
coatings

Article

Water-Repellent Fluoropolymer-Based Coatings

Guillermo Paz-Gómez 1, Juan Carlos del Caño-Ochoa 2, Oscar Rodríguez-Alabanda 2,* ,
Pablo E. Romero 2 , Miguel Cabrerizo-Vílchez 1, Guillermo Guerrero-Vaca 2

and Miguel Angel Rodríguez-Valverde 1

1 Bio-colloid and Fluid Physics Group, Applied Physics Department, Faculty of Sciences,
University of Granada, Campus de Fuentenueva s/n, ES 18071 Granada, Spain;
gpaz@ugr.es (G.P.-G.); mcabre@ugr.es (M.C.-V.); marodri@ugr.es (M.A.R.-V.)

2 Department of Mechanical Engineering, University of Cordoba, Campus de Rabanales, Ctra. Madrid-Cádiz
km 396, ES14071 Córdoba, Spain; jcoochoa_069@hotmail.es (J.C.d.C.-O.); p62rocap@uco.es (P.E.R.);
guillermo.guerrero@uco.es (G.G.-V.)

* Correspondence: orodriguez@uco.es

Received: 25 February 2019; Accepted: 26 April 2019; Published: 28 April 2019
����������
�������

Abstract: Fluoropolymer-based coatings are widely used for release applications. However,
these hydrophobic surfaces do not reveal a significantly low adhesion. Water repellency incorporated
to fluoropolymer coatings might enhance their release performance. In this work, we focused on
the surface texturing of a well-known polytetrafluoroethylene (PTFE)-based coating. We explored
as texturing routes: sanding, sandblasting and laser ablation. We examined the surface roughness
with white light confocal microscopy and the surface morphology with environmental scanning
electron microscopy (ESEM). Water-repellent fluoropolymer coatings were reproduced in all cases,
although with different degree, parametrized with bounces of water drops (4–5 µL). Laser ablation
enabled the lowest adhesion of coatings with 24 ± 2 bounces. This result and the current development
of laser patterning for industry assure the incipient use of laser ablation for release coatings.
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1. Introduction

Release/demolding coatings based on fluoropolymers or fluoro-silicones are widely used in
automotive and footwear manufacturing [1], as well as the cookware and food industries [2–5]
among others. However, although the chemical formulation of the coatings is well-established,
there are some challenges still to resolve such as durability and optimal demolding. In other respects,
liquid-repellent materials enable the removal of liquid from their surface. A solid surface is referred to
as superhydrophobic [6] when its contact angle is higher than 150◦ and its contact angle hysteresis is
lower than 10◦ (low shear adhesion). These low-adhesion surfaces reveal different properties such as
self-cleaning [7,8] or anti-icing [9,10]. We postulate that water repellency might enhance the release
performance of fluoropolymer coatings [11].

Some previous works demonstrated that both the polytetrafluoroethylene (PTFE) particle size [10]
and the morphology of the fluoropolymer contact surface have a direct influence on the water repellency
properties offered by the coating. In the case of PTFE coatings, a microscopic surface morphology
in which spherical nanoparticles have been produced is able to present contact angle values greater
than 140◦ [12]. Two distinct hypotheses are classically proposed to explain this effect. On one hand,
this rough pattern increases the surface contact area with the water drop, and on the other hand air
remains trapped in micro-chambers below the drop, favoring superhydrophobic behavior [13,14].

Many techniques and processes can be applied to obtain superhydrophobia on PTFE coatings:
PTFE film extension [15] consists in the mechanical alteration of the density of the fibrous crystals by

Coatings 2019, 9, 293; doi:10.3390/coatings9050293 www.mdpi.com/journal/coatings

http://www.mdpi.com/journal/coatings
http://www.mdpi.com
https://orcid.org/0000-0002-9728-258X
https://orcid.org/0000-0001-9991-458X
https://orcid.org/0000-0002-7627-3385
https://orcid.org/0000-0003-4361-6721
http://dx.doi.org/10.3390/coatings9050293
http://www.mdpi.com/journal/coatings
https://www.mdpi.com/2079-6412/9/5/293?type=check_update&version=2


Coatings 2019, 9, 293 2 of 13

axial extension to create polytetrafluoroethylene superhydrophobic surfaces; metallic templates [16] or
simple filter paper templates [17] can be used to obtain a superhydrophobic “lotus-leaf” structure on
the PTFE coating surface, the template is simply printed on the coating film when it is still soft and is
removed just after the final sintering process. Furthermore, cold pressing of the PTFE film [18] or hot
stamping [19] are other possible ways. The introduction of a micro- and nanoscale roughness onto the
surface of a low surface energy material as PTFE is the best option to get superhydrophobic surfaces.
This “hierarchical” surface morphology can be reproduced by different physical or technological
procedures: the emulsion of metallic particles with PTFE [20,21], PTFE coating surface treatment with
plasma [22–29] or Nd:YAG laser ablation, among other laser technologies [30–37], are an example of
this. Other research work has addressed metals, which are roughened and then chemically treated to
decrease their surface energy [38], or incorporating directly surface roughness or micro-texture on a
hydrophobic material [39–41].

In the present work, water-repellent fluoropolymer coatings were reproduced by three different
procedures: polishing, sandblasting and Nd:YAG (CW) laser ablation. The water-repellency level has
been measured by the waterdrop bouncing test [42,43]. Unlike other previous works consulted in
which this experimental test has been used to analyze the morphology of the droplet during the cycle of
one or several bounces [43], the number of waterdrop bounces on the surface under study was counted
to measure the degree of water-repellency in each treated PTFE coating sample. The results of this
experimental research showed that Nd:YAG laser ablation enabled much lower adhesion of coatings,
in terms of the number of bounces reproduced by the waterdrop onto the coating surface, compared
with the adhesion observed in the samples treated by polishing and/or sandblasting. The results of this
work demonstrated that Nd:YAG laser is a technique to be considered for the industrial treatment of
PTFE surfaces aimed at applications that require the maximum degree of water-repellency feature.

As has been mentioned, there are different techniques that may be applied to provide surface
texture to a hydrophobic coating. Sandpaper polishing (sanding) [44] and sandblasting [45] are
well-known routes with direct scaling-up. Laser ablation is also used to modify the surface of
coated materials [30,46]. The conditions of ablation may be largely varied, and it further allows the
surface patterning.

In this work, we conducted a systematic study on superhydrophobic (SH) fluoropolymer coatings
in the range of water-repellency regime. The coatings were engineered, separately, by sandpaper
polishing, sandblasting and laser ablation. We measured the final roughness of the SH coatings
with a white-light confocal microscope and their surface morphology with an ESEM microscope.
We characterized their water adhesion [42] with the “bouncing drop" experiment. Laser ablation points
out to be the best strategy to produce water-repellent fluoropolymer coatings.

2. Materials and Methods

We selected for this work the fluoropolymer ETERNA©, kindly provided by the company Whitford
(Whitford Company, Runcorn, UK). This product is a commercial composite of polytetrafluoroethylene
(PTFE), widely used in industry. The polymer was deposited on Al–Mg substrates (EN-AW 5754)
and then cured in an oven. The coating is applied in multilayer. The layers are applied by spraying
aqueous dispersions of PTFE onto the substrates. A HVLP type gun (high volume and low pressure)
(Aerometal, Barcelona, Spain), adjusted at 0.3 MPa, was used for this purpose. The base layer was
obtained after the application of Xylan XLR 17-080 (Whitford Corporation, Elverson, PA, USA) and was
dried at 100 ◦C for 5 min, reaching a thickness of 8–10 µm. The second layer is Xylan XLR 17-353/D9172
Emerald Green. The multilayer coating reaches 20–25 µm thickness after curing.

Commercial release coatings are typically modified by adding inorganic fillers [47]. The fillers are
mixed in the aqueous dispersions of PTFE and they remain fixed to the coating once cured. The fillers
intend to improve the resistance to abrasion and wear for long-lasting coatings. Fillers alter the polymer
properties at high temperatures and in the case of the filler doping of PTFE, the hardness is typically
increased [47].
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The temperature of the coating annealing was varied accordingly from 350 ◦C up to 440 ◦C, above
the melting point of PTFE (342 ◦C). The annealed PTFE-based coatings were prepared by the company
Tecnimacor, S.L. (Córdoba, Spain).

2.1. Polishing

Several SiC sandpapers with different grit numbers were used. The grit numbers employed were
P320, P500, P800 and P1000, according to the standard ISO [48]. The polishing process was performed
manually and with a polishing machine. For the manual polishing, the samples were abraded against
each sandpaper for 10 cycles. The automatic polishing was performed with a Struers TegraPOL-11
industrial polishing machine (Struers, Madrid, Spain). The coating and the polishing disc were both
rotate clockwise for 5 s, with a loading mass of 90 g equivalent to a pressure of 2.2 kPa.

After polishing, the coatings were cleaned with Micro 90© solution, ethanol 96% and generously
rinsed with distilled water.

2.2. Sandblasting

Unlike the polishing technique, in this section the curing temperature was fixed to 410 ◦C.
We conducted sandblasting process with a Sandblast Cabinet, model CAT990 (Aslak S.L, San Quirze
del Valles, Barcelona, Spain). A standardized blasting on the target surface is important for obtaining
statistically significant results. A gun with a nozzle of 6 mm diameter was placed at 30 cm distance to
the sample and inclined 45◦ with respect to the surface. The relevant abrasion process parameters in
commercial sanding machines are basically the contact pressure and the peripheral speed. The operating
parameters of the experiments performed in this work should be similar to an industrial sanding
process but are limited by the equipment employed to sand the coatings. Three different corundums
were used with different mean grain size and hardness: Armex Maintenance Formula XL bicarbonate
(270 µm), WSK Gr. 46 Alumina white corundum (340 µm) and RBT9 Gr. 90 Alumina brown corundum
(150 µm).

The bicarbonate abrasive has a hardness value of 2.5 in the Mohs scale, and both the white and
brown corundum, close to 9. With each corundum, different values for air pressure and blasting time
were explored. The air pressure was varied between 0.1 and 0.3 MPa, and the blasting time between 10
and 40 s. The sandblasted coatings were then intensively cleaned with Micro90© solution, ethanol 96%
and distilled water.

2.3. Laser Ablation

The laser ablation process was performed with a pulsed/continuous wave laser model Rofin
PowerLine E-20 SHG II (Rofin-Baasel España, S.L. Unip., Navarra, Spain). This type of laser technology
can work both in pulsed mode and in continuous wavelength mode and is based in a Nd:YAG
solid-state laser. The wavelength was 1064 nm.

The pulse frequency of the laser beam was set to 15 kHz, in continuous wavelength mode, and
the width of the laser spot was adjusted to 10–15 µm. The beam velocity was varied from 50 mm/s
up to 1000 mm/s and, for each one, different fluence values were tested. The pattern ablated on the
coatings was always a grid of parallel lines, tilted 45◦ and separated 20 µm, over an area of 20 × 20 mm2.
The ablated coatings were cleaned with Micro90© solution, ethanol 96% and distilled water.

2.4. Surface Topography and Morphology Analysis

Surface roughness was measured with a white light confocal microscope Sensofar, model Plµ
2300 (Sensofar, Barcelona, Spain). The magnification used was 50×, the scanning area was 285.38
× 209.62 µm2 and the Z-resolution was 0.2 µm. Four topographies were acquired for each sample,
and the roughness parameters used were the arithmetic and root mean square roughness, Ra and
Rq, respectively.
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The engineered coatings were also studied with an Environmental Scanning Electron Microscopy
(ESEM) FEI, QuemScan650F model (Thermo Fischer Scientific, Eugene, OR, USA), using a voltage
of 3 kV. The detection mode was set for scattered secondary electrons. The same microscope was
employed to perform energy-dispersive X-ray spectroscopy (EDX) to explore the surface chemical
composition of the coatings. The detector in this case used back-scattered electrons, and the voltage of
the beam was 5 kV.

The three-dimensional morphology of the polishing and sandblasting treated coatings has been
analyzed by an optical surface profiler, model Plµ 2300 by Sensofar (Sensofar, Barcelona, Spain) and
the same analysis has been made for Nd:YAG laser ablated samples using a digital microscope, model
DVM6 by Leica (Leica Microsystems, Hospitalet de Llobregat, Spain).

2.5. Bouncing Drop

For superhydrophobic surfaces, the sessile drop method provides values of contact angle or
critical sliding angle with low resolution. The difficult localization of the contact points of non-wetting
drops, the limitations of the conventional optical devices and numerical fitting of drop profiles with
high contact angles [49], the tolerance of standard inclinometers working at very low tilt angles (<5◦)
and the monitoring of “restless” drops placed on water-repellent surfaces [50] require establishing
new methodologies.

On the other hand, methods based on rapidly moving drops avoid the potential complications
in measuring static/quasi-static water contact angles on superhydrophobic surfaces. Water bouncing
can be used to determine the hydrophobicity of a surface [42], with a correlation between water
contact angle and number of bounces. Extensive testing demonstrated that surfaces with a rounded
microstructure demonstrate water bouncing when water contact angles are greater than 151◦, however
examination of surfaces that promote water pinning showed that water contact angles had to exceed
156◦ for water drops to bounce.

The bouncing drop experiments were employed to provide information about the dynamic
adhesion of the coatings [38]. This adhesion, referred to as “tensile adhesion”, is parametrized by
the number of bounces of a water drop. This parameter intends to connect water repellency with
non-stick functionality [11]. The term tensile adhesion refers to the opposition of the surface to allow
the removal of liquid by forces that act vertically to the surface. We focus on this property because the
goal is to improve the PTFE coatings for the use in demolding applications. In this work, we counted
the bounces of a water drop of 4.2 ± 0.2 µL, released from a height of 10.1 ± 0.2 mm. Three water
drops were released for each sample. The drop was formed with a needle of 0.25 ± 0.05 mm diameter.
The sequence of bounces was recorded with a high-speed camera, Phantom MIRO 4 Monochrome
(Vision Research Ltd. U.K., Bedford, UK), at 2800 frames per second (fps), the image resolution was
400 × 504 pixels and the exposure time was 235 µs.

2.6. Sliding Drop

To measure the critical sliding/roll-off angle of sessile drops (lateral adhesion) on the modified
coatings, we used the tilting plate method. We typically used 60 µL drops of Milli-Q water. We selected
this drop volume to increase the density of metastable drop configurations separated by smaller energy
barriers and further the spatial resolution of the method. Drops were gently deposited at the center
of the sample, which is fixed to the tilting platform, oriented horizontally. The drop placement was
non-trivial because the drops rolled on the samples very easily. Once the drop was deposited and static,
the platform was automatically inclined at a constant rate (5◦/s). The inclination angle of the platform
ranged from 0◦ to 60◦ (±0.01◦). We registered the inclination angle in terms of time. Side views of the
drop were captured simultaneously at 16 fps. We monitored the onset of the contact line motion at
both sides (upside or downside) of the profile of the inclined drop.
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3. Results and Discussion

3.1. Annealed Coatings

The EDX results of the PTFE-based coatings are shown in Table 1. None trace of unexpected
species was found. The C and F signals validate the presence of a thick fluoropolymer coating on
the alloy metallic substrate. EDX does not provide information on the polymer crosslinking as the
annealing process produced at each curing temperature.

Table 1. Chemical composition (in %) of the fluoropolymer coatings.

C F Si Al Fe

24.72 75 0.14 0.08 0.06

In Figure 1, we show the effect of the annealing on the surface roughness of the final PTFE coatings
prepared at different temperatures. Above 365 ◦C, the PTFE melting point, the surface roughness
increases due to the cross-linking of the fluoropolymer (lower crystallinity degree).
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Figure 1. Root-mean square and arithmetic roughness of the fluoropolymer coatings cured at different
temperatures. Above the melting point, the roughness amplitude increases as the temperature.

In Table 2, we compile the hardness values of the cured coatings, provided by the pencil test
standard [51]. From Figure 1 and Table 2, the temperature 365 ◦C reveals a minimum point where the
trend of both roughness and hardness values changed. Above this temperature, up to 440 ◦C, both the
surface roughness and hardness increase.

Table 2. Hardness of the PTFE coatings, without texturization, at different curing temperatures
(pencil hardness standard decreasing scale: 6H > 5H > 4H > 3H > 2H > H > F > HB > B > 2B > 3B >

4B > 5B).

Temperature (◦C) Hardness

350 HB
365 HB-B
380 F
395 F
410 H
425 H
440 F

In the images of the Figure 2 shows a summary of the different technics used. The Figure 2a
presents the as-received coatings revealed a fibrous structure like a tangle, formed during the curing.
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Figure 2. ESEM images of the fluoropolymer coatings after each surface treatment: (a) as-received
coating showing the small size of the fibers; (b) laser ablated coating (fluence 260.4 J/cm2 and beam
speed of 100 mm/s); (c) polished coating (P500 grit cured at 395 ◦C); and (d) sandblasted coating
(brown corundum ejected at 0.1 MPa for 40 s).

The processes developed in the polymer bulk for annealing are crucial to establish the final
performance of the coating. Above 360 ◦C, the PTFE loses molecular weight, which promotes the
crystallization of the polymer, hardening it. The greater the crystallization degree, greater the surface
roughness. The filler doping of PTFE increases its hardness [47].

As seen in Figure 3, their water shear adhesion, parametrized with the sliding angle (SA) of water
drops, was not sufficiently low because the SA is always greater than 10◦.
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Figure 3. Sliding Angle in a PTFE coating cured at 410 ◦C (without further surface treatment),
for different drop volumes of Milli-Q water (for 5 µL, we measured SA ≥ 60◦).

The water contact angle of the as-received fluoropolymer coatings was greater than 90◦, for any
curing temperature, but they were not water-repellent. It is well-established that water-repellent
surfaces are identified as non-wetting surfaces with SA values much lower than 10◦ [52].

3.2. Polished Coatings

In Figure 2d, the sanded coating looks like a “hairy” surface that may allow air retaining [53].
The fibers of the fluoropolymer coating raised up after polishing. Air flows readily through the
channels below the water drop.

In Table 3, we collect the values of SA of the most representative sanded coatings. The SA values
were always ≤ 2◦, even the accelerometer fixed to the tilting platform was unable to resolve with
positive tilts the drop motion (SA < 0.01◦). This behavior was also found for the rest of coatings
(not shown). In terms of tensile adhesion, we discarded the polished coatings with none drop bounce
onto them. The best samples are presented in Table 3. A number of bounces lower than 1 reveals
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different runs on a coating where rarely the drop rebounded. It is worth mentioning that no bounce
was measured in those coatings cured at excessively high temperature (greater than 410 ◦C). An excess
of curing can produce significant alterations in the chemical structure of the polymer coating.

Table 3. Surface roughness (Ra), Critical Sliding Angle (SA) and drop bounces for the sanded
fluoropolymer coatings cured at different temperatures. Number of bounces > 3 are highlighted in
bold. The standard deviation reflects the data scattering.

Grit/Sintering Temperature (◦C) Ra (µm) SA (◦) Bounces

P320/380 2.6 ± 0.4 ≤2◦ 0.2 ± 0.3
P320/410 6.9 ± 1.8 ≤2◦ 0.1 ± 0.3
P500/350 5.1 ± 1.5 ≤2◦ 0.6 ± 0.8
P500/365 3.7 ± 0.6 <0.01◦ 5.7 ± 0.6
P500/380 3.1 ± 0.3 <0.01◦ 3.3 ± 0.6
P500/395 4.9 ± 0.1 <0.01◦ 4.0 ± 1.0
P500/410 4.2 ± 0.7 <0.01◦ 2.1 ± 1.9
P500/425 2.6 ± 0.1 <0.01◦ 2.2 ± 2.6
P800/380 2.1 ± 0.6 <0.01◦ 2.1 ± 0.2
P800/410 2.3 ± 0.3 <0.01◦ 4.7 ± 0.6

The combined effect of polymer cross-linking, during the curing, and polishing provided a
particular morphology and roughness that led to water repellency at different degree. This way,
different combinations of curing temperature [18] and sandpaper grit number allowed to reach different
values of water-repellency collected in Table 3.

The coatings polished by machine were, in all cases, less homogeneous than the hand-polished
ones and with a lower number of bounces. The automatic polishing does not follow the surface
deformations of the metallic substrate, leading to a non-uniform treatment of the surface.

3.3. Sandblasted Coatings

In Table 4 we compile the best cases in which the water tensile adhesion of the sandblasted
coatings was significant. The roughness is greater than in the polished coatings, mainly because the
mean grain size of the corundums is greater than the grain of the sandpapers used.

Table 4. Surface roughness (Ra) and drop bounces for the sandblasted fluoropolymer coatings with
lower tensile adhesion. In the first column, we show the corundum used, the blasting time and pressure.

Corundum, Time (s)/Pressure (MPa) Ra (µm) Bounces

Bicarbonate, 25/0.3 6.5 ± 0.9 3.7 ± 1.5
Bicarbonate, 15/0.3 8.0 ± 2.0 3.0 ± 0.0

Brown corundum, 40/0.1 7.0 ± 2.0 4.0 ± 1.7

Figure 2d illustrates a surface rougher than the polished coatings (Figure 2c). With this structure,
the air trapping is less effective, and the water-repellent behavior is reduced.

Sandblasting produces roughness by the aggressive erosion of the surface. Due to this, special care
was taken to avoid the damage or removal of the coating. The EDX spectroscopy (not shown) revealed
a greater presence of alumina in the sand-blasted coating, which confirms that part of the corundum
remained within the coating and was not removed for the cleaning process.

By using two abrasives and different values of pressure and blasting time, we approximately
reproduced the same values of bounces. With the softest corundum (bicarbonate), we needed greater
pressure and time to reach a uniform texture on the coating.
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3.4. Laser Ablated Coatings

In Figure 4 we show the bounce values for the laser-ablated coatings for various regimes of laser
beam fluence. With this surface treatment, we found the highest values of water tensile adhesion.
Every tested velocity range produces a maximum of bounces that corresponds to a certain value of
fluence of the laser beam, being the highest values in terms of water-repellence those obtained on the
surfaces treated at 100 mm/s. Then, as the beam speed increases, the tensile adhesion peak decreases.
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The main advantage of laser patterning is the structured texturization rather than random,
like happens with sandblasting and sanding. Laser ablation allows to create channels with a
well-defined geometry, where air can readily be entrapped.

Figure 2b shows a laser ablated coating (ф0 =260.4 J/cm2, v = 100 mm/s). This surface looks
smoother and it reveals a great number of well-shaped fibrous channels. With this surface, we measured
16 ± 1 bounces. The surface roughness was measured for samples ablated with different fluences and
beam velocities and the Ra-values are within the range 3.6 ± 0.9–5.3 ± 0.5 µm.

In the SEM images shown in Figure 5a,b the textures obtained by polishing and sandblasting
present a very marked heterogeneity and the hierarchical characteristic in its micro and nano structure is
disordered, the pattern is based in amorphous protrusions in both cases. In addition, these protuberances
have sharp edges, unlike the smoothness of the rounded protrusions obtained in the case of the
laser-treated surface. Both, polished and sandblasted patterns, are relatively homogeneous in the
micro-scale (1000×magnification) but heterogeneous and amorphous in the nano-scale level.
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Figure 5. AFM and SEM images showing the morphology on the PTFE coating surface treated by:
(a) polishing with P500 and cured at 380 ◦C, (b) sandblasting with brown corundum, (c) Nd:YAG laser
ablation at ф0 = 260.4 J/cm2, v = 200 mm/s (SEM magnification ranges: big size 1000×, medium size
30,000×, small size 60,000×).
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In the SEM images of Figure 5c, the surface patterning obtained with Nd:YAG laser ablation
reveals soft-rounded shapes in a well equilibrated distribution in dual scale. At micro-scale, soft
rounded shapes are distributed in parallel stripes originated by the scanning movement of the laser
beam. At different levels of the nano-scale (30,000×, 60,000×), it is appreciated a second pattern of
soft-rounded protrusions distributed on the protrusions of greater size. The surface pattern is repeated
at micro and nano scale, constituting a hierarchical morphology.

This characteristic feature is what causes that the PTFE coatings treated with Nd: YAG laser lead
a weaker water-surface interaction and, therefore, a higher level of water-repellency than those PTFE
surfaces treated with polishing or sandblasting procedures. The experiment with Nd:YAG laser allows
an observation of the effect of both parameters, fluence and beam velocity, in water-repellency.

The images in the Figure 6 evidences the effect of the beam velocity applying the same level of
energy per surface unit (ф0 = 260.4 J/cm2). A higher velocity (200 mm/s) produces more pronounced
channels in the micro-level, while at the optimum speed experienced (100 mm/s) the ridges practically
melted with each other, creating a smoother micro-texture. At the nano-level, the morphology shows
spheroidal particles much more defined and smaller than those obtained in the specimen processed at
higher velocity range.
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Figure 6. SEM images showing the morphology on the PTFE coating surface treated by Nd:YAG laser
ablation at ф0 = 260 J/cm2: (a) v =100 mm/s, (b) v = 200 mm/s (SEM magnification ranges: big size
1000×, small size 30,000×).

The (a) specimen reached 16 ± 1 bounces while the (b) specimen reached 7 ± 1 bounces in the
bouncing drop test.

The surface roughness was measured for laser ablated specimens shown in the SEM images of the
Figure 6; Figure 7, corresponding the Ra-values in the Table 5.Coatings 2019, 9, 293  10 of 13 
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Figure 7. SEM images showing the morphology on the PTFE coating surface treated by Nd:YAG laser
ablation at ф0 = 290 J/cm2, v = 100 mm/s at magnification ranges: (a) 150×; (b) 500×; (c) 10,000×;
(d) 15,000×.
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Table 5. Surface roughness (Ra) and drop bounces for the Nd:YAG laser ablated PTFE coatings
processed at the optimum ranges of fluence and velocity. Comparison with the optimum results
obtained by other methods.

Method Fluence (J/cm2) Beam Velocity (mm/s) Ra (µm) Bounces

Polished (P500, 380 ◦C) – – 7.0 ± 2.0 4.0 ± 1.7
Sandblasted (brown

corundum) – – 3.1 ± 0.3 3.3 ± 0.6

Nd:YAG Laser 260 200 3.9 ± 0.9 7.0 ± 2.5
Nd:YAG Laser 260 100 4.0 ± 0.2 16.0 ± 1.0
Nd:YAG Laser 290 100 4.7 ± 0.4 24.0 ± 2.0

The best result produced by Nd:YAG laser ablation, in terms of water-repellency, has reached up
to 24 ± 2 bounces in the bouncing drop test and the morphology on the treated PTFE coating surface
can be observed in the images obtained through SEM and presented in Figure 7.

In this coating, the surface morphology is constituted by rounded protrusions combined with
fibrous micro-structures and distributed homogeneously over the treated surface. At nano-scale
(10,000×–15,000×), it is possible to observe a fibrous nano-structures formed by very small soft-rounded
and spheroidal shapes on the surface of the protrusions of the previously defined micro-pattern.
These soft-rounded forms, combined with the fibrous nano-structures, reveal a pattern that constitutes
a hierarchical morphology.

4. Conclusions

We prepared water-repellent fluoropolymer coatings by roughening a commercial release coating.
We selected sandpaper polishing, sandblasting and Nd:YAG (CW) ablation, due to their industry
scale-up, to change the surface morphology and roughness of the hydrophobic coating. In all cases,
we found certain conditions that led to water-repellency phenomena.

• The sliding/roll-off angle measurements become deficient by itself for the characterization of
water repellency level in the case of the polished PTFE coatings and the rest of treated coatings.
Bouncing drop test is a suitable alternative.

• Laser ablation was the best route to achieve high water-repelling properties. For a laser beam
fluence of 289.4 J/cm2 and velocity of 100 mm/s, the bouncing drop reproduced up to 24 ± 2 bounces.

• Laser ablation achieved a homogeneous pattern in terms of micro-roughness, showing a
hierarchical surface morphology with micro-scale and nano-scale round-shaped protrusions,
more or less defined according to the energy and velocity applied in the laser ablation process.

• The polished and sandblasted PTFE coatings also show acceptable water-repelling properties.

Although the results of this experimental study have been satisfactory, further work should be
addressed to determine the realistic response of modified fluoropolymer coatings at industrial scale.
The durability should be studied to validate the potential application to industrial processes.

Author Contributions: Conceptualization, M.A.R.-V. and G.G.-V.; Methodology, M.A.R.-V., G.G.-V.; G.P.-G. and
J.C.d.C.-O.; Validation, All authors; Formal Analysis, All authors; Resources, G.G.-V., M.A.R.-V. and M.C.-V.;
Data acquisition, G.P.-G., J.C.d.C.-O., P.E.R. and O.R.-A.; Writing-Original Draft Preparation, G.P.-G. and M.A.R.-V.;
Writing-Review & Editing, G.G.-V. and O.R.-A.

Funding: The research was funded by the projects MAT2014-60615-R and MAT2017-82182-R, funded by the
Spanish Ministry of Economy and Competitiveness (MINECO-FEDER).

Acknowledgments: We would like to thank to the company TECNIMACOR S.L. (Córdoba, Spain) for the
preparation of the coatings studied in this work.

Conflicts of Interest: The authors declare no conflict of interest.



Coatings 2019, 9, 293 11 of 13

References

1. Sánchez-Urbano, F.; Paz-Gómez, G.; Rodríguez-Alabanda, O.; Romero, P.E.; Cabrerizo-Vílchez, M.;
Rodríguez-Valverde, M.A.; Guerrero-Vaca, G. Non-stick coatings in aluminium molds for the production of
polyurethane foam. Coatings 2018, 8, 301. [CrossRef]

2. Rossi, S.; Gai, G.; De Benedetto, R. Functional and perceptive aspects of non-stick coatings for cookware.
Mater. Des. 2014, 53, 782–790. [CrossRef]

3. Ashokkumar, S.; Adler-Nissen, J.; Møller, P. Factors affecting the wettability of different surface materials
with vegetable oil at high temperatures and its relation to cleanability. Appl. Surf. Sci. 2012, 263, 86–94.
[CrossRef]

4. Ruiz-Cabello, F.J.M.; Rodríguez-Criado, J.C.; Cabrerizo-Vílchez, M.; Rodríguez-Valverde, M.A.;
Guerrero-Vacas, G. Towards super-nonstick aluminized steel surfaces. Prog. Org. Coat. 2017, 109,
135–143. [CrossRef]

5. Critchlow, G.W.; Litchfield, R.E.; Sutherland, I.; Grandy, D.B.; Wilson, S. A review and comparative study of
release coatings for optimised abhesion in resin transfer moulding applications. Int. J. Adhes. Adhes. 2006, 26,
577–599. [CrossRef]

6. Schellenberg, F.; Encinas, N.; Vollmer, D.; Butt, H.J. How water advances on superhydrophobic surfaces.
Phys. Rev. Lett. 2016, 116, 096101. [CrossRef]

7. Furstner, R.; Barthlott, W.; Neinhuis, C.; Walzel, P. Wetting and self-cleaning properties of artificial
superhydrophobic surfaces. Langmuir 2005, 21, 956–961. [CrossRef]

8. Liu, Y.; Song, D.; Choi, C.-H. Anti- and de-icing behaviors of superhydrophobic fabrics. Coatings 2018, 8, 198.
[CrossRef]

9. Antonini, C.; Innocenti, M.; Horn, T.; Marengo, M.; Amirfazli, A. Understanding the effect of
superhydrophobic coatings on energy reduction in anti-icing systems. Cold Reg. Sci. Technol. 2011,
67, 58–67. [CrossRef]

10. Morita, K.; Gonzales, J.; Sakaue, H. Effect of PTFE particle size on superhydrophobic coating for supercooled
water prevention. Coatings 2018, 8, 426. [CrossRef]

11. Gao, L.; McCarthy, T.J. Teflon is hydrophilic. Comments on definitions of hydrophobic, shear versus tensile
hydrophobicity, and wettability characterization. Langmuir 2008, 24, 9183–9188. [CrossRef] [PubMed]

12. Kwon, H.J.; Yeo, J.; Jang, J.E.; Grigoropoulos, C.P.; Yoo, J.-H. Single pass laser process for super-hydrophobic
flexible surfaces with micro/nano hierarchical structures. Materials 2018, 11, 1226. [CrossRef] [PubMed]

13. Lafuma, A.; Quere, D. Superhydrophobic states. Nat. Mater. 2003, 2, 457–460. [CrossRef]
14. Avrămescu, R.E.; Ghica, M.V.; Dinu-Pîrvu, C.; Prisada, R.; Popa, L. Superhydrophobic natural and artificial

surfaces—A structural approach. Materials 2018, 11, 866. [CrossRef]
15. Zhang, J.; Li, J.; Han, Y. Superhydrophobic PTFE surfaces by extension. Macromol. Rapid Commun. 2004, 25,

1105–1108. [CrossRef]
16. Victor, J.J.; Facchini, D.; Erb, U. A low-cost method to produce superhydrophobic polymer surfaces. J. Mater.

Sci. 2012, 47, 3690–3697. [CrossRef]
17. Hou, W.; Wang, Q. Stable polytetrafluoroethylene superhydrophobic surface with lotus-leaf structure.

J. Colloid Interface Sci. 2009, 333, 400–403. [CrossRef]
18. Jiang, C.; Hou, W.; Wang, Q.; Wang, T. Facile fabrication of superhydrophobic polytetrafluoroethylene surface

by cold pressing and sintering. Appl. Surf. Sci. 2011, 257, 4821–4825. [CrossRef]
19. Jucius, D.; Grigaliunas, V.; Mikolajnas, M.; Guobiene, A.; Kopustinskas, V.; Gudonyte, A.; Narmontas, P.

Hot embossing of PTFE: Towards superhydrophobic surfaces. Appl. Surf. Sci. 2011, 257, 2353–2360.
[CrossRef]

20. Zhang, Y.; Ge, Q.; Yang, L.; Shi, X.; Li, J.; Yang, D.; Sacher, E. Durable superhydrophobic PTFE films through
the introduction of micro- and nanostructured pores. Appl. Surf. Sci. 2015, 339, 151–157. [CrossRef]

21. Zhu, Y.; He, Y.; Yang, D.; Sacher, E. A facile method to prepare mechanically durable super slippery polytetra
fluoroethylene coatings. Colloids Surfaces A Physicochem. Eng. Asp. 2018, 556, 99–105. [CrossRef]

22. Barshilia, H.C.; Gupta, N. Superhydrophobic polytetrafluoroethylene surfaces with leaf-like
micro-protrusions through Ar + O2 plasma etching process. Vacuum 2014, 99, 42–48. [CrossRef]

23. Satyaprasad, A.; Jain, V.; Nema, S.K. Deposition of superhydrophobic nanostructured Teflon-like coating
using expanding plasma arc. Appl. Surf. Sci. 2007, 253, 5462–5466. [CrossRef]

http://dx.doi.org/10.3390/coatings8090301
http://dx.doi.org/10.1016/j.matdes.2013.07.079
http://dx.doi.org/10.1016/j.apsusc.2012.09.002
http://dx.doi.org/10.1016/j.porgcoat.2017.04.029
http://dx.doi.org/10.1016/j.ijadhadh.2005.09.003
http://dx.doi.org/10.1103/PhysRevLett.116.096101
http://dx.doi.org/10.1021/la0401011
http://dx.doi.org/10.3390/coatings8060198
http://dx.doi.org/10.1016/j.coldregions.2011.02.006
http://dx.doi.org/10.3390/coatings8120426
http://dx.doi.org/10.1021/la8014578
http://www.ncbi.nlm.nih.gov/pubmed/18672918
http://dx.doi.org/10.3390/ma11071226
http://www.ncbi.nlm.nih.gov/pubmed/30018208
http://dx.doi.org/10.1038/nmat924
http://dx.doi.org/10.3390/ma11050866
http://dx.doi.org/10.1002/marc.200400065
http://dx.doi.org/10.1007/s10853-011-6217-x
http://dx.doi.org/10.1016/j.jcis.2009.01.027
http://dx.doi.org/10.1016/j.apsusc.2010.12.088
http://dx.doi.org/10.1016/j.apsusc.2010.09.102
http://dx.doi.org/10.1016/j.apsusc.2015.02.143
http://dx.doi.org/10.1016/j.colsurfa.2018.08.023
http://dx.doi.org/10.1016/j.vacuum.2013.04.020
http://dx.doi.org/10.1016/j.apsusc.2006.12.085


Coatings 2019, 9, 293 12 of 13

24. Takahashi, T.; Hirano, Y.; Takasawa, Y.; Gowa, T.; Fukutake, N.; Oshima, A.; Tagawa, S.; Washio, M. Change
in surface morphology of polytetrafluoroethylene by reactive ion etching. Radiat. Phys. Chem. 2011, 80,
253–256. [CrossRef]

25. Quade, A.; Polak, M.; Schröder, K.; Ohl, A.; Weltmann, K.-D. Formation of PTFE-like films in CF4 microwave
plasmas. Thin Solid Films 2010, 518, 4835–4839. [CrossRef]

26. Di Mundo, R.; Bottiglione, F.; Palumbo, F.; Favia, P.; Carbone, G. Sphere-on-cone microstructures on Teflon
surface: Repulsive behavior against impacting water droplets. Mater. Des. 2016, 92, 1052–1061. [CrossRef]

27. Lo Porto, C.; Di Mundo, R.; Veronico, V.; Trizio, I.; Barucca, G.; Palumbo, F. Easy plasma nano-texturing of
PTFE surface: From pyramid to unusual spherules-on-pyramid features. Appl. Surf. Sci. 2019, 483, 60–68.
[CrossRef]

28. Ellinas, K.; Chatzipetrou, M.; Zergioti, I.; Tserepi, A.; Gogolides, E. Superamphiphobic polymeric surfaces
sustaining ultrahigh impact pressures of aqueous high- and low- surface-tension mixtures, tested with
laser-induced forward transfer of drops. Adv. Mater. 2015, 27, 2231–2235. [CrossRef] [PubMed]

29. Ellinas, K.; Kefallinou, D.; Stamatakis, K.; Gogolides, E.; Tserepi, A. Is there a threshold in the antibacterial
action of superhydrophobic surfaces? ACS Appl. Mater. Interfaces 2017, 9, 39781–39789. [CrossRef]

30. Toosi, S.F.; Moradi, S.; Kamal, S.; Hatzikiriakos, S.G. Superhydrophobic laser ablated PTFE substrates.
Appl. Surf. Sci. 2015, 349, 715–723. [CrossRef]

31. Fang, Y.; Yong, J.; Chen, F.; Huo, J.; Yang, Q.; Bian, H.; Du, G.; Hou, X. Durability of the tunable adhesive
superhydrophobic PTFE surfaces for harsh environment applications. Appl. Phys. A 2016, 122, 827. [CrossRef]

32. del Campo, A.; Arzt, E. Fabrication approaches for generating complex micro- and nanopatterns on polymeric
surfaces. Chem. Rev. 2008, 108, 911–945. [CrossRef]

33. Liang, F.; Lehr, J.; Danielczak, L.; Leask, R.; Kietzig, A.-M. Robust non-wetting ptfe surfaces by femtosecond
laser machining. Int. J. Mol. Sci. 2014, 15, 13681–13696. [CrossRef]

34. Huber, N.; Heitz, J.; Bäuerle, D. Pulsed-laser ablation of polytetrafluoroethylene (PTFE) at various wavelengths.
Eur. Phys. J. Appl. Phys. 2004, 25, 33–38. [CrossRef]

35. Lippert, T. Laser application of polymers. Adv. Polym. Sci. 2004, 168, 51–246. [CrossRef]
36. Lippert, T. Interaction of photons with polymers: From surface modification to ablation. Plasma Process.

Polym. 2005, 2, 525–546. [CrossRef]
37. Riveiro, A.; Maçon, A.L.B.; del Val, J.; Comesaña, R.; Pou, J. Laser surface texturing of polymers for biomedical

applications. Front. Phys. 2018, 6, 16. [CrossRef]
38. Ruiz-Cabello, F.J.M.; Ibáñez-Ibáñez, P.F.; Gómez-Lopera, J.F.; Martínez-Aroza, J.; Cabrerizo-Vílchez, M.;

Rodríguez-Valverde, M.A. Testing the performance of superhydrophobic aluminum surfaces. J. Colloid
Interface Sci. 2017, 508, 129–136. [CrossRef]

39. Sabbah, A.; Youssef, A.; Damman, P. Superhydrophobic surfaces created by elastic instability of PDMS.
Appl. Sci. 2016, 6, 152. [CrossRef]

40. Yang, Z.; Zhu, C.; Zheng, N.; Le, D.; Zhou, J. Superhydrophobic surface preparation and wettability transition
of titanium alloy with micro/nano hierarchical texture. Materials 2018, 11, 2210. [CrossRef]

41. Luo, W.; Yu, B.; Xiao, D.; Zhang, M.; Wu, X.; Li, G. Biomimetic superhydrophobic hollowed-out pyramid
surface based on self-assembly. Materials 2018, 11, 813. [CrossRef]

42. Crick, C.R.; Parkin, I.P. Water droplet bouncing—A definition for superhydrophobic surfaces. Chem. Commun.
2011, 47, 12059–12061. [CrossRef]

43. Bobinski, T.; Sobieraj, G.; Psarski, M.; Celichowski, G.; Rokicki, J. Droplet bouncing on the surface with
micro-structure. Arch. Mech. 2017, 69, 177–193.

44. Nilsson, M.A.; Daniello, R.J.; Rothstein, J.P. A novel and inexpensive technique for creating superhydrophobic
surfaces using Teflon and sandpaper. J. Phys. D Appl. Phys. 2010, 43, 045301. [CrossRef]

45. Kim, D.; Kim, J.; Park, H.C.; Lee, K.-H.; Hwang, W. A superhydrophobic dual-scale engineered lotus leaf.
J. Micromech. Microeng. 2008, 18, 015019. [CrossRef]

46. Pendurthi, A.; Movafaghi, S.; Wang, W.; Shadman, S.; Yalin, A.P.; Kota, A.K. Fabrication of nanostructured
omniphobic and superomniphobic surfaces with inexpensive CO2 laser engraver. ACS Appl. Mater. Interfaces
2017, 9, 25656–25661. [CrossRef]

47. Ebnesajjad, S.; Khaladkar, P.R. Fluoropolymer Applications in the Chemical Processing Industries, 1st ed.;
William Andrew: Norwich, NY, USA, 2005; ISBN 9780323447164.

http://dx.doi.org/10.1016/j.radphyschem.2010.07.042
http://dx.doi.org/10.1016/j.tsf.2010.02.005
http://dx.doi.org/10.1016/j.matdes.2015.11.094
http://dx.doi.org/10.1016/j.apsusc.2019.03.220
http://dx.doi.org/10.1002/adma.201405855
http://www.ncbi.nlm.nih.gov/pubmed/25708570
http://dx.doi.org/10.1021/acsami.7b11402
http://dx.doi.org/10.1016/j.apsusc.2015.05.026
http://dx.doi.org/10.1007/s00339-016-0325-z
http://dx.doi.org/10.1021/cr050018y
http://dx.doi.org/10.3390/ijms150813681
http://dx.doi.org/10.1051/epjap:2003083
http://dx.doi.org/10.1007/b12682
http://dx.doi.org/10.1002/ppap.200500036
http://dx.doi.org/10.3389/fphy.2018.00016
http://dx.doi.org/10.1016/j.jcis.2017.08.032
http://dx.doi.org/10.3390/app6050152
http://dx.doi.org/10.3390/ma11112210
http://dx.doi.org/10.3390/ma11050813
http://dx.doi.org/10.1039/c1cc14749h
http://dx.doi.org/10.1088/0022-3727/43/4/045301
http://dx.doi.org/10.1088/0960-1317/18/1/015019
http://dx.doi.org/10.1021/acsami.7b06924


Coatings 2019, 9, 293 13 of 13

48. ISO 6344-3:1998 Coated Abrasives—Grain Size Analysis—Part 3: Determination of Grain Size Distribution of
Microgrits P240 to P2500; International Organization for Standardization: Geneva, Switzerland, 1998.

49. Srinivasan, S.; McKinley, G.H.; Cohen, R.E. Assessing the accuracy of contact angle measurements for sessile
drops on liquid-repellent surfaces. Langmuir 2011, 27, 13582–13589. [CrossRef]

50. Tian, X.; Verho, T.; Ras, R.H.A. Moving superhydrophobic surfaces toward real-world applications. Science
2016, 352, 142–143. [CrossRef]

51. UNE EN 13523-4:2014 Coil Coated Metals—Test Methods—Part 4: Pencil Hardness; UNE-Asociación Española
de Normalización: Madrid, Spain, 2014.

52. Butt, H.J.; Semprebon, C.; Papadopoulos, P.; Vollmer, D.; Brinkmann, M.; Ciccotti, M. Design principles for
superamphiphobic surfaces. Soft Matter 2013, 9, 418–428. [CrossRef]

53. Hsu, S.-H.; Sigmund, W.M. Artificial hairy surfaces with a nearly perfect hydrophobic response. Langmuir
2010, 26, 1504–1506. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/la2031208
http://dx.doi.org/10.1126/science.aaf2073
http://dx.doi.org/10.1039/C2SM27016A
http://dx.doi.org/10.1021/la903813g
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Polishing 
	Sandblasting 
	Laser Ablation 
	Surface Topography and Morphology Analysis 
	Bouncing Drop 
	Sliding Drop 

	Results and Discussion 
	Annealed Coatings 
	Polished Coatings 
	Sandblasted Coatings 
	Laser Ablated Coatings 

	Conclusions 
	References

