differential Scanning Calorimetry (DSC, Q1000, TA Instruments). The heating rate 

used was 10 ⁰C /min over a temperature range from -20 to 120 ⁰C under nitrogen atmosphere.  

Static water contact angles, contact angle hysteresis and sliding angles were measured 

in an OCA 20 Instrument (Dataphysics) equipped with an electronic tilting base. Films from the 

latexes were cast on glass substrates and dried under different conditions. In order to mimic 

the removal of the migrated surfactant by rain, films were immersed in water for 24 hours and 

dried again for two days. The measurement of the contact angle was done by placing 10 µl 

droplets of distilled water on the surface of the films. The values given are an average of twenty 

measurements per film. In order to measure the sliding angle, 10 μl droplets were placed on 

the film surfaces and the equipment was tilted gradually at a rate of 0.6 ⁰/sec until the water 

droplet slides down the inclined plane. The contact angle hysteresis (CAH) is the difference 

between the advancing (Ѳadv) and the receding (Ѳrec) contact angles. Considering the case of a 

sessile drop, Ѳadv was measured when additional liquid is added to the existing droplet, and 

Ѳrec, when liquid was removed from the droplet. Experimentally, a 10 μl water droplet was 

initially placed on top of the films and then by pumping 5 extra μl into and out the water droplet 

the advancing and receding contact angles were measured. The oleophobicity of the films was 

also evaluated by measuring the contact angles of olive oil and hexadecane. 
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The appearance of the films was evaluated visually and by SEM microscopy. The 

roughness profiles of the films were extracted from the height images of the AFM micrographs 

of the samples. The software Nanoscope Analysis allows the characterization of roughness 

and the calculation of the Image RMS (also known as Rq) which is the root mean square 

average of height deviations taken from the mean image data plane as calculated with 

Equation 5.1. In this equation, Zi represents the height deviation from the mean to the i point 

and N is the number of data points. The roughness profiles presented represent one line of the 

AFM micrograph that is considered representative for the whole image while the RMS value is 

calculated for the whole area of the micrograph.  

                                          𝐑𝐌𝐒 = √
(𝐙𝐢)𝟐

𝐍
                                                                        (5.1) 

To evaluate the drying kinetics of the films, the weight of the water loss during the drying 

was recorded. For this purpose, 120 μm wet thick films were casted onto a glass substrate (17 

x 10 cm) and placed on a digital balance. The weight loss was recorded during the first hour of 

drying.  

An optical technique based on Multispeckle Diffusing-Wave spectroscopy (MS-DWS) 

was used to study the film formation20–22. This technique is implemented into an Horus 

apparatus23 which measures the fluctuation of the intensity of the light scattered by the mobility 

of the particles in the sample. The scattered light is detected by a video camera that displays 

an interference image, also called speckle image. The changes that the sample undergoes 

during film formation produces temporal fluctuations in the scattered light and therefore in the 

speckle image. The deformation speed of the speckle pattern due to the motion of scatterers 
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(particles, droplets, etc.) in the sample is defined as the speckle rate24. As the film 

progressively forms, the motion of the particles slows down due to an increase in film viscosity 

and consequently, the speckle deformation speed (speckle rate) decreases. Successive 

speckle images are acquired over time in order to quantify the deformation speed of the 

speckle patterns as a function of time. With this technique, the different steps of the film 

formation process: water evaporation, particle ordering, particle deformation and diffusion and 

coalescence can be observed and correlated to the time of drying. It is considered that the 

open time corresponds to the first two steps: water evaporation and particle ordering. 120 µm 

films were casted onto a glass substrate and the variation of the speckle rate was recorded as 

a function of the time. The measurements were carried out at 23⁰C and 55% relative humidity. 

The mechanical strength of the films was checked by means of a scrub resistance test 

performed in a washability equipment (Braive Instruments) as explained in Section 5.3.1 of this 

chapter. The experiments were performed using completely dry brushes and in the absence of 

any liquid media.  The brushes pass over the surface several cycles. Each cycle comprises two 

passes over the surface.  

The potential use of the films as icephobic coatings was studied through different 

experiments. Ice adhesion strength was characterized using a TA.HD plus texture analyzer 

equipment (Stable Micro Systems) in which an ice block was separated from the substrate by 

using a peel mode experiment. The effect of water vapour condensation on the surface of the 

film was studied by measuring the contact angle at different surface temperatures. Additionally, 

ice formation and accumulation was also studied by introducing samples of the films in the 
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freezer and pouring supercooled water onto the samples. These experiments are discussed in 

detail in Section 5.3.3 of this chapter.  

5.3. Results and discussion 

Figure 5.1 presents the SEM images of the films cast with PFDA latexes synthesized 

with AIBN and different concentrations of surfactant according to the formulations in Table 5.3. 

It can be seen that less aggregated polymer particles were obtained with 1 wt% of Disponil 

AFX 4060 and 0.5 wt% of PIL and that aggregates were formed when the concentration of 

Disponil was decreased to 0.5 wt% (maintaining 0.5 wt% of PIL). Massive coagulation occurred 

when only 0.5 wt% of Disponil was used. In order to assess if these levels of aggregation were 

enough to achieve superhydrophobicity, the water contact angles were measured. The data 

are reported in Figure 5.1 where it can be seen that the contact angle increases with 

aggregation, but the maximum contact angle achieved (142⁰) was below the threshold of 

superhydrophobicity. This indicated that the fractal aggregates were not large enough.  

The coagulation observed when only 0.5 wt% of Disponil was used, led to a material 

formed by fused particles, suggesting that the aggregation occurred when the particles were 

soft, namely when they contained a substantial amount of monomer. 
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Figure 5.1. Effect of the surfactant system on the films cast from the PFDA latexes 

synthesized using AIBN as initiator.  

Let us assume that for the highly hydrophobic monomer that was used, most of the 

droplets were nucleated and no mass transfer between droplets/particles occurred. Under 

these circumstances we can imagine that the system is ruled by the interplay between the 

kinetics of aggregation and the kinetics of polymerization. For a given aggregation kinetics, low 

polymerization rates will lead to coagulation of fused particles, whereas for faster 

polymerization rates the formation of fractal aggregates of hard particles is expected.  

In order to check this idea, Run E (Table 5.3) was carried out using 0.5 wt% of Disponil 

and a redox initiator to accelerate the reaction. A highly viscous dispersion with no 

10 μm

A. Surfactant : PIL (0,5%)/ DISPONIL AFX 4060 (1%)

Initiator system: AIBN (1%) T=70⁰C; Ѳ≈132⁰
B. Surfactant : PIL (0,5%)/ DISPONIL AFX 4060 (0.8%)

Initiator system: AIBN (1%) T=70⁰C; Ѳ≈133⁰

D. Surfactant : DISPONIL AFX 4060 (0.5%)

Initiator system: AIBN (1%) T=70⁰C

C. Surfactant : PIL (0,5%)/ DISPONIL AFX 4060 (0.5%)

Initiator system: AIBN (1%) T=70⁰C; Ѳ≈142⁰
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macroscopic coagulum was obtained. Figure 5.2 compares the viscosity of this latex with that 

of a regular latex of higher solids content (40 wt% solids PFDA/2EHA copolymer, Latex 4, 

Chapter 3). It can be seen that even though Latex E had only 20 wt% of solids content, its 

viscosity was more than one order of magnitude higher than that of the regular latex with 40 

wt% solids content. This strongly suggests that Latex E was a colloidal fractal. This is clearly 

shown in Figure 5.3 a, where the SEM image of the aggregated fractals is presented. It can be 

seen that relatively compact fractal aggregates formed by a broad distribution of large particles 

were obtained. This indicates that the solids content used (20 wt%, very high for the values 

usually employed to form colloidal fractals (< 10 wt%5)) compensated the effect of the particle 

size distribution.  

Figure 5.3 b presents a SEM image of the surface of the film cast from Latex E. 

Comparison with Figure 5.1 shows that the surface was rougher. This resulted in a water 

contact angle (Ѳ > 150⁰) which was in the superhydrophobic range.  
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Figure 5.2. Viscosity as a function of the shear rate for latex E (20 wt% solids) and for a 

82/18 PFDA/2EHA copolymer (40 wt% solids). 

 
Figure 5.3. SEM images of a) the fractal aggregates and b) the film of Latex E.  
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When cast at ambient temperature, Latex E alone formed a porous film which was not 

useful for coatings. Although the main purpose of the synthesis of this latex was to use it as 

second stage of the open-time strategy, and it has the required characteristics for that usage, 

one wonders if the film can be consolidated by casting the latex at a temperature above the 

Tg/Tm of the polymer. The DSC thermogram presented in Figure 5.4 shows that the polymer is 

crystalline with a melting peak at 75-80⁰C. Therefore, films were cast from Latex E between 77 

and 85⁰C.  

 
Figure 5.4. DSC thermogram for Latex E. (Exo Down) 

 

Figure 5.5 shows a clear relationship between the temperature of drying and the film 

topography. When the drying temperature of the films was increased, the topography evolved 

from a highly rough film to a flat continuous and transparent coating. This phenomenon has an 

effect on the contact angle value. Figure 5.6 shows how the contact angle decreased as the 
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drying temperature increased, from values of Ѳ >150⁰ below the melting temperature, to values 

of Ѳ ≈111⁰ that correspond to the flat surface where the hydrophobicity was determined by the 

nature of the fluorinated material. The effect of the drying temperature on the roughness of the 

films is quantified in Figure 5.7 that presents the roughness profiles measured by AFM in Latex 

E films dried at ambient temperature and 90⁰C. It can be observed that whereas RMS is 765 

nm at 23⁰C, it is only 4 nm at 90⁰C.  

 

 
Figure 5.5. Film formation at different drying temperatures. 
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Figure 5.6. Contact angle as a function of the drying temperature. 
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Figure 5.7. Roughness profile of the films formed from Latex E dried at ambient 

temperature and 90⁰C. RMS values for each sample are included in the legend.  

The open-time strategy was implemented by using Latex 1 (MMA/BA/MAA copolymer) 

as film forming latex and Latex E as hydrophobic latex. In order to implement the strategy, the 

film forming process of Latex 1 was first monitored by determining the rate of water loss by 

gravimetry and the mobility of the particles in the film by means of the Horus apparatus. The 

results are given in Figure 5.8. It can be seen that water evaporated continuously, but in terms 

of the mobility of the particles, the film formation can be divided into three stages. Stage I 

corresponds to the case in which the particles move relatively free in the film. This period 

finalized in about 3 minutes. At the end of this stage, the water content in the film was still 

around 30 wt%. A clear change in the mobility of the particles due to the reduction of water 
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present in the system determined the onset of the second stage (Stage II) in which interparticle 

interaction affected the motion of the particles and they rearrange and organize. During Stage 

II, the water content in the film decreased to a value of around 5 wt%. At the beginning of the 

particle deformation stage (Stage III), the speckle rate decreased sharply indicating a drastic 

reduction of the mobility of the particles inside the film. The little amount of water that is still 

present in the system corresponds to the one trapped in the voids between particles that 

exponentially disappeared as particles deformed completely. The open-time can be associated 

to Stage II. Therefore, Figure 5.8 provides the information needed to implement the open-time 

strategy.  

 
Figure 5.8. Water content (wt%) as a function of time (dotted line) and speckle rate 

variation with time (obtained from the Horus apparatus) for Latex 1. 
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A film of Latex 1 was cast and allowed to dry during 5 minutes. Then, Latex E was 

sprayed on the film during 60 seconds. The amount of polymer added was 4.35 mg/cm2. In 

another experiment, this amount of polymer was added in two steps, the first one at 5 minutes 

(30 seconds of spraying) and the second one at 15 minutes (30 seconds of spraying). Once the 

films were dried, in order to improve the mechanical strength of the film, the samples were 

annealed at 78⁰C during two hours in order to improve the penetration of the hard particles in 

the soft matrix and to slightly fuse the primary particles of Latex E. 78⁰C was used because the 

hard particles started to melt above this temperature (see Figure 5.5) and it was well above the 

Tg of the soft polymer, which formed film at ambient temperature. 

 
 

Figure 5.9. Speckle rate variation with time (obtained from the Horus apparatus).  
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Figure 5.9 shows the drying kinetics for four different films, including the high solids 

content latex (Latex 1) presented also in Figure 5.8, the PFDA latex (Latex E) and the films 

produced in “One step spray coating” and “Two step spray coating” procedures. For the 

sprayed films, the Horus measurement started just after the spraying stage and that is the 

reason why the curves do not start at time zero and they start at minutes 5 or 15 depending on 

the case. Latex E contained 80% of water in its formulation; therefore the drying process was 

much longer than for Latex 1 that only contained around 38% of water. Thus, when Latex E is 

sprayed onto Latex 1, the drying time was extended until all the water coming from the sprayed 

latex evaporated.  

The films prepared using these procedures presented a translucent appearance (see 

Figure 5.10) due to the incorporation of large fractal aggregates on the top surface of the 

coating and they were mechanically consistent and of good quality. 

 

 
Figure 5.10. Films produced by “One step spray coating” (a) and “Two step spray 

coating” (b) procedures following the open-time strategy.   
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SEM micrographs of the top and bottom interfaces were taken from both films. Figure 

5.11 shows that both surfaces are fully covered by a large number of hard particles (b.1 and 

b.2 micrographs). When lower magnification images are analyzed, aggregations of particles 

are observed (a.1 and a.2). These aggregations are more frequent in the film sprayed twice 

(image a.2). The presence of these aggregates on the top surface of the film may have an 

important effect on the wettability of the substrate due to the fact that they considerably 

increased the roughness profile. SEM images of the film-substrate interface (c.1 and c.2 

micrographs) showed no evidence of sedimentation. However, the contour of some particles 

inserted in the film matrix can be identified indicating that during the drying process a fraction of 

the particles was able to penetrate into the softer layer of the film.  

 
Figure 5.11. SEM micrographs of the films produced by one and two step spray coating 

techniques.  a, b) Air-film interface, c) Film- substrate interface. 
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The contact angle of these surfaces was analyzed finding important differences 

between the spraying procedures. It is important to remark that the contact angle value of the 

MMA/BA/MAA film used as primer was 70⁰±1. Taking this into consideration, the improvements 

achieved in contact angle are remarkable. The contact angle value was higher for the film 

sprayed in two steps, reaching the superhydrophobic regime (Ѳ >150⁰). In this case, it was 

difficult to deposit a 10 μl water droplet on top of the film. The probability of the water droplet 

deposition is the fraction of successful attempts as can be seen in Table 5.4. For the films 

sprayed in two steps only 28 % of the dispensed droplets stayed on top of the surface. In the 

rest of the cases, droplets stayed in the syringe because the force of adhesion between the 

water droplet and the syringe was higher that the force of adhesion between the water droplet 

and the film as it is shown in Figure 5.12. A sliding angle of 0⁰ was attributed to this situation 

since the water cannot stay in a static position on top of the surface. In the 28% of the cases, 

when the water could be deposited on top of the surface, the sliding angle was measured 

reaching an average value of 27⁰. A representative value of the sliding angle of the complete 

surface would be an average between the points in which the droplet cannot be deposited 

(sliding angle equal to 0⁰) and the points in which the droplet can stay on top of the surface 

(average sliding angle of 27⁰). The average value of the whole surface was 7⁰ (Table 5.4). 

Additionally, the one step spray coating technique gave surfaces which were highly 

hydrophobic and presented really low values of contact angle hysteresis, but they did not reach 

the superhydrophobic threshold.  
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Table 5.4. Wetting properties of the spray coated films. 

Coating technique Probability of water 
droplet deposition (%) Ѳ water(⁰) Sliding angle (⁰) Contact angle  

hysteresis (⁰) 

One step spray  100 138±2 >90 ≈7 

Two step spray  28 152±4 ≈7 ≈5 

 

 
Figure 5.12. Representation of the superhydrophobic nature of the two step sprayed 

coating.  

The superhydrophobic behavior of the two step sprayed surfaces can be attributed to 

the highly roughness profiles that are created by this technique. Figure 5.13 shows the 

roughness profiles of the two sprayed coatings and also that of the film formed from Latex 1. 

The surface sprayed twice is much rougher than the surface sprayed one time explaining the 

differences in contact angles. As expected, a flat film was obtained from Latex 1 at ambient 

temperature. These profiles are in agreement with the RMS values shown in the legend of 

Figure 5.13 extracted from the whole area of the image.  
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Figure 5.13. Roughness profile of the films formed from Latex 1 (flat surface) and from 

the one and two spraying procedures. RMS values for each sample are included in the legend.  

5.3.1. Mechanical strength 

One of the weak points of the superhydrophobic coatings is their usually low mechanical 

strength. If the particles are not incorporated into the film strong enough, they can be removed 

from the surface and the film loses its hydrophobic character. In order to evaluate how strong 

were the particles attached to the surface, different experiments were carried out. In a first 

experiment, a sharp blade (Figure 5.14,a) was passed five consecutive times on top of the film. 

In a second experiment, a scrub resistance test was performed (Figure 5.14,b). This test was 
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performed in complete dry conditions, without any liquid media. A dry wild boar hair brush 

(Figure 5.14,c, in accordance with DIN 53 778) was passed on top of each surface for 50 

cycles (100 passes).  

 
Figure 5.14. Sharp blade (a), scrub test equipment (b) for mechanical strength 

measurements and wild boar hair brush (c) used in the scrub resistance test.  

After both experiments, the surfaces were evaluated visually, and by SEM and AFM 

microscopy and the water contact angles were measured. Figure 5.15 shows the aspect of 

each film after both experiments. Visually, the films did not show any significant damage as 

compared with the initial aspect shown in Figure 5.10. 
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Figure 5.15. Images from the films after the different treatments. 

SEM micrographs of both films show that passing a sharp blade on top of the surface 

five times did not produce an important damage on the surface. As can be observed in Figure 

5.16, where the images of the samples before and after the treatment are presented, the base 

of the coatings remained covered with the hard particles and only the peaks of the big 

aggregates were partially damaged (Figure 5.16,d).  
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Figure 5.16. SEM micrographs of the films before and after passing a sharp blade five 

times a,c) One spray coating. b,d) Two spray coating. 

The scrub test is much more aggressive and as can be observed in the SEM 

micrographs, the surface was more damaged (Figure 5.17). One spray coatings showed 

surfaces that were highly affected by the treatment (Figures 5.17, a and c). However, the 

surfaces sprayed twice showed better resistance to the scrub test (Figures 5.17, b and d). It 
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seems that the big aggregates were the ones seriously damaged. On the other hand, the small 

particles were less affected.  

 

 

Figure 5.17. SEM micrographs of the films before and after scrub test. a,b) One spray 

coating. b,d) Two spray coating. 
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The roughness profiles were measured by AFM. Figure 5.18 shows that the roughness 

of the one spray coating was not substantially affected by the treatments, and the scrub test 

slightly increased the roughness. On the other hand, the roughness of the coating sprayed 

twice was substantially reduced by the treatments. This had an effect on the contact angles 

that were almost unaffected for the one step spray coating, but that were reduced for the two 

step coating (see Table 5.5). This reduction suggests that the large aggregates played a key 

role in achieving superhydrophobicity. In any case, it is remarkable that even when subjected 

to harsh treatments, the films retained a large fraction of their properties.  

Table 5.5. Contact angles before and after the mechanical strength tests. 

Coating technique No post treatment Blade (5 times) Scrub test (50 cycles) 

One step spray coating 138±2 138±1 136±1 

Two step spray coating 152±4 145±4 140±3 
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Figure 5.18. Roughness profiles from the sprayed films before and after the blade and 

scrub treatments. a) One spray coating, b) Two spray coating. RMS values for each sample 

are included in the legend.  
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5.3.2. Oleophobicity 

An added value to superhydrophobicity is oil repellency or oleophobicity. 

Superhydrophobic surfaces are commonly wetted by oils or low surface tension liquids 

reducing their range of applications25. Consequently water and oil repellent surfaces are 

becoming very demanded in antifouling, anti-icing or anticontamination applications26,27, the 

development of biomedical devices or fuel transportation28. Oils and organic liquids have 

considerably lower values of surface tension than that of water, therefore, to create oleophobic 

surfaces, the surface energy of the solid surface should be lower than that of the oil29. In this 

situation, it is more difficult to achieve high contact angles, and to reach the superoleophobic 

threshold (Ѳ >150⁰) is extremely complicated. Indeed, calculations suggest that the creation of 

such materials would require lower surface energy than that of any known material and even, 

Lotus leaves which are well known for their extreme superhydrophobicity, are easily wetted by 

low surface tension liquids such as hexadecane leading to contact angles around 0⁰ 30. This 

challenge has motivated many researchers to develop superoleophobic surfaces combining 

low surface energy materials and patterned surfaces and paying special attention to the 

formation of hierarchical structures and re-entrant textures28,30,31.  

The formation of superoleophobic surfaces is out of the scope of this work, but 

oleophobicity of the coatings produced was characterized in order to know the potential 

application of the produced materials. For this purpose, the contact angle with olive oil (𝜸 = 

32.28 mN/m) and hexadecane (𝜸 = 27.47 mN/m) was measured. The oleophobicity of the 

superhydrophobic film formed from Latex E was measured as a function of the temperature of 

drying as it was done for the water in Figure 5.6. In Figure 5.19 it can be observed that the 
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contact angle for both liquids decreased as the drying temperature of the film increased 

because the films become flatter when the casting temperature approached the melting 

temperature (see Figure 5.5). It is worth mentioning that Latex E dried at ambient temperature 

gave contact angle values of 138 and 132⁰ for olive oil and hexadecane respectively, which are 

reasonably high oleophobic values. 

 
Figure 5.19. Olive oil and hexadecane contact angles for the different surfaces.  
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The oleophobicity of the films produced by the “One and Two step spray coating 

procedures” was measured. The films sprayed one time (open square and circle, Figure 5.19) 

showed modest oleophobicity (contact angles: 104⁰±1 and 101⁰±1 respectively for olive oil and 

hexadecane). However, the films sprayed twice (black square and circle, Figure 5.19) showed 

improved oleophobicity giving contact angles of 120⁰±1 and 114⁰±1 of contact angle for olive oil 

and hexadecane. 

The sliding angle of the olive oil and hexadecane was measured for the one and two 

spray coatings finding that even in vertical surfaces, these liquids did not slide (Figure 5.20).   

 
 

Figure 5.20. Olive oil and hexadecane droplets at 90⁰ of tilting angle for the two spray 

coating.  

This phenomenon is similar to the so-called “petal effect” in which surfaces exhibit high 

contact angles that can reach the superhydrophobic regime but they present large contact 

angle hysteresis and strong adhesion of the droplets to the surface32,33. The fundamental 

reason is that the liquid wets the whole surface, namely Wenzel’s model applies.  

Olive oil Hexadecane
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5.3.3. Icephobicity 

The development of surfaces able to prevent ice formation and accumulation is of great 

interest because ice complicates the operation of many systems such as wind turbines34–36, 

aircrafts36–39, power lines36,38,40,41, telecommunication devices36,38,41 and air conditioning 

equipments42,43. To solve this problem, many surface techniques based on chemical, thermal 

and mechanical methods have been tested but most of them rely on the use of expensive 

equipment and complicated procedures42. The application of glycol based fluids37,44 or the use 

of sacrificial coatings (silicon grease45, sol-gel systems46,47) have proven to be efficient 

solutions, however, they are expensive methods that need periodic re-application and have 

detrimental consequences for the environment. This situation has prompted researchers to 

develop new anti-icing systems and also to investigate the relationship between water 

wettability and ice adhesion. Indeed, this relationship is not clear and there are some works 

that observe a direct relationship between surface hydrophobicity and reduced ice 

adhesion48,49 while others do not find a clear trend50,51.  

The reduction of ice adhesion requires the reduction of surface wettability38 and 

therefore the design of superhydrophobic surfaces constitute a potential option to develop low 

ice adhesion surfaces, specially from fluorinated polymers, which present the lowest surface 

energy values. However, superhydrophobic surfaces which are water repellent under regular 

conditions lose their water repellency when water vapour condenses on the surface52–54. It was 

demonstrated that water condensation on superhydrophobic surfaces produces an increase in 

contact angle hysteresis and reduces the water droplet mobility. The water droplet coalesces 

with the water condensed on top and between the pillars of the rough surface and produces a 
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transition from Cassie's state (water stands on the pillars) to Wenzel's state (water penetrates 

in the structure)55. This effect can produce an increase in the ice adhesion strength because 

the convex and concave structures of the surface may have an anchoring effect56. 

The hydrophobic and superhydrophobic coatings produced in this work were tested in 

order to evaluate the potential application of these surfaces as antiicing coatings. For the sake 

of comparison, the film produced from the MMA/BA/MAA latex was also tested. The antiicing 

properties were analyzed in terms of ice adhesion strength, response under water vapour 

condensation conditions, and ice formation and accumulation using supercooled water. 

Ice adhesion strength was characterized using a TA.HD plus texture analyzer 

equipment (Stable Micro Systems). The films were casted onto glass substrates (10 x 5 cm). 

Spectrophotometer cuvettes (1.2 x 1.2 x 4.5 cm) were used as molds to build ice blocks on top 

of the coatings. The open side of the cuvette was placed on top of each coating and the 

borders were sealed with molding paste. A hole was done in the bottom part of the cuvette and 

4 ml of water were introduced with a syringe. The samples were then introduced into a freezer 

to form the ice blocks and stayed there for two days. In this test, the texture analyzer was used 

in a peel mode experiment to remove the ice block from the substrate by pulling from an 

adhesive tape that surrounds the frozen cuvette as it is shown in Figure 5.21. 
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Figure 5.21. Representation of the ice adhesion strength test 

When the ice block is removed from the substrate, different types of fracture57 can occur 

as it is represented in Figure 5.22. The adhesive failure where the ice is completely removed 

from the surface at the bond line between the two materials leaving a clean film surface would 

be the ideal situation in this case. On the other hand, an ice residue can be left on the film 

surface (ice failure) and also depending on the strength of the film-ice adhesion, the film can be 

separated from the glass substrate completely or the ice can detach part of the surface of the 

film (film failure). In this test, the ice adhesion strength was evaluated visually by observing the 

different failures of each sample. 
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Figure 5.22. Types of failure in the ice adhesion test 

 

Additionally, in another set of experiments the effect of the water vapour condensation 

was studied. The experiments were carried out in an OCA 20 Instrument (Dataphysics) 

equipped with a cooling chamber (Figure 5.23). Films were placed on the base of the chamber. 

Such a base can be cooled down. The experiments started at 23⁰C and 55% relative humidity 

and the film was cooled down until -8.5 ⁰C. Therefore, condensation of water vapour occurred. 

With this set up, two different experiments were done. First, a 10 μl water droplet was placed 

on the film before starting the cooling and the evolution of the contact angle of this droplet was 

measured as a function of the temperature of the base. Second, the contact angle of newly 

dispensed droplets was measured at certain temperatures in order to see the effect of the 

condensation on the film surface.  
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Figure 5.23. Set up for contact angle measurement equipped with a cooling chamber.  

 

Finally, ice formation and accumulation on the surface of the films was studied. The 

samples were stored in the freezer and after a certain time, supercooled water was poured on 

top of the surfaces. The ice formation on top of the surface was evaluated visually for the 

different samples. 
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5.3.3.1. Ice adhesion strength 

Ice adhesion has been tested by many researchers36,38,45,48–51 but still there is not a 

clear trend about the relationship between hydrophobicity, roughness and ice adhesion. In 

order to examine ice adhesion in the systems developed in this work, the ice adhesion strength 

of the films formed in Section 5.3, specifically, the “Two Spray”, “One Spray” and the 

“MMA/BA/MAA” films was tested and compared with a smooth hydrophobic surface from the 

PFDA latex (Latex E). Latex E was not film forming at ambient temperature, therefore, the latex 

was melted and a film was formed with the help of a hot press (T≈150⁰C). The four samples 

were evaluated as previously described and the images of the samples after the ice block 

removal are presented in Figure 5.24.   

 

 
 

Figure 5.24. Photographs of the samples after the test. a) MMA/BA/MAA smooth film, 

b) Smooth PFDA film (Latex E 150⁰C), c) One step spray film, d) Two step spray film. 

As can be observed from the results in Figure 5.24, the worst response to ice adhesion 

was given by the MMA/BA/MAA smooth film (Figure 5.24, a) because the adhesion ice-film was 

that strong that the polymer film detached from the substrate (film failure) or a big ice residue is 

left on the surface (ice failure). From the rest of the experiments, it can be seen that apparently 

a

. 

b c d 
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clean surfaces were left after the test. An adhesive failure leads to a completely clean surface. 

However, it is not possible to evaluate visually whether some small ice residue was left on the 

film or if the film was slightly damaged. Only under the same type of failure the results can be 

compared. The ice-film interfaces for the different samples were not sufficiently analyzed to 

establish that the same type of failure took place in all the cases. Therefore, the results 

obtained in the ice adhesion strength test were inconclusive. What it seems clear after 

analyzing visually the different responses it that those films containing fluorinated polymer on 

the surface reduce the ice adhesion strength leading to cleaner surfaces as compared with the 

MMA/BA/MAA film where the film was completely destroyed or a big ice residue was left on the 

surface.  

5.3.3.2. Response under water vapour condensation 

conditions 

In another set of experiments, the effect of water vapour condensation on contact angle 

was studied above and below freezing temperature. Loss of superhydrophobicity has been 

observed even in Lotus leaves when water vapour condenses on the surface58,59 since the 

water vapour is able to penetrate into the asperities of the surface and condensates on top of it.  

Two different experiments were carried out and the results are shown in Figure 5.25. 

The contact angle value was measured at different temperatures of the base of the chamber. 

The system was cooled down according to the temperature profile represented in Figure 5.26. 

Considering that the studied films were deposited on a thin glass slide, similar temperature can 
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be expected for the film surface. In the experiments presented in Figure 5.25 a, a 10 μl water 

droplet was deposited on the surface at the beginning of the experiments (23⁰C) and the 

contact angle of the droplet was measured at different temperatures. 

Figure 5.25 a shows that the contact angle decreased as temperature decreased. It is 

worth pointing out that this effect was not due to a decrease of the surface tension of water, 

γW, because actually, γW increases as temperature decreases60. The decrease of the contact 

angle was more pronounced below the freezing point and the effect was stronger for the 

sprayed films than for both flat films and the film directly cast from Latex E.  

It is worth pointing out that when the water droplet reaches the freezing point there is a 

change in the appearance of the droplet that produces a reduction in the contact angle (Figure 

5.27).   

 

 
Figure 5.25. Contact angle measured as a function of the chamber base temperature. 
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Figure 5.26. Temperature profile for experiments in Figure 5.25. 

 

 

Figure 5.27. Change in the appearance of the droplet at the freezing point. 
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results, also, the effect of decreasing temperature was stronger for T < 0⁰C and more accused 

for the sprayed films.  

The effect of temperature might be attributed to an accelerated condensation at lower 

temperatures, which modified the nature of the film surface making it more hydrophilic. The 

stronger effect observed for the sprayed films might be due to the effect of the hydrophilic 

MMA/BA/MAA substrate that may favour the formation of water/ice films within the pores.   

On the other hand, the superhydrophobic PFDA surface from Latex E was the less 

affected by the water vapour condensation. This suggests that the porosity of the system was 

so high that when water vapour condensated, formed small droplets into the structure of the 

film and the time of the experiment was not enough to substantially modify the surface of the 

film, which retained part of its hydrophobicity at subzero temperatures.  

5.3.3.3. Ice formation and accumulation using 

supercooled water 

Following a similar procedure to the one described by Cao and coworkers61, icing 

experiments were carried out using laboratory-made supercooled water. Bottles containing 500 

ml of ultrapure water and the different films placed on top of aluminum plates and tilted at an 

angle of 10⁰ were stored in the freezer at a temperature of -24⁰C for 3 hours. After this time, 

the water was poured on top of the film in about 10 seconds. This step was done inside the 

freezer trying to reduce as much a possible the condensation of the water vapour on the film 

surface. The occurrence of icing was evaluated visually. Figure 5.28 shows the aspect of the 

different surfaces after the test. As can be seen, ice was formed both on the films and on the 
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aluminum plates. The only surface that did not show ice formation was the film cast from Latex 

E at room temperature (Figure 5.28, c). The reason for this better performance could be the 

higher roughness of the sample and consequently the higher hydrophobicity that led to sliding 

angles close to zero degrees. Additionally, it is necessary to consider the fact that the sample 

was a powder, and although the tilting angle was very low, the upper layers of the powdery 

surface could be removed by the water.  

 

Figure 5.28. Aspect of the films after pouring supercooled water on top of their surface. 

a) MMA/BA/MAA smooth film, b) Smooth PFDA film (Latex E 150⁰C), c) Superhydrophobic 

PFDA surface (Latex E 23⁰C), d) One step spray film, e) Two step spray film. The films were 

tilted 10⁰. 

a b c 

d e 
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In order to avoid ice formation, water should slide down the surface while it is being 

poured. Therefore, the films should be tilted at angles above their sliding angle. It was 

observed that the film cast from Latex E had tilting angles close to zero degrees and therefore 

no ice was formed on top of its surface. However, as was explained in the characterization of 

the contact angle of the sprayed surfaces and shown in Table 5.4, the sprayed surfaces 

present a heterogeneous microstructure which also affects the sliding angle. For instance, the 

films sprayed twice had an average sliding angle of 7⁰ but in the regions where the water 

droplet could be deposited, the average sliding angle was around 27⁰. On the other hand, the 

films sprayed in one step showed sliding angles higher than 90⁰. In order to check if the tilting 

angle made a difference on ice formation, the experiments for the once and twice sprayed 

coatings were repeated at 40⁰ of tilting. The images after the experiment are presented in 

Figure 5.29. Although ice covers the surface of both samples, it can be observed how for the 

case of the film sprayed once the layer is thicker and more visible than for the case of the film 

sprayed twice. 

 

Figure 5.29. Aspect of the films after pouring supercooled water on top of their surface. 

a) One step spray film, b) Two step spray film. The films were tilted 40⁰. 

a b 
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Complete icephobicity was not achieved probably due to the fact that although it was 

attempted to reduce water vapour condensation by doing the experiments inside the freezer, 

condensation still occurred and it had a tremendous effect as it was proved in previous 

experiments.  

Although the sprayed coatings did not show total efficiency as antiicing materials, they 

showed potential to reduce the ice adhesion strength and ice formation and accumulation as 

compared with the conventional MMA/BA/MAA coating, maintaining as well part of its 

hydrophobic character under severe water vapour condensation conditions.  

5.4. Conclusions 

In this work, a new method that allows the formation of superhydrophobic coatings with 

good film forming properties and mechanical strength is presented. The method involves the 

use of film forming coatings that are cast on the substrate and during the open time of these 

films a second dispersion is sprayed on the first film. This method can be cost efficiently 

applied to large and complex surfaces overcoming some of the previous approaches that 

involve highly expensive techniques which are not applicable to cover large and irregular 

surfaces. A key aspect of this development is the use of a fractal dispersion of a hydrophobic 

hard polymer. A method to synthesize relatively high solids fractal dispersions during the 

polymerization process is presented. Miniemulsion polymerization of PFDA was used and the 

surfactant and the initiator systems were used to control the fractal structure. This one step 

method is advantageous with respect to the previous methods that require two steps and 
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usually achieve low solids contents. A MMA/BA/MAA high solids film forming latex was used as 

a first coating. Contact angles > 150⁰, sliding angles of 7⁰ and contact angle hysteresis ≈ 5⁰ that 

belong to the superhydrophobic regime were obtained. The films showed oleophobic behaviour 

giving a contact angle of 120⁰ for olive oil and good mechanical strength retaining an 

acceptable hydrophobicity (Ѳ = 140⁰) after 50 cycles of an aggressive scrub test.  

Icephobicity of the sprayed materials was tested and compared with a 

conventional MMA/BA/MAA coating. Although ice formation and accumulation on top of 

the surface still occurred for the sprayed systems, they demonstrated potential to reduce 

ice adhesion strength to the surface as compared to the MMA/BA/MAA film, maintaining 

their hydrophobic character under water vapour condensation conditions.  
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6.1. Introduction 

Waterborne coatings are becoming increasingly demanded due to environmental 

concerns that regulate the use of VOCs. Nowadays around 80% of the paints sold in the 

residential market are water-based1. There are several reasons for this change. Water-based 

paints are less hazardous for both human health and for the environment and also, they offer 

excellent durability, quick drying times, less odor emission and excellent adhesion. Additionally, 

compared to solvent-borne products, lower amounts of water based paint are required to cover 

the same surface area and the materials used to paint (spray guns or brushes) are cleaned 

easily2.  

Water, UV resistance or the ability of the paint to resist to changes in temperature are 

some of the factors that determine the durability of paints and coatings in general. Waterborne 

coatings are especially sensitive to water due to the fact that most of the components of the 

formulation are water compatible. This may lead to poor water resistance and blistering on the 

paint surface, especially when water is accumulated on top of the coating as it may occur in 

many outdoor applications. It has been found that the incorporation of hydrophobic 

components into the formulation as well as the use of hydrophobic polymer binders such as 

long chain methacrylates and styrene is an efficient way to improve water resistance of paints3. 

Among the different hydrophobic binders, fluorinated polymers are well known to have 

excellent water repellency. Moreover, fluorinated polymers can greatly enhance the properties 

of coatings used in modern industrial, household and construction products. These materials 
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combine a wide variety of interesting properties that are beneficial for coating formulations such 

as low surface energy, insulating properties, impermeability to gases, high resistance to water, 

oil, chemicals, corrosion and UV radiation as well as low dirt pick up4–7. Indeed, many 

fluorinated polymers (e. g. polytetrafluoroethylene (PTFE, Teflon), polyvinylfluoride (PVF), 

polyvinylidene fluoride (PVDF) or fluoroethylene vinyl ether (FEVE))  are already being used in 

the market as a part of industrial settings, insulation systems and food and automotive 

industry8. According to a recent report by the market research firm, The Freedonia Group, the 

demand for fluoropolymers is expected to increase at 5.3% annually to $2.3 billion in 20199 

driven by the interest of fluoropolymers in construction, electrical and electronic markets. Even 

if it is undeniable that the high performance of fluoropolymers comes with a significantly higher 

cost compared to conventional acrylics or silicon-based coatings, the future perspective of the 

increasing market of fluoropolymers together with the interesting range of possibilities that 

these materials offer justifies the interest on the research and industrialization of these 

fluorinated polymers. Demand for cost effective, high performing, multifunctional coatings that 

enable materials to perform efficiently under extreme conditions with minimal environmental 

impact (energy consumption, VOC emissions, toxicity, carbon footprint, etc.) continues to 

increase. These specialty fluoropolymers possess many characteristics that make them ideally 

suited for use in such novel coating formulations. 

The aim of the present work is to study the effect of the incorporation of fluorinated 

polymers in paint formulations and evaluate the performance of these polymers. Fluorinated 

homopolymer and copolymer latexes using 1H,1H,2H,2H-perfluorodecyl acrylate (PFDA) as 

fluorinated monomer, 2-ethylhexyl acrylate (2EHA) as comonomer to improve film formation 

properties and methacrylic acid (MAA)  were synthesized and incorporated into a commercial 
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paint formulation. Preliminary studies showed that apart from increasing the hydrophobicity of 

the paint, the fluorinated polymer resins provide an interesting matting appearance to the final 

surface. This gives an added value to the potential application of fluoropolymers in paints.  

In paint technology, the terms gloss and matte refer to visual appearance of a finish with 

respect to its gloss level. Glossy paints reflect most light in the specular (mirror-like) direction 

and they provide a bright sheen when they are dried. On matte paints most of the light scatters 

in a range of angles and they show little to no sheen when they are dried. The differences 

between gloss and matte affect the physical appearance of coatings and also practical aspects 

such as surface cleanability or texture. Matte surfaces are generally more complicated to clean, 

but they cover better imperfections in the surface. For example, in some coating applications 

scratches, craters and impurities on the substrate are not easily recognized if the surface has a 

matte finish, whereas glossy surfaces show every single imperfection10–12. 

Figure 6.1 shows a schematic representation of both glossy and matte surfaces. As can 

be observed, only part of the incident light is directly reflected, the rest passes into the paint 

film and is internally scattered and absorbed by pigments and the substrate.  

 
 

Figure 6.1. Gloss and matte surfaces 

SUBSTRATE

PAINT
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In order to achieve a perfect matte surface, the incoming light should be scattered. For 

this purpose, a micro-rough surface is necessary in order to reflect the incident light in a diffuse 

manner. Different additives are used in order to introduce micro-roughness to the surface such 

as silica particles, waxes, fillers or some organic materials. This microscopic components stay 

at the upper interface without being noticed visually or in the texture of the surface. Many 

parameters influence the matting effect including particle size, particle size distribution and the 

amount of matting agent used. In general, the higher the concentration of the matting agent in 

the formulation, the stronger the matting effect. The matting power of matting additives 

depends on their chemical, morphological, and physical properties. Matting agents with smaller 

average particle size provide a modest matting effect, but they produce smooth paint films. In 

contrast, products with larger particle sizes are stronger in matting efficiency, but the paint film 

surface is not so smooth12,13.  

However, the use of matting agents has some inconveniences. It represents an 

additional step to the process, and a good dispersion of the matting agent needs to be 

ensured. Otherwise, it will aggregate and create defects in the final surface. Furthermore, some 

matting agents are expensive and their incorporation to the paint does not give any additional 

advantage to the final coating. The substitution of the matting agent with a polymer that can 

provide the paint with the matte appearance and also, improve some additional properties 

would be particularly valuable.  

In this chapter, the synthesis of waterborne fluoropolymer resins and the effect of their 

incorporation as additives into paint formulation on different properties including matting 
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efficiency were investigated. Most of this work was carried out in Nuplex Resins (Bergen Op 

Zoom, The Netherlands) although some specific characterization was performed at POLYMAT.  

 

6.2. Experimental 

6.2.1. Preliminary studies 

The formulation for a commercial white pigmented paint (shown in Table 6.1) was 

chosen as a reference for this study. As can be observed, the formulation is divided in two 

main parts:  the mill-base and the let-down. The mill-base is the fraction of the paint where the 

pigments are dispersed. The let-down constitutes the other fraction of the paint that contains 

the resins, solvents and additives. To obtain the final paint, the mill-base is added to the let-

down under stirring. The main resin of this formulation is a commercial resin named as Stq Nu 

which has a minimum film formation temperature of around 60⁰C and a solids content of 44 

wt%.  
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Table 6.1. Paint formulation for resin Stq Nu 

                          Component Grams 

MILL-BASE  
Nu Bc resin 5.12 

Demiwater 7.36 

Solvent 1 0.34 

Defoamer 1 0.04 

Pigment 13.05 
LET-DOWN  
Stq Nu resin  59.72 

Demiwater 2.92 

Solvent 1 3.88 

Solvent 2 2.58 

Solvent 3 1.29 

Defoamer 2 0.37 

Surfactant 0.37 

Matting agent 2.86 

Thickener 0.09 

  
Total 100.00 

The different additives of the formulation cannot be revealed due to confidential issues; 

however some fundamental aspects of them are summarized in Table 6.2.  
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Table 6.2. General description of the resins and additives used in this work. 

Additive Description 

Nu Bc resin Nuplex Owned Block Copolymer Pigment Stabilizer 

Stq Nu resin Nuplex Owned Gradient Morphology Binder 

Defoamer 1 VOC-free silicon-containing defoamer 

Defoamer 2 Polyether siloxane copolymer emulsion 

Surfactant Silicon-containing surface additive 

Matting agent Micronized, modified polyethylene wax 

Thickener Associative thickener. Water soluble non ionic polyurethane 

 

In this preliminary study, two fluorinated copolymers, p(PFDA/2EHA/MAA) 

(80.8/17.7/1.5) and p(PFDA/2EHA) (90/10) synthesized by miniemulsion polymerization 

following the procedure described in Chapter 3 were used. The fluorinated waterborne 

dispersions, with 40% of solids content, were incorporated into the paint formulation where 50 

wt% of the polymer of the Stq Nu resin was substituted by the fluorinated polymer. The general 

formulation is shown in Table 6.3.  
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Table 6.3. Paint formulation for resin Stq Nu and fluorinated resin in a 50:50 wt ratio. 

                          Component Grams 

MILL-BASE 
 

Nu Bc resin 4.74 

Demiwater 6.82 

Solvent 1 0.32 

Defoamer 1 0.04 

Pigment 12.08 

LET-DOWN 
 

Stq Nu resin 29.86 

Fluorinated resina 32.84 

Demiwater 2.71 

Solvent 1 3.59 

Solvent 2 2.39 

Solvent 3 1.20 

Defoamer 2 0.34 

Surfactant 0.34 

Matting agent 2.64 

Thickener 0.08 

Total 100.00 

a p(PFDA/2EHA/MAA) (80.8/17.7/1.5) or p(PFDA/2EHA) (90/10) in each case. 

The paints were casted onto glass substrates with a wet film thickness of 120 μm and 

dried under controlled conditions at 23⁰C and 55% of relative humidity. These paints presented 

good appearance and wetting properties (see Figure 6.2). 
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Figure 6.2. Paints from the formulations based on a. Stq Nu b. Stq Nu & 

p(PFDA/2EHA/MAA) (80.8/17.7/1.5) c. Stq Nu & p(PFDA/2EHA) (90/10). 

After 14 days of drying, gloss, hardness and contact angle were measured for the 

different paints. The detailed description of the techniques used to measure these properties is 

included in the Section 3 of this chapter. Figure 6.3 shows the results for gloss at 20⁰ and 60⁰ 

and the contact angle values and hardness of the three different paints are presented in Figure 

6.4. For the sake of simplicity, the resins in this work will be named using letter C indicating 

copolymer and a number, indicating the weight content of the fluorinated monomer in the 

formulation. In this way, in the graphs, the copolymer p(PFDA/2EHA/MAA) (80.8/17.7/1.5) is 

named as C80 and the copolymer p(PFDA/2EHA) (90/10) is named as C90.  

b c a 
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Figure 6.3. Gloss at 20⁰ and 60⁰ for paints in Figure 6.2. 

 

Figure 6.4. Hardness and contact angle for paints in Figure 6.2. 
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The previous graphs show that those paints containing fluoropolymer have lower gloss 

values, i.e. they are more matte, than the reference containing the Stq Nu resin. Regarding the 

contact angle, the paints that contain fluoropolymer show higher contact angle values and 

therefore, they are more hydrophobic. The paint that contained the C80 fluorinated copolymer 

is softer according to the hardness values; however with the C90 copolymer it is possible to 

achieve hardness values similar to the reference.  

After these promising previous results, the work focused on the investigation of the 

properties that fluorinated polymers give to the final paints when they are incorporated in the 

formulation. Several properties such as matting efficiency, hydrophobicity and hardness, 

among others were studied.  

6.2.2. Incorporation of fluorinated resins in paint formulation 

6.2.2.1. Synthesis of the fluorinated resins 

To prepare waterborne dispersions of these fluorinated materials is necessary to 

consider the hydrophobic nature of the fluorinated monomers. These monomers are water-

insoluble and as they do not diffuse through the aqueous phase, they cannot be polymerized in 

conventional emulsion polymerization. The incorporation of hydrophobic monomers in the 

polymer backbone is easier in miniemulsion polymerization. In this process, the monomer is 

dispersed in an aqueous solution of surfactant using a homogenization device. The particles 

are formed by polymerizing the monomer droplets. This avoids the need of monomer mass 

transport through the water14. The miniemulsion preparation in laboratory scale was explained 

in Chapter 3, where a Branson Sonifier was used.  However, since this part of the work was 
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carried out in an industrial environment, considerations about the possibilities of miniemulsion 

in industry should be taken into account. Indeed the miniemulsification process is the 

bottleneck for the industrial implementation of miniemulsion polymerization. Several devices 

can be used to produce the miniemulsification of the coarse emulsion, but among them, high 

pressure homogenizers (HPHs) seem to be a promising choice for industrial scale as large 

capacity HPHs are available15.  In these equipments, the coarse emulsion is passed through 

the narrow gap of a valve. At the entrance of the gap, the droplets suffer elongational flow and 

the elongated droplets are broken up by the turbulence created at the exit of the gap. This 

process results in a tremendous increase of the surface area of the droplets, and if they are not 

rapidly covered by surfactant, droplet coagulation occurs. A consequence of the droplet break-

up and coagulation processes is that both the size and the broadness of the droplet size 

distribution decrease with the number of passes or homogenization cycles, therefore, several 

passes are often needed to achieve small droplet sizes16,17.  

Figure 6.5 shows the high pressure homogenizer APV-1000 used in this work. It has 

two valves, and the conditions of operation were Pmax ≈ 800 bar and Pmin ≈ 120 bar (≈ 15% 

Pmax). It was very important to stir the coarse emulsion in the metallic cup during the process to 

avoid phase separation during the miniemulsification stage. 
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Figure 6.5. High Pressure Homogenizer for miniemulsification 
 

Three different fluorinated dispersions were produced with this technique, and the 

formulations are shown in Table 6.4. As can be observed, the same nomenclature as in 

previous section is followed to describe the synthesized polymers. The monomer mixture was 

varied to produce a fluorinated homopolymer (C100) and two different copolymers (C88 and 

C80) where the monomer ratio between PFDA and 2EHA was varied to modulate the 

properties of the final polymer. Methacrylic acid (MAA) was incorporated into the formulation to 

improve stability and compatibility with the rest of the components added during the paint 

formulation. AMBN (2,2'-azodi(2-methylbutyronitrile)) was used as oil soluble initiator and 

Dowfax 2A1 (alkyl diphenyloxide disulfonate) was used as surfactant (anionic).  
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Table 6.4. Formulation of the fluorinated homopolymer and copolymers. 

                     ORGANIC PHASE AQUEOUS PHASE  
ddroplet  
(nm) 

 

 
dparticle  
(nm) 

 
MONOMER RATIOa 

(wt/wt/wt) INITIATOR 
b

 EMULSIFIER 
b

 WATER 

PFDA/2EHA/MAA (100/0/0) 
C100 

AMBN  
1 wt% 

DOWFAX 2A-1 
 1 wt% 

≈60 wt% 

154 228 

PFDA/2EHA/MAA (88.6/9.9/1.5) 
C88 

AMBN  
1 wt% 

DOWFAX 2A-1  
1 wt% 150 236 

PFDA/2EHA/MAA (80.8/17.7/1.5) 
C80 

AMBN  
1 wt% 

DOWFAX 2A-1 
 1 wt% 156 240 

 

a Monomer represents 40% of the total weight of the formulation 

b based on the total weight of monomer  

  

For the preparation of the miniemulsions, the organic phase (monomer and initiator) and 

the aqueous phase (emulsifier and water) were mixed separately for 15 minutes and then, they 

were mixed together for another 15 minutes obtaining a coarse emulsion. This emulsion was 

charged to the homogenizer for the miniemulsification process. Several cycles were necessary 

to achieve a target droplet size of around 150 nm and a good miniemulsion stability.  

Figure 6.6 represents the evolution of the droplet size with the number of cycles of 

homogenization for the three different compositions.  
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Figure 6.6. Evolution of droplet size with the number of cycles of homogenization.  

After the homogenization stage, the miniemulsions were charged into the reactor and 

polymerized in a batch process at 70⁰C during 4 hours. Full conversion was achieved as 

determined gravimetrically.  

The pH of the final latexes was acidic (pH = 3,5 - 4) during the reaction to avoid the 

polymerization of MAA in the water phase. To incorporate the resins into paint formulation, the 

resin should be in basic conditions in order to improve their stability and compatibility with the 

rest of the additives of the paint formulation. A 25 % wt ammonium hydroxide solution in water 

was used to increase the pH to basic conditions (pH = 7,5 – 8). 
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6.2.2.2. Paints  

The fluorinated resins were incorporated in the paint formulation based on the Stq Nu 

resin and their properties studied. In order to investigate the matting efficiency of the fluorinated 

polymer resins, paints with and without a commercial matting agent were formulated. The 

matting agent that the formulation initially contains is a micronized, modified polyethylene wax 

for solvent borne and aqueous coating systems for improving surface protection and for 

matting. It is presented as a white powder with a melting point of 115⁰C.  

Two different approaches were tested to study the matting efficiency of the fluorinated 

resins:  

- Total substitution of the matting agent by the fluorinated resins 

- Partial substitution of the matting agent by the fluorinated resins 

In the first approach, the three different fluorinated polymer resins were incorporated to 

the formulation in 5, 10 and 16 wt% with respect to the final paint where the polymer ratios 

between the Stq Nu resin and the fluorinated resin were respectively, 82/18, 65/35 and 51/49.  

In the second approach, 1/3 of the appropriate amount of matting agent given by the 

initial formulation was incorporated to those paints containing 16 wt% of each of the fluorinated 

resins. 
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The fluorinated resin added to the paints in each case substituted a certain amount of 

the Stq Nu resin in order to have similar solids content in all the formulations. The formulations 

for the different paints containing fluorinated resin are shown in Table 6.5. 



Chapter 6 

154 

 

 

Table 6.5. Formulation for the paints containing fluorinated polymer. 
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In addition to the paints that contain fluorinated polymer, two reference paints were 

made in order to compare the different evaluated properties: i) a matte reference that 

corresponded to the formulation presented in Table 6.1, containing the Stq Nu resin, but no 

fluoropolymer and the appropriate amount of matting agent given by the formulation, and ii) a 

glossy reference that contained the same components as the matte one except that no matting 

agent was added in this case.  

All the paints were formulated in two steps. The mill-base was prepared separately and 

stored. For the paint formulation, the components of the let-down were added and premixed for 

15 minutes in a Dispermat Mixer and afterwards, the mill-base was added to the let-down and 

mixed for another 15 minutes. Once the paint was prepared, it was stored for some time to 

settle in the pot. The different paints containing fluoropolymer and the references, casted onto 

glass substrates, are shown in Figure 6.7. All the paints presented good appearance, excellent 

wetting and good film properties at room temperature.  
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Figure 6.7.Paints with different amounts of fluorinated polymer and reference paints. 

5% FP in the final paint

10% FP in the final paint

16% FP in the final paint

C80 C88 C100

Matte referenceGlossy reference

C80 C88 C100

C80 C88 C100

C80 C88 C100

16% FP in the final paint + 
1/3 matting agent
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6.3. Results and discussion 

The performance of fluorinated polymers in paints was evaluated by comparison with 

the glossy and matte references.  

6.3.1. Gloss and Contact Angle 

The paints were cast onto LENETA cards and dried for 14 days at 23⁰C and 55% of 

relative humidity. The gloss was measured with a glossmeter from BYK Instruments at 20⁰ and 

60⁰.  

In Figure 6.8 the gloss at 20⁰ and 60⁰ is represented with respect to the composition of 

fluorinated polymer into the final paint, for the paints without matting agent. As can be 

observed, gloss decreased with the increase of the fluoropolymer content in the paint, but still a 

16% was not enough to reach the matting values of the matte reference. The matting efficiency 

of the homopolymer is lower than the one of the copolymers. This behavior was unexpected 

because the fluorinated homopolymer particles were hard and maintained their spherical shape 

after film formation, which could disperse light and produce the matting effect (see Figure 6.1). 

On the contrary, it was observed that the copolymers, which due to their softer nature were 

likely deformed during the film formation, gave lower gloss values and therefore a stronger 

matte effect.  
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Figure 6.8. Gloss at 20⁰ and 60⁰ with respect to the concentration of fluoropolymer in 

the final paint. 
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Figure 6.9 compares the gloss of the films containing 16% of the fluorinated polymers 

and 1/3 of the appropriate amount of matting agent given by the original formulation with those 

with 16% of the fluorinated polymers and no matting agent as well as with the glossy and matte 

references.  

It can be observed that gloss decreased sharply when 1/3 of the appropriate amount of 

matting agent was included in the formulation. Again, the gloss values of paints with the 

copolymers are lower than the gloss of the PFDA homopolymer paint, and the softer resin 

(C80) seemed to be the most effective one for the matting effect.  It is important to notice that 

the C88 + 1/3 of matting agent combination reached the matting efficiency of the matte 

reference and with the C80 + 1/3 of matting agent lower gloss values than the reference can be 

achieved, what means that a higher amount of matting agent could be replaced in the system.  
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Figure 6.9. Gloss at 20⁰ and 60⁰ with and without the introduction of 1/3 of the 

appropriate amount of matting agent.  

The contact angle of the different paints was measured and the values are presented in 

Figure 6.10.  
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Figure 6.10. Water contact angle with respect to the concentration of fluoropolymer in 

the final paint. 

For the case of the paints with fluoropolymer, the contact angle is always higher than 

the references and also increased with the increase in the percentage of fluorinated polymer in 

the formulation. The contact angles of both the glossy and matte references were similar, 

namely, the introduction of the matting agent in the system did not affect significantly the 

hydrophobicity of the surface. The paint containing the C80 copolymer was the more 

hydrophobic one, giving higher contact angles than the C88 copolymer. Moreover, the paint 

containing the homopolymer was the less hydrophobic one, which was against the 

expectations for this material that was supposed to give the higher contact angle values.  
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Figure 6.11 shows how with the introduction of 1/3 of matting agent in the system, the 

contact angle value of the paints barely changed. This effect confirms that the introduction of 

matting agent in the system does not improve the hydrophobicity of the final surface.  

 
Figure 6.11. Water contact angle with and without the introduction of 1/3 of the 

appropriate amount of matting agent. 
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C80 copolymer were also the most hydrophobic ones, although the fluorinated homopolymer is 

the most hydrophobic according to its nature. In order to understand these results, SEM 

microscopy was used to study the morphology of the top and bottom surfaces of the different 

paints. SEM micrographs were taken from the top and bottom interfaces of both glossy and 

matte references (Figure 6.12) and also for the different paints containing fluorinated polymer 

(Figure 6.13 and Figure 6.14).  

 
Figure 6.12. Top and bottom views of glossy and matte references. a) glossy reference 

top, b) glossy reference bottom, c) matte reference top, d) matte reference bottom. 
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Figure 6.13. Top views of paints containing fluoropolymer. 
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Figure 6.14. Bottom views of paints containing fluoropolymer. 

According to Figure 6.12, both references do not show almost any difference between 

each other. For the case of the top views of the paints with fluorinated polymers, there is a 

clear difference between the different interfaces. The paints with the C80 copolymer showed a 

layer of fluorinated polymer on top of the surface, while the paints with the C88 copolymer and 

the fluorinated homopolymer C100 present a large number of hydrophobic particles 

undeformed on the top surface due to the harder nature of these materials. The bottom views 

of the different paints show that there is no sedimentation of the fluorinated particles to the 

bottom of the film.  
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According to the images, it can be concluded that the presence of the C80 copolymer 

layer on top of the film covering efficiently all the surface could be the reason why these paints 

present lower gloss values, and consequently higher matting appearance. The gloss of the 

fluorinated copolymer C80, which was the only one that had good film forming properties at 

ambient temperature, was characterized obtaining a value of 38 at 20⁰ and 63 at 60⁰. These 

values are similar to the ones obtained for the paints containing 16% of C80 fluoropolymer. 

This could be an indication that confirms the presence of the C80 copolymer on the top surface 

and moreover, the low gloss obtained by the C80 paints may come from the nature of the C80 

polymer. On the other hand, the presence of the fluorinated particles on top of the surface, 

isolated and maintaining the spherical shape does not seem to be efficient enough to achieve 

the matting effect.  

Lower magnification images were taken from the references and from the paints 

containing 16% of the fluorinated polymer and the ones containing 16% of the fluorinated 

polymer and 1/3 of matting agent. As can be observed in Figure 6.15, the samples that 

contained matting agent in the formulation presented big aggregates on the surface. Since 

these aggregates are bigger in size than the incorporated fluoropolymer particles, they provide 

higher matting efficiency, but also, they create more imperfections in the surface. 

 Additionally, the paints containing the C80 copolymer showed the highest contact 

angles, although the fluorinated copolymer C88 and the fluorinated homopolymer C100 are 

more hydrophobic in nature. The presence of the C80 fluorinated copolymer layer covering the 

top of the surface can be the reason why these materials are more hydrophobic than the ones 

that present the hydrophobic particles that remain underformed and isolated on the top surface. 



                                                                      Incorporation of waterborne fluoropolymers in paint formulation  

167 

 

As was demonstrated by Gao and coworkers, the contact angle value is determined by the 

interactions between the liquid and the solid at the three phase contact line where the liquid, 

solid and air coexist and the interfacial area of contact between the solid and the liquid is 

irrelevant18. Taking this into consideration, in those paints containing C80 copolymer, it is more 

likely that the water droplet touches the fluorinated copolymer because particles are deformed 

and the soft polymer covers almost all the surface, whereas for the case of the C88 and C100, 

since particles remain spherical and they do not deform, the possibility of finding a particle at 

the three phase contact line is lower reducing the overall value of contact angle. 

 

Figure 6.15. Lower magnification images (300μm) of the references and the paints 

containing 16% of fluoropolymer and 1/3 of matting agent. 

Due to the fact that particle sedimentation of hard homopolymer particles was observed 

in Chapter 3 of this work, SEM micrographs from the cross section of the samples containing 

C100 homopolymer particles were done to the paints C100 16% and C100 16% + 1/3 M.A. In 
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Figure 6.16, the brighter regions correspond to the pigment and the while the spherical 

particles correspond to the homopolymer. The C100 particles are distributed all over the 

section of the films indicating that no sedimentation was occurring probably due to a higher 

viscosity of the overall system.  

 

Figure 6.16. Cross section views of paints containing fluorinated homopolymer 

particles. 

In order to look for differences in roughness for the different paints, AFM micrographs 

were taken from the paints containing 16% of fluorinated polymer, from the ones containing 

16% of fluorinated polymer and 1/3 of matting agent and from both references. The images are 
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shown in Figure 6.17 together with the RMS values for the different paints. (RMS is the root 

mean square average of height deviations taken from the mean image data plane). 

As can be observed, in the paints containing C88 and C100 polymer dispersions, the 

hard particles can be perfectly distinguished in the top surface. However, the C80 copolymer 

deforms and no spherical particles can be identified.  
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Figure 6.17. Height (120 to -120 nm) and phase (50 to -50⁰) AFM micrographs of the 

paints containing 16% of the fluorinated polymers and 1/3 of matting agent. (Image 5μm x 5μm) 
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Although C88 and C100 retain their spherical shape, the roughness of the surface does 

not seem to increase significantly according to the RMS values. Therefore, the effect on gloss 

and contact angle cannot be attributed to variations of roughness.  

The phase images of the paints show the different materials present in the surface. 

Phase deviations in AFM are related to the differences in the viscoelastic properties of the 

materials present in a surface19 and generally, more rigid materials appear as brighter while 

less rigid materials are represented with darker colors. In the phase images of Figure 6.17, it 

can be observed that the images for the paints containing fluoropolymer are very different from 

the references. These paints contain many components in the formulation so the identification 

of the different components can be quite complicated. In order to compare the images between 

each other, all of them have the same phase scale (from 50 to -50⁰). The C80 fluoropolymer 

can be identified in the dark deformed regions of the C80 samples, due to the fact that this 

polymer is softer than the Stq Nu resin. The spherical particles of the C88 resin showed similar 

rigidity to the paint matrix due to the similar color and in the case of the C100 samples, brighter 

homopolymer particles can be identified due to the harder nature of this polymer compared to 

the matrix. These images are in agreement with the SEM observations and it seems that those 

underformed particles stay more localized in the surface of the paint while in the paint 

containing the C80 copolymer the soft hydrophobic polymer covers more area thanks to the 

deformation of the particles. 
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6.3.2. Hardness 

The hardness is defined as the resistance of a coating to a mechanical force, such as 

pressure, rubbing or scratching20. In practice, different testing methods can be used and in this 

case, pendulum hardness was employed. This method evaluates hardness by measuring the 

damping time of an oscillating pendulum. The pendulum rests with 2 stainless steel balls on the 

coating surface. A physical relationship exists between oscillation time, amplitude and the 

geometric dimensions of the pendulum. The viscoelastic behavior of the coating determines its 

hardness. When the pendulum is set into motion, the balls roll on the surface and put pressure 

on the coating. Depending on the elasticity, the damping will be stronger or weaker. If there are 

no elastic forces, the pendulum will damp stronger. High elasticity will cause weak damping. 

There are two types of pendulums standardized for this test method, König and Persoz. The 

König pendulum was used in this work.  

Additionally, the thermal transitions of the different components of the formulation were 

analyzed by means of Differential Scanning Calorimetry in a DSC, Q1000 (TA Instruments). 

The heating rate used was 10⁰C/min over a temperature range from -80 to 150⁰C under 

nitrogen atmosphere. Figure 6.18 shows the results for the different paints with and without 

matting agent. As can be observed, the C80 resin is the softer one with a Tm around 18⁰C 

followed by the C88 resin which is harder with a Tm around 45⁰C. The C100 resin is highly 

crystalline with a melting peak at a temperature around 76⁰C. The transition that appears at a 

temperature around 62⁰C corresponds to the Tg of the Stq Nu resin and also, the melting peak 

of the matting agent can be identified at a temperature around 115⁰C (Figure 6.18,b). 
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Figure 6.18. DSC thermograms for the paints without (a) and with (b) matting agent. 
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The hardness of the paints, casted onto glass substrates was measured after 14 days of 

drying. The values for the paints without matting agent and for the references are presented in 

Figure 6.19. 

 
Figure 6.19. Hardness with respect to the concentration of fluoropolymer in the final 

paint. 

The hardness of the paints decreased with the increase in the fluoropolymer content, 

with both copolymers because C80 and C88 were softer than the Stq Nu resin. C80 copolymer 

gave softer paints than the C88 copolymer due to its lower Tm (see Figure Figure 6.18,a). The 

incorporation of the fluorinated homopolymer increased the hardness of the paint because of 

the hard nature of homopolymer (Tm ≈ 76⁰C, Figure 6.18,a).  

Figure 6.20 shows the variation of the hardness of the paints when 1/3 of matting agent 

was introduced in the system.  
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Figure 6.20. Hardness with and without the introduction of 1/3 of the appropriate 

amount of matting agent.  

With the introduction of 1/3 of the appropriate amount of matting agent, the hardness of 

both paints with fluorinated copolymers increased (C80 and C88), and the hardness of the 

homopolymer paint decreased (C100). The increase for C80 and C88 was due to the 

substitution of the soft polymer by the harder matting agent. In the case of the PFDA 

homopolymer, the hard crystalline homopolymer was substituted by the matting agent which 

was softer than PFDA. With the homopolymer and the C88 we can reach at least the same 

hardness as with the harder reference (glossy reference).  
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6.3.3. Chemical Resistance 

The chemical resistance to water, a mixture of ethanol and water (1:1) and coffee was 

tested. The tests were carried out as follows (Figure 6.21): 

 

Figure 6.21. Chemical resistance test. a) water resistance 4h, b) ethanol-water 

resistance 1h, c) coffee resistance 1h, d) damage on the paint surface after ethanol test.   

Water resistance: 

A drop of water was placed on top of the paint and left in contact with the paint for 4 

hours (Figure 6.21,a). After this time, the droplet is gently removed with a clean paper cloth.  

 

a 

b 

c 

d 
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Ethanol-water resistance: 

An ethanol in water solution was prepared in a 1:1 wt% ratio. A piece of paper cloth was 

placed on top of the paint and wet with the ethanol solution. The cloth was covered with a glass 

dish and left in contact with the paint for 1 hour (Figure 6.21,b). After this time, the cloth was 

removed and the remaining liquid solution was cleaned gently with a clean paper cloth.  

Coffee resistance: 

A standard coffee solution was prepared dissolving 2 g of Nescafe Coffee in 50 g of 

water. As in the previous case, a piece of paper cloth was placed on top of the paint and wet 

with the coffee solution. The cloth was covered with a glass dish and left in contact with the 

paint for 1 hour (Figure 6.21,c). After this time, the cloth was removed and the remaining liquid 

coffee was cleaned gently with a clean paper cloth.  

The damage that the water, ethanol-water solution and coffee produced to the paint was 

visually evaluated. The paints were graded from 1 to 5, where 5 is the best, so no damage is 

produced to the surface and 1 is the worst. The results of the chemical resistance test are 

shown in Figure 6.22.  
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Figure 6.22. Results for the chemical resistance test. 

As can be observed, the results for the coffee and water test are 5 for all the cases, 

what indicates that the resistance of the paints to the coffee and water is excellent.  

The ethanol resistance is always more complicated, especially for the case of matte 

surfaces. The matte paints, in contact with ethanol, are generally damaged showing after the 

test a shiny surface in the area in contact with the ethanol and with its vapour. The ethanol acts 

as a cosolvent improving the film formation and leading to a shiny surface. For the case of the 

glossy paints, since they are already shiny, the effect of ethanol is not almost visible. According 

to the results in Figure 6.22, the ethanol resistance was especially good for the paint containing 
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the fluorinated homopolymer and 1/3 of matting agent (C100+1/3 M.A.). The paint with the C88 

and 1/3 of matting agent, that gave good results in hardness and low gloss values, showed as 

well good chemical resistance with a value of 4.5 in the ethanol test.  

6.3.4. Water Vapour Resistance 

In order to test the water vapour resistance of the paints, walnut wooden panels were 

coated with the paints. To coat the wooden panels, a first layer of the paint is applied. After 24 

hours of drying it is sanded in the direction of the wood grain, and then, a second layer is 

applied on top of the first one. The paint is left to dry for one week before the test is done.  

To perform the test, the following steps are done (see Figure 6.23): 

1. The wooden panels are coated as described previously. 

2. The wooden panels are placed covering a container with boiling water during 

1h. 

3. The surface is gently dried with a paper cloth and a cross cut is done in the 

region of contact.  

4. The cut section is placed again covering a container with boiling water during 

1 h. 

5. Finally, the surface is dried with a paper cloth. Immediately, an adhesive tape 

is stuck to the surface and sharply removed.   
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Figure 6.23. Water vapour resistance test 

At the end of the test, the only panel that failed and had damage on its surface was the 

one of the glossy reference, as can be observed in the paint of the right side of picture 5 in 

Figure 6.23. All the panels coated with the paints containing fluorinated polymer demonstrated 

to be resistant to water vapour in the conditions of the test.  

6.3.5. Water Vapour Resistance in blue pigmented paints 

In order to see the effect of the addition of a coloured pigment to the paint, blue 

pigmented paints were prepared for the different formulations. To prepare these blue 

pigmented paints, 4 wt% of a blue ink (with respect to the total amount of paint) was added to 

the white pigmented paints and properly mixed to achieve a good dispersion of the pigment. 

The paints were casted onto white coated standard Q-panels21. Once the panels were dried, 

they were divided in two parts to perform two different kind of tests. The lower part of the panel 

was used to evaluate the resistance to water during a long period of time and the upper part of 
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the panel was used to test the resistance to water vapour. Both procedures are described 

below. 

Water resistance:  

The procedure in which this test was carried out is not standardized and can be done in 

different ways depending on the system. In this particular case, it was set along the way in 

order to see some differences between the different panels. Since the failure time of contact of 

the paint with water could not be predicted, the test was done as follows.  

A cross cut was done in the lower part of the panel and the panels were immersed in a 

water bath at ambient temperature for four hours per day during four consecutive days. After 

this stage, no damage was observed in the paints; therefore, the panels were immersed in a 

water bath for 48 consecutive hours. The appearance of the panels after the test is shown in 

Figure 6.24. It can be seen that after this second step, some blisters appeared in both the 

matte and the glossy references, which is a sign of a lower water resistance.  
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Figure 6.24. Panels after water immersion. 

The panels were gently dried with a paper cloth and afterwards, an adhesive tape was 

stuck to the surface and sharply removed. The results after this treatment are presented in 

Figure 6.25. 
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Figure 6.25. Panels after adhesion test. 

In the pictures for the different paints, it is clear that both references were highly 

damaged after the test. The paints containing fluoropolymer seem to resist much better the 

test, showing little damage and retaining the majority of the paint in most cases. In the case of 

the paints C80 16% + 1/3 M.A. and C88 10%, it was the white paint that covered the panel the 

one that failed. 

Water vapour resistance: 

The upper side of the panels, which was not in contact with water, was used to evaluate 

the water vapour resistance during a long time exposure. In this case, the blue coated panels 
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were placed covering a container with boiling water during 4 hours. The boiling water was 

changed every hour with new boiling water. After four hours of exposure, the damage is 

evaluated visually. As can be seen in Figure 6.26, the contact with water vapour leaves a circle 

mark on the paint surface. This circle shape that comes from the shape of the water container 

is especially visible in the matte reference and the glossy reference also contains some 

blisters.  

 

Figure 6.26. Panels after water vapour resistance test. 
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6.3.6. Surface Cleanability 

The surface cleanability is a very important property because it is always desirable for a 

coating to maintain its surface as clean as possible22. Hydrophobic coating technology is one of 

the most promising approaches to improve surface cleanability and reduce dirt pick up23. The 

surface cleanability was studied through two different approaches: 

     - Attachment of the dirt to the surface: DIRT PICK UP 

     - Detachment of the dirt from the surface: SURFACE CLEANING OR EASY TO 

CLEAN PROPERTIES  

The ideal situation to have in a coating would be LOW DIRT PICK UP together with 

EASY TO CLEAN PROPERTIES, which will result in surfaces that uptake low amount of dirt 

and are easy to clean since dirt does not adhere so well to the surface.  

In this work, the surface cleanability is studied following different procedures.  For this 

purpose, various sets of Q-panels were coated with the different white paints. The procedures 

are described below. 
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Outdoor exposition: dirt pick up 

The coated panels were placed outdoors during several weeks (Figure 6.27). Since all 

the panels are exposed to the same atmospheric conditions, the differences in the dirt that they 

uptake should come from the nature of the material of the coating.  

 

Figure 6.27. Panels exposed outdoors. 

In Figure 6.28, the panels are shown after 12 weeks of outdoor exposure. As can be 

observed, a clean reference has been included, which is a panel with a paint that has not been 

exposed outdoors. Additionally, for the sake of comparison, a panel with a bad reference was 

prepared. This paint contained a soft resin from Nuplex that gives bad results on dirt pick up 

and it is commonly used as a reference.  
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Figure 6.28. Panels after 12 weeks of exposure / % of decay WI-CIE. 

Visually, it is complicated to appreciate a difference between the clean panel (CLEAN 

REFERENCE) and the rest of the panels that were placed outdoors, which in fact is a good 
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uptaking, the Whiteness Index (WI-CIE) was measured after and before the outdoor exposure. 

Whiteness is a single number index that indicates the relative degree of whiteness of near-

white materials under specific lighting conditions. The CIE Whiteness was developed by the 

French International Commission on Illumination (also called CIE) and it is the most commonly 
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used whiteness index. It normally refers to measurements of whiteness done under a standard 

representation of outdoor daily light (D65 standard illuminant)24. The whiteness index of the 

different panels was measured with a Color i5 Spectrophotometer (X-Rite) before and after the 

outdoor exposure and the % of decay of WI-CIE is calculated as follows. 

% 𝒐𝒇 𝑾𝑰 − 𝑪𝑰𝑬 𝒅𝒆𝒄𝒂𝒚 =  
(𝑾𝑰−𝑪𝑰𝑬𝒊𝒏𝒊𝒕𝒊𝒂𝒍)−(𝑾𝑰−𝑪𝑰𝑬𝒂𝒇𝒕𝒆𝒓 𝟏𝟐 𝒘𝒆𝒆𝒌𝒔)

(𝑾𝑰−𝑪𝑰𝑬𝒊𝒏𝒊𝒕𝒊𝒂𝒍)
·  𝟏𝟎𝟎                                  (5.1) 

According to this expression, those panels that were more damaged by the outdoor 

exposure will present higher percentages of WI-CIE decay because they will look less white.  

As can be observed in the graph in Figure 6.28, the ones with higher values of % of WI-

CIE decay correspond to the bad reference and the paint containing 16% of C80 due to the 

softer nature of this material. The best results (lower values of % of WI-CIE decay) were given 

by those paints containing the fluorinated homopolymer and the references.  

Additionally, the dirt removal or surface cleanability was studied. Carbon black is used 

as dirt and it was put in contact with the coated panels under different conditions.   

WET DIRT CONTACT AT ROOM TEMPERATURE 

DRY DIRT CONTACT AT ROOM TEMPERATURE         SURFACE CLEANING PROPERTIES 

DRY DIRT CONTACT AT T=80⁰C 
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Wet dirt contact at room temperature 

As it is represented in Figure 6.29, a carbon black dispersion in water (1 wt%) was 

prepared and 10 droplets of the dispersion were placed on top of each panel. The droplets 

were left to dry during two days and then, the dirt was removed following always the same 

procedure. The panels were put in an inverted position and tapping the panel through another 

surface, the loose dirt was removed. Afterwards, with compressed air, the extra dirt was 

removed. Finally, with a clean paper cloth and water, the surface was gently cleaned until the 

point in which no extra dirt could be removed from the panel.   

 

Figure 6.29. Wet dirt contact procedure (T amb) 
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Dry dirt contact at room temperature 

Carbon black in a powder state was firstly dried overnight in the oven and afterwards, 

left to recover at ambient temperature. As shown in Figure 6.30, six spots of carbon black 

powder were placed on top of each panel. The powder spots were in contact with the panels 

for two days and then, the dirt was removed following the same procedure that was described 

for the wet dirt contact.  

         

 

Figure 6.30. Dry dirt contact procedure (T amb) 

 

 

INITIAL PANELS

Panels in contact with the dirt
for two days at room T

DRY CARBON BLACK 
(dryed in the oven at 80ºC) 

CB spots on top of the panels

Dirt removal procedure:

1. Loose dirt removal
2. Use of compressed air 
3. Cleaning with water and paper

1 2 3



                                                                      Incorporation of waterborne fluoropolymers in paint formulation  

191 

 

Dry dirt contact at T=80⁰C 

As in the previous case, carbon black in a powder state was firstly dried in the oven 

overnight and afterwards, left to recover ambient temperature. Six spots of carbon black 

powder were placed on top of each panel. The panels with the powder were kept in the oven at 

80⁰C during 24 hours and then, they were maintained at ambient conditions for another 24 

hours. After that, the dirt was removed following the same procedure previously described. The 

procedure is represented in Figure 6.31. 

 

Figure 6.31. Dry dirt contact procedure (T=80⁰C) 
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panels containing 5% of the fluorinated resin seem to have better easy to clean properties. 

When the content of C80 and C88 is increased, the cleanability of the surface gets worse 

probably because the final paint is less hard. On the contrary, when the content of fluorinated 

homopolymer (C100) is increased, the panels have cleaner appearance and the surface 

cleanability is improved.  It is possible to compare how easy to clean the panels are under the 

different conditions of the contact with dirt. According to the pictures, those films in contact with 

the dirt at 80⁰C are visually the most affected by the contact of the dirt. This could be expected 

because a temperature of 80⁰C is higher than the Tm of the polymers present in the system 

and therefore dirt gets more stuck to the paints. In the experiments in which the dirt was tested 

at ambient temperature, the paints in contact with the dry dirt were more easy to clean than the 

ones in contact with the wet dirt. This could be due to capillary forces present in the case of the 

wet dirt contact. As the water is being evaporated, the curvature of the air-water interface, 

because of the presence of dirt particles, creates a large negative pressure in the fluid which 

presses the dirt to the paint surface25.  
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WET DIRT CONTACT AT ROOM TEMPERATURE 

 
 

Figure 6.32. Panels for the wet dirt contact after the cleaning procedure. 
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DRY DIRT CONTACT AT ROOM TEMPERATURE             

 

Figure 6.33. Panels for the dry dirt contact (Tamb) after the cleaning procedure. 
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DRY DIRT CONTACT AT T=80⁰C 

 

Figure 6.34. Panels for the dry dirt contact (T=80⁰C) after the cleaning procedure. 
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6.3.7. Use of the soft fluorinated resin as plasticizer to reduce 

VOCs in paints 

The development of low VOC paints is a matter of great interest nowadays due to 

environmental concerns. Indeed the limitations in volatile organic compounds are getting 

tougher due to their contribution to ozone and smog formation and their connection to 

respiratory illnesses26. The use of water media instead of solvent based processes is already a 

big improvement to the development of more environmentally friendly paints. However these 

waterborne paints still need a certain amount of solvent to improve film formation depending on 

the nature of the polymer resin. A possible way to further reduce VOCs can be the use of softer 

polymer resins in order to reduce the amount of cosolvent used in the formulation. With this idea 

in mind, the soft nature of the fluorinated resin C80 makes it potentially valuable to be used as a 

component in the formulation that will help in the film formation. In this way, the amount of 

cosolvent present in the formulation can be reduced or totally replaced.  

For this study, three different paints were formulated with no cosolvent. Each paint 

contained the formulation of the initial Nuplex paint (Table 6.1), but with any cosolvent in the let-

down, and with any matting agent, and they contained 16% of the fluorinated polymer resin as 

in the previous examples. As can be seen in Figure 6.35, the paints with C88 and C100 resins 

were full of cracks and the quality of the film was extremely bad. For the case of the paint 

containing the C80 copolymer, the quality of the film was much better due to the soft nature of 

this material but as can be seen in the point in the left of Figure 6.36, the paint was very soft 

and also the gloss was relatively high considering that the hardness for the matte reference was 

around 87 seconds and the gloss at 20⁰ was around 9 and 37 at 60⁰. In order to improve 
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hardness and to try to reduce gloss, combinations between the different fluoropolymer resins 

within the same paint can be done. Specifically, the C80 and C100 resins were incorporated in 

a 1:1 ratio in a final 16% of the fluorinated resin into the final paint, but the quality of the film was 

not good and the paint contained cracks although hardness was improved and gloss was 

reduced (see Figure 6.36, second example). In order to improve film formation in the next step, 

a mixture of C80 and C100 in a 2:1 ratio was included in the formulation without no cosolvent, 

and as can be observed in the third case of Figure 6.36, the film formation was improved 

obtaining a good quality paint but still quite soft and glossy. In order to be able to blend in a 1:1 

ratio, to have higher hardness and lower gloss values, a paint with half of the appropriate 

amount of cosolvent was formulated giving some interesting results. In this case, the hardness 

was higher and very close to the value of the matte reference and the gloss was very low 

reaching similar values to the matte reference for both 20⁰ and 60⁰. 

 

Figure 6.35. Paints containing 16% of fluoropolymer without cosolvent. 

C80                 C88                 C100



Chapter 6 

198 

 

 
Figure 6.36. Paints with different compositions and cosolvent amounts: evolution of 

gloss and hardness.  

From the SEM micrographs presented in Figure 6.37, it can be observed that in the 

C80/C100 mixtures, the fluorinated homopolymer particles are present at the top surface of the 

film. This improved the hardness of the final system and also, increased a little bit the matting 

efficiency by creating more imperfections in the surface which also had an effect on the contact 

angle being the last of the combinations the most hydrophobic one. 
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Figure 6.37. Paints with different compositions and cosolvent amounts: microstructure 

and contact angle. 

Water and water vapour resistance were tested for the different paints and also for the 

references. The procedure followed was the same one as described in the previous section for 

the blue pigmented paints. In this case the paints were white and they were casted on top of 

white Q-panels, therefore the observation of the defects created by the water is more 

complicated. This is the reason why the adhesive tape with the detached paint is presented 

with every sample. The results for these tests are presented in Figure 6.38 and Figure 6.39. 
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Figure 6.38. Paints after water immersion and adhesion test. 

 

 

Figure 6.39. Paints after water vapour contact and adhesion test. 
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As can be observed in Figure 6.38, after the water immersion of the paints for four hours 

during four days and for two consecutive days, the paints containing fluorinated polymer did not 

show a big damage, only some blisters appeared in the references. When an adhesive tape 

was stuck to the cross cut region and detached from the surface it is clear that the references 

showed the biggest damage. The paints with no cosolvent showed an excellent resistance to 

water and the surface was much less affected by the contact with water.  

The water vapour resistance presented in Figure 6.39 showed similar results and 

indeed it seems that the paints containing no cosolvent had an excellent resistance to water 

vapour after the adhesion test. When cosolvent was incorporated to the system, the water 

vapour resistance got worse and indeed the references suffered a serious damage based on 

the big residue left on the adhesive tape. 
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6.4. Conclusions 

The synthesis of different fluorinated resins by miniemulsion polymerization using a high 

pressure homogenizer and their incorporation into commercial paint formulations was 

addressed in this work. The different resins showed diverse potential applications and improved 

properties in the different responses of study. The most important aspects of the different resins 

are exposed below:  

Fluorinated homopolymer: C100 was especially good to increment the hardness of the 

final film and to improve the chemical resistance to different substances. The excellent 

resistance to ethanol is noteworthy. This fluorinated resin demonstrated low dirt pick up and 

good easy to clean properties as well as excellent water vapour resistance.  

Fluorinated copolymer: C88 showed good matting properties and hardness. The 

replacement of 2/3 of the matting agent was achieved and the hardness of the system was 

good reaching similar values as the references. This resin demonstrated as well excellent 

chemical resistance to water and coffee and water vapour and a satisfactory chemical 

resistance to ethanol.  

Fluorinated copolymer: C80 showed excellent matting properties. The incorporation of 

this resin into paint formulation was really efficient to replace high amounts of the matting agent, 

higher that 2/3 of the appropriate amount of the matting agent present in the initial formulation. 

The resin did not show the same levels of hardness as the references due to the soft nature of 

this polymer. The resin showed excellent chemical resistance to water, coffee and water vapour 

and an acceptable chemical resistance to ethanol.  
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Different combinations of the fluorinated polymer resins C80 and C100 were done within 

the same paints in order to produce products with optimized properties. Due to the soft nature of 

the C80 resin, it showed a potential application as plasticizer to produce low VOCs paints 

contributing to the efficient film formation in the final paint. By the combination of the fluorinated 

homopolymer C100 and the softer copolymer C80, a paint with high matting appearance, good 

hardness and excellent hydrophobicity and water resistance was achieved reducing the amount 

of cosolvent used to the half of the one used in the initial formulation and without using any 

matting agent. 
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Chapter 7. Conclusions 

 

The purpose of this Thesis was to produce highly hydrophobic (Ѳ > 110⁰) and 

superhydrophobic (Ѳ > 150⁰) cohesive and non-porous coatings applicable to large and 

irregular surfaces in a cost effective and environmentally friendly manner. The production of 

water repellent surfaces from water-based polymers is particularly challenging because in 

order to obtain stable polymer dispersions in water, particles should have a relatively 

hydrophilic surface. Furthermore, as reviewed in Chapter 2, most of the techniques used to 

obtain hydrophobic and superhydrophobic surfaces included the use of highly expensive 

procedures and they could not be applied to large and complex surfaces by the use of 

conventional coating methods.  

In order to achieve this purpose, fluorinated polymers that provide natural 

hydrophobicity were used. These polymers also provide with a large number of additional 

benefits to the coatings such as low surface energy, insulating properties, impermeability to 

gases, high resistance to water, oil, chemicals, corrosion and UV radiation as well as low dirt 

pick up. As the water contact angle of these polymers is around 110⁰ (the maximum within 
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polymers), the topography of the surface should be varied to increase the contact angle. 

Therefore, different methods to fine tune the film surface topography were developed.  

Film-forming latexes were produced by miniemulsion copolymerization of the fluorinated 

monomer 1H, 1H, 2H, 2H-perfluorodecyl acrylate (PFDA) and 2-ethylhexyl acrylate (2EHA) in a 

82/18 wt/wt ratio but polymer films from this latex yielded a contact angle of 114⁰. Formulations 

richer in PFDA led to higher contact angles, but films of poor quality were obtained at room 

temperature.  

Blending of these latexes with a latex of PFDA homopolymer (which is not film forming 

at room temperature) did not show any improvement in the case of thick films because the 

denser PFDA particles sedimented due to the high density of the fluorinated polymer. 

Sedimentation was reduced by using thinner films and higher contact angles were observed   

(Ѳ = 123⁰). In an attempt to take advantage of gravity, films were dried upside down and a 

contact angle of 130⁰ was achieved because PFDA particles sedimented at the air-film 

interface. However, this type of drying was difficult to implement in practice. Higher contact 

angles (Ѳ = 133⁰) were obtained reducing sedimentation by using a film forming 60 wt% solids 

content latex of poly(vinylidene chloride) that increased both the viscosity of the blend and the 

density of the soft polymer. A dual coating strategy which is not limited in terms of density of 

the polymers and takes advantage of the open time of the waterborne coatings was developed. 

In this strategy, a film forming dispersion was cast first and during its open time, a latex of hard 

hydrophobic particles is cast on top of it using spray coating. A contact angle of 137⁰ was 

obtained using this strategy (Figure 7.1). 
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Figure 7.1. SEM image and water contact angle for a film obtained by means of the 

double coating strategy. 

Another approach to increase the contact angle from the 114⁰ obtained from the film 

forming copolymer PFDA/2EHA of 82/18 composition was to manipulate the film formation 

process of waterborne dispersions of PFDA/2EHA copolymers with different Tg values. The 

roughness of the different films cast from these dispersions was enhanced by creating 

wrinkles, which were naturally formed during film formation when the following conditions were 

met: 1) the rate of water evaporation was high enough to make the velocity of the receding 

water front faster than the rate of diffusion of the polymer particles in the wet film, and 2) the 

rate of coalescence of the particles was similar or faster than the rate of evaporation. Under 

these conditions, a polymer skin was formed at the film-air interface before the interior of the 

film becomes dry. The mechanical mismatch between the surface of the film and its interior led 

to the formation of wrinkles when the film dried. Among the different ways in which these rates 

could be modified, temperature and hardness of the polymer were chosen to demonstrate the 

proof of concept. This allowed the formation of transparent films with a wrinkled surface that 

30 μm

137⁰
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had a contact angle of 133⁰, which is a substantial increase with respect to the film cast under 

standard conditions (Figure 7.2). 

 

Figure 7.2. SEM image and water contact angle for a film obtained from a 75/25 

PFDA/2EHA copolymer showing a wrinkled surface.  

In order to reach the superhydrophobic regime (Ѳ > 150⁰) a rougher topography of the 

film surface was necessary. A new method that allowed the formation of superhydrophobic 

coatings with good film forming properties and mechanical strength (Figure 7.3) was presented. 

The method involves the use of film forming coatings that are cast on the substrate and during 

the open-time of these films a second dispersion is sprayed on the first film. A key aspect of 

this development is the use of a fractal dispersion of a hydrophobic hard polymer. A method to 

synthesize relatively high solids fractal dispersions during the polymerization process is 

presented. Miniemulsion polymerization of PFDA was used and the surfactant and the initiator 

systems were used to control the fractal structure. This one step method is advantageous with 

respect to the previous methods that require two steps and usually achieve low solids contents. 

30 μm

133⁰
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A MMA/BA/MAA high solids film forming latex was used as a first coating. Contact angles > 

150⁰, sliding angles of 7⁰ and contact angle hysteresis ≈ 5⁰ that belong to the superhydrophobic 

regime were obtained. The film showed oleophobic behaviour giving a contact angle of 120⁰ for 

olive oil. The films showed good mechanical strength retaining an acceptable hydrophobicity  

(Ѳ = 140⁰) after 50 cycles of an aggressive scrub test.  

Icephobicity of the sprayed materials was tested and compared with a 

conventional MMA/BA/MAA coating. Although ice formation and accumulation on top of 

the surface still occurred for the sprayed systems, they demonstrated potential to reduce 

ice adhesion strength to the surface as compared to the MMA/BA/MAA film, maintaining 

their hydrophobic character under water vapour condensation conditions.  

 

Figure 7.3. SEM micrographs and contact angle for the films produced by spraying a 

fractal aggregated polymer dispersion on top of a film forming latex.  

1 mm 50 μm

>150⁰
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After analyzing the potential of fluorinated polymers to produce hydrophobic and 

superhydrophobic coatings, the fluorinated homopolymer and copolymers were incorporated 

into paint formulations in order to evaluate their performance. Preliminary studies done with 

some copolymer latexes synthesized in previous stages of the work showed that these 

polymers provide a matte appearance to the surface. Therefore, the possibility of replacing the 

commercial matting agent used in the original formulation was also studied. A fluorinated PFDA 

homopolymer (C100) and two PFDA/2EHA/MAA copolymers in 80.8/17.7/1.5 and 88.6/9.9/1.5 

wt/wt/wt ratios respectively abridged as C80 and C88 were analyzed. The most important 

aspects of the incorporation of each polymer into paint formulation are summarized below: 

Fluorinated PFDA homopolymer: C100 was especially good to increment the hardness of the 

final film and to improve the chemical resistance to different substances. The excellent 

resistance to ethanol is noteworthy. This fluorinated resin demonstrated low dirt pick up and 

good easy to clean properties as well as excellent water vapour resistance.  

Fluorinated PFDA/2EHA/MAA 88.6/9.9/1.5 copolymer: C88 showed good matting properties 

and hardness. The replacement of 2/3 of the matting agent originally contained in the 

formulation was achieved and the hardness of the system was good reaching similar values as 

the references. This resin demonstrated as well excellent chemical resistance to water and 

coffee and water vapour and a satisfactory chemical resistance to ethanol.  

Fluorinated PFDA/2EHA/MAA 80.8/17.7/1.5 copolymer: C80 showed excellent matting 

properties. The incorporation of this resin into paint formulation was really efficient to replace 

high amounts of the matting agent, higher that 2/3 of the appropriate amount of the matting 
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agent present in the initial formulation. The resin did not show the same levels of hardness as 

the references due to the soft nature of this polymer. The resin showed excellent chemical 

resistance to water, coffee and water vapour and an acceptable chemical resistance to ethanol.  

Different combinations of the fluorinated polymer resins C80 and C100 were done within the 

same paints in order to produce products with optimized properties. Due to the soft nature of the 

C80 resin, it showed a potential application as plasticizer to produce low VOCs paints 

contributing to the efficient film formation in the final paint. By the combination of the fluorinated 

homopolymer C100 and the softer copolymer C80, a paint with high matting appearance, good 

hardness and excellent hydrophobicity and water resistance was achieved reducing the amount 

of cosolvent used to the half of the one used in the initial formulation and without using any 

matting agent. 

Overall, it can be concluded that hydrophobic and superhydrophobic coatings were successfully 

produced from waterborne fluoropolymer dispersions showing good film forming properties and 

mechanical strength. 
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Resumen y conclusiones 

 

El desarrollo de superficies hidrofóbicas y superhidrofóbicas ha despertado gran interés 

en los últimos años en el campo de los recubrimientos, donde la repelencia al agua supone un 

gran valor añadido. Estos revestimientos ofrecen múltiples posibilidades en diferentes 

aplicaciones tales como recubrimientos anticorrosivos, antibacterianos o incluso antihielo.  

La hidrofobicidad de los materiales se caracteriza mediante la medida del ángulo que 

forma la superficie de una gota de agua al entrar en contacto con la superficie de un cierto 

material. De este modo, si el ángulo de contacto obtenido es superior a 90⁰ la superficie se 

define como hidrofóbica y si el ángulo de contacto es superior a 150⁰ la superficie se 

denomina superhidrofóbica. El ángulo de contacto de una superficie depende de la naturaleza 

del propio material, que puede ser caracterizada midiendo el ángulo de contacto de una 

superficie plana del mismo, y de la textura de la propia superficie. Las superficies artificiales 

más hidrofóbicas son aquellas formadas por polímeros fluorados, sin embargo, los ángulos de 

contacto medidos en superficies planas de dichos materiales generalmente no superan los 

110⁰. Por tanto, para aumentar la hidrofobicidad de una superficie es necesario introducir 

cierta rugosidad en el sistema.  
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La mojabilidad de superficies rugosas ha sido ampliamente estudiada por Cassie y 

Wenzel llegando a la conclusión de que para conseguir superficies superhidrofóbicas, son 

necesarios perfiles de rugosidad muy pronunciados o incluso rugosidad a diferentes niveles. 

La naturaleza ofrece ejemplos de este tipo de estructuras tales como la hoja de la Flor de Loto, 

sobre la cual el agua no se puede depositar debido a que posee una estructura con rugosidad 

a distintos niveles. En los últimos años ha habido un gran avance en el desarrollo de 

materiales hidrofóbicos y superhidrofóbicos mediante el uso de diferentes técnicas para 

generar superficies con estructuras rugosas tales como la litrografía, tratamiento químico de 

las superficies o uso de moldes. Este tipo de técnicas permiten generar superficies con una 

microestructura muy controlada, sin embargo, en la mayoría de los casos su uso requiere un 

gran coste y no son técnicas aplicables para recubrir superficies amplias y complejas.  

Los polímeros fluorados son excelentes candidatos para el desarrollo de este tipo de 

superficies puesto que además de crear superficies naturalmente hidrofóbicas, ofrecen otras 

múltiples ventajas tales como la resistencia al agua y aceites, a la intemperie, a la corrosión, a 

la suciedad, etc. 

Por otra parte, debido a la normativa cada vez más estricta en cuanto a la emisión de 

compuestos orgánicos volátiles (VOCs), los fabricantes de pinturas y recubrimientos están 

transformando muchos de sus procesos basados en disolventes en nuevos procesos basados 

en agua. De este modo, la obtención de superficies hidrofóbicas y superhidrofóbicas a partir 

de productos obtenidos en base agua es particularmente interesante pero al mismo tiempo, 

supone un gran reto debido a que para estabilizar partículas poliméricas en un medio acuoso, 

estas partículas deben tener una superficie relativamente hidrofílica.  
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Para preparar dispersiones de materiales fluorados en agua es necesario considerar su 

naturaleza altamente hidrofóbica. En este caso particular, la polimerización en emulsión 

convencional no es un método apropiado puesto que es necesario que el monómero difunda a 

través de la fase acuosa. En el caso de monómeros insolubles en agua tales como los 

monómeros fluorados, la polimerización en miniemulsion puede ser una buena alternativa. En 

este tipo de polimerización, la difusión de los monómeros a través de la fase acuosa no es 

necesaria debido a que la polimerización ocurre en gotas que han sido previamente formadas 

mediante la aplicación de altas dosis de energía a la mezcla inicial formando una dispersión 

estable. 

En esta tesis se ha investigado tanto la síntesis de dispersiones acuosas como la 

aplicación de diferentes técnicas para el desarrollo de superficies hidrofóbicas y 

superhidrofóbicas de polímeros fluorados.  

Inicialmente se sintetizaron dispersiones acuosas de homopolímeros y copolímeros de 

1H,1H,2H,2H-perfluorodecil acrilato (PFDA) y acrilato de 2-etilhexilo (2EHA) en diferentes 

proporciones. El copolímero PFDA/2EHA en relación en peso 82/18 permitió la formación de 

recubrimientos de buena calidad sin embargo, al ser su superficie relativamente plana, los 

ángulos de contacto con agua no superaban los 114⁰. La síntesis de copolímeros con 

contenidos de monómero fluorado mayores permitió incrementar el valor del ángulo de 

contacto pero en este caso los recubrimientos obtenidos no tenían una buena resistencia 

mecánica. Con el objetivo de producir recubrimientos más hidrofóbicos de buena calidad se 

desarrollaron diferentes estrategias que se resumen a continuación: 
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 Mezclas físicas de copolímeros y homopolímeros fluorados 

Con el fin de aumentar la hidrofobicidad del sistema manteniendo la calidad de los 

recubrimientos se hicieron mezclas del copolímero 82/18 y el homopolímero fluorado pero no 

se observó ninguna mejora en el ángulo de contacto. La razón principal es que para 

recubrimientos relativamente gruesos (1250 μm de espesor de ‘film’ o película húmeda) la alta 

densidad del homopolímero hace que las partículas sedimenten durante el secado sin 

modificar la superficie del film. Para evitar la sedimentación de las partículas del homopolímero 

se han utilizado diferentes técnicas: 

a) Preparación de recubrimientos más finos 

Al preparar recubrimientos más finos del orden de 90 μm de espesor de película 

húmeda se obtuvieron ángulos de contacto de alrededor de 123⁰ debido a que el secado es 

más rápido y por tanto la sedimentación no es tan drástica.  

b) Secado en posición invertida 

La diferencia entre la densidad del homopolímero y el copolímero se aprovecha para 

favorecer el movimiento de las partículas más densas hacia la superficie del film. Mediante 

esta técnica, se obtuvieron superficies con ángulos de contacto alrededor de 130⁰.  
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c) Utilización de copolímeros de mayor densidad y viscosidad 

Para reducir el efecto de la sedimentación se realizaron mezclas con un látex de mayor 

viscosidad consistente en una dispersión comercial al 60% de contenido en sólidos de un 

polímero de mayor densidad (policloruro de vinilideno). Se obtuvieron en este caso 

recubrimientos de buena calidad y ángulos de contacto de 133⁰.  

d) Aprovechamiento del ‘tiempo abierto’ de las dispersiones (‘open time’) 

Se desarrolló una estrategia en dos etapas aprovechando el denominado ‘tiempo 

abierto’ u ‘open time’ de las dispersiones. Se denomina ’open time’ al tiempo tras aplicar la 

dispersión durante el cual la superficie se puede volver a pintar o corregir sin dejar marcas. 

Siguiendo esta estrategia, se aplicó inicialmente una primera capa de un látex con buenas 

propiedades filmógenas y durante su ‘open time’, se esprayó una segunda dispersión 

homopolímero fluorado. Mediante la utilización de esta técnica se obtuvieron superficies con 

ángulos de contacto de 137⁰. 

 Recubrimientos con arrugas en la superficie 

Otra posibilidad propuesta para la obtención de superficies altamente hidrofóbicas 

consiste en la manipulación de las condiciones de secado de dispersiones de copolímeros 

(PFDA/2EHA) con diferentes temperaturas de transición vítrea. Concretamente, se modificó la 

rugosidad de la superficie del recubrimiento mediante la formación de arrugas que pueden 

obtenerse cuando la técnica de secado cumple las siguientes condiciones: 1) la velocidad de 

evaporación del agua es mayor que la velocidad de difusión de las partículas en el seno del 
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líquido, y 2) la velocidad de coalescencia de las partículas es similar o superior a la velocidad 

de evaporación del agua. Cuando se dan estas circunstancias, en la superficie del 

recubrimiento, se forma una capa de polímero (“piel”) mientras que todavía contiene agua en 

su interior. Este fenómeno genera ciertas tensiones que dan lugar a la formación de arrugas 

durante el secado. Las velocidades de secado y de coalescencia de las partículas se 

controlaron mediante la variación de la temperatura de secado y de la dureza de los 

polímeros. Utilizando este procedimiento se obtuvieron recubrimientos de buena calidad y 

ángulos de contacto de alrededor de 133⁰. 

 

 Recubrimientos superhidrofóbicos mediante agregación de partículas 

Para alcanzar el régimen superhidrófóbico definido por ángulos de contacto superiores 

a 150⁰ es necesaria una gran rugosidad en la superficie. En este trabajo, se desarrolló un 

nuevo método para la obtención de superficies superhidrofóbicas con buena resistencia 

mecánica basado de nuevo en el ‘open time’ de los recubrimientos. En dicho método, se utilizó 

como polímero base una dispersión acuosa de alto contenido en sólidos de un polímero 

convencional con buenas propiedades filmógenas (metacrilato de metilo/ acrilato de butilo/ 

ácido metracrílico (MMA/BA/MAA)). Durante el ‘open time’ de esta dispersión base, se esprayó 

una segunda dispersión de polímero fluorado. Esta dispersión de PFDA, se obtuvo por 

polimerización en miniemulsion modificando las condiciones de síntesis con el fin de obtener 

agregados coloidales con estructura fractal de gran rugosidad. Tras el secado, se obtuvieron 

recubrimientos con ángulos de contacto superiores a 150⁰, ángulos de deslizamiento de 

alrededor de 7⁰ y valores de histéresis del ángulo de contacto de alrededor de 5⁰. Además, los 
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recubrimientos demostraron una buena resistencia a la fricción y resistencia mecánica y 

también cierto carácter oleofóbico obteniéndose valores de 120⁰ de ángulo de contacto 

medidos al depositar una gota de aceite de oliva sobre su superficie. La repelencia al hielo de 

estas superficies fue evaluada demostrando potencial para reducir la adhesión del hielo con 

respecto a recubrimientos convencionales de MMA/BA/MAA.  

Finalmente, una vez analizado el potencial de diferentes dispersiones de 

fluoropolímeros para la obtención de superficies hidrofóbicas y superhidrofóbicas, dichas 

dispersiones fueron incorporadas en formulaciones comerciales de pinturas con el objetivo de 

evaluar su efecto en las propiedades finales. La incorporación de copolímeros fluorados  de 

naturaleza más blanda mostraron un interesante efecto mate con ángulos de contacto muy 

altos pero con menor dureza que las correspondientes referencias comerciales. Las pinturas 

en las que se incorporaron dispersiones de fluoropolímeros de naturaleza más dura 

presentaron valores de dureza iguales o superiores a los de las referencias comerciales 

mejorando además la resistencia química al etanol, al vapor de agua y a la suciedad.  

La incorporación de mezclas de fluoropolímeros de diferentes composiciones permitió 

reducir a la mitad el contenido de cosolventes disminuyendo notablemente el contenido en 

compuestos orgánicos volátiles (VOCs). Además la pintura obtenida presentó una apariencia 

mate similar a las referencias sin necesidad de usar ningún tipo de agente mate además de 

una buena resistencia al agua y al vapor de agua.  



Resumen y conclusiones                  

226 

 

En resumen, este trabajo recoge diferentes técnicas en las que dispersiones acuosas de 

fluoropolímeros han sido utilizadas para la obtención de recubrimientos hidrofóbicos y 

superhidrofóbicos de buena calidad y fácil aplicación en todo tipo de superficies.  
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Acronyms 

2EHA 2-ethylhexyl acrylate 

AFM Atomic Force Microscopy 

AIBN 2,2-azobisisobutyronitrile 

AMBN 2,2'-azodi(2-methylbutyronitrile) 

BA Butyl acrylate 

CAH Contact angle hysteresis 

C80 PFDA/2EHA/MAA (80.8/17.7/1.5) copolymer 

C88 PFDA/2EHA/MAA (88.6/9.9/1.5) copolymer 

C100 PFDA/2EHA (100/0) copolymer 

DDI Double deionized water 

DSC Differential scanning calorimetry 

HAP Hazarous air pollutants 

KPS Potassium persulfate 

M.A. Matting agent 

MAA Methacrylic acid 

MFFT Minimum film formation temperature 

MMA Methyl methacrylate 

PFDA 1H, 1H, 2H, 2H-perfluorodecyl acrylate 
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PFHA 1H, 1H, 2H, 2H-perfluorohexyl acrylate 

PIL Polimeric ionic liquid 

(Poly(ViEtIm+
Br

- ) Poly(1-vinyl-3-ethylimidazolium bromide) 

p(VDC) Poly(vinylidene chloride) 

SA Sliding angle 

SC Solids content 

SEM Scanning electron microscopy 

TBHP Tert-butyl hydroperoxide 

VOC Volatile organic compound 

WI-CIE Whiteness index (CIE) 
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Symbols 

𝐠 Gravity force 

Tg Glass transition temperature 

𝐙𝐢 Height deviation from the mean to the i point (equation 5.1) 

𝐦 Mass of the droplet  

Pmax Maximum pressure (Homogenizer equipment) 

Tm Melting temperature  

Pmin Minimum pressure (Homogenizer equipment) 

Mw Molecular weight 

𝐍 Number of data points (equation 5.1) 

dparticle Particle diameter 

Xc Polymer crystalline fraction 

RMS (Rq) Root mean square roughness 

𝐫 Roughness factor 

S Spreading coefficient 

T Temperature 

𝐰 Width of the droplet 
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Greek letters 

Ѳadv Advancing contact angle 

Ѳ Contact angle 

Ѳ𝐫 Contact angle of the rough surface 

𝚽𝐒 Fraction of the horizontal surface in contact with the liquid 

ΔHf Heat of fusion 

∅𝟎 Initially occupied volume fraction 

𝛄𝐋𝐕 Liquid-vapour interfacial tension 

Ѳrec Receding contact angle 

𝛂 Sliding angle 

𝛄𝐒𝐋 Solid-liquid interfacial tension 

𝛄𝐒𝐕 Solid-vapour interfacial tension 



 



 


