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Recently surface modification has become necessary for the scientific community
because of surface properties of new materials are usually inadequate in terms of wettability,
adhesion, corrosion resistance or even drag reduction. In order to modify solid surfaces
such as metals and alloys different treatments have been used to obtain a desired surface
finish such as chemical vapor deposition, physical vapor deposition, chemical etching,
electrodeposition or the application of non-equilibrium gaseous media, especially gaseous
plasma. These treatments promote changes in roughness, hydrophobicity, biocompatibility
or reactivity. Although such treatments have been studied extensively in past decades and
actually commercialized, the exact mechanisms of interaction between reactive gaseous
species and solid materials are still inadequately understood.

Moreover, for various reasons, it is difficult to find an alloy with a different surface
behaviour from that of the bulk. A greater or more specific to extreme environments:
resistance to corrosion and to wear, higher mechanical or fatigue resistance, hydrophobicity,
oleophilicity, thermal (for low or high temperature exposure), magnetic, electrical or specific
optic or light exposure behavior or to create biocompatibility or (bio)fouling or even their
combined effect. In order to achieve and improve these properties in metals and alloys, we
have to apply the strategy of surface modification based on a direct action on the metal or
incorporating a coating that will provide these properties or functionalize its surface for
complex requirements.

In general, the topics of interest range from newer approaches of conventional coatings
technologies and thermomechanical processes, biocoatings, and surface modification for
energy applications, catalysis, and nanomaterials to functionalization of metallic powder
and additive manufactured metallic surfaces. All these improvements will be focused
on developing successful engineering products and parts; some new strategies will also
contribute to solving environmental issues.

This special issue provides recent trends in nanostructuring and functionalization
of solid materials such as metals and alloys with the goal of improving their functional
properties. Many different and innovative approaches that can be used to transform the
metallic surface by means of physical, chemical, mechanical or biological characteristics
providing different properties from the ones originally found on these surfaces allowing
functionality for a given application and also for improving their properties.

Garfias Bulnes, Albaladejo Fuentes, Garcia Cano and Dosta [1] showed an analysis
of the differences found in hard metal coatings produced by two high velocity thermal
spray techniques, namely high velocity oxy-fuel (HVOF) and high velocity air-fuel (HVAF).
Additionally, the effect of the metallic matrix and ceramic composition and the original
carbide grain size on coating properties is compared to the most studied standard reference
material sprayed by HVOF, WC-Co. For this evaluation, the physical properties of the
coatings, including feedstock characteristics, porosity, thickness, roughness, hardness, and
phase composition were investigated. Several characterization methods were used for
this purpose: optical microscopy (OM), scanning electronic microscopy (SEM), Energy-
dispersive X-ray spectroscopy (EDS), and X-ray Diffraction (XRD), among others. The
final performance (abrasive wear and corrosion resistance) shown by the coatings obtained
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by these two methodologies was also analyzed. Thus, the abrasive wear resistance was
analyzed by the rubber-wheel test, while the corrosion resistance was characterized with
electrochemical methods. The characterization results obtained clearly showed that the
coatings exhibit different microstructures according to feedstock powder characteristics
(carbide grain size and/or composition) and the thermal spray process used for its depo-
sition. Thus, the incorporation of WB to the cermet composition led to a high hardness
coating, and the complementary hardness and toughness of the WC-Co coatings justify
its better abrasion resistance. The presence of Ni on the metal matrix increases the free
corrosion potential of the coating to nobler region.

Sendino, Gardon, Lartategui, Martínez and Lamikiz [2] showed the manufacture of
multiple parts in the Laser Powder Bed Fusion (L-PBF) process. The main advantage is
that the entire working volume of the machine is used and a greater number of parts is
obtained, thus reducing inert gas volume, raw powder consumption, and manufacturing
time. However, one of the main disadvantages of this method is the possible differences
in quality and surface finish of the different parts manufactured on the same platform
depending on their orientation and location, even if they are manufactured with the same
process parameters and raw powder material. Throughout this study, these surface quality
differences were studied, focusing on the variation of the surface roughness with the angle
of incidence of the laser with respect to the platform. First, a characterization test was
carried out to understand the behavior of the laser in the different areas of the platform.
Then, the surface roughness, microstructure, and minimum thickness of vertical walls were
analyzed in the different areas of the platform. These results were related to the angle of
incidence of the laser. As it was observed, the laser is completely perpendicular only in the
center of the platform, whilst at the border of the platform, due to the incidence angle; it
melts an elliptical area, which affects the roughness and thickness of the manufactured part.
The roughness increases from values of Sa = 5.489 μm in the central part of the platform to
27.473 μm at the outer borders while the thickness of the manufactured thin walls increases
around 40 μm.

Pezzato, Settimi, Cerchier, Gennari, Dabalà and Brunelli [3] reported a Plasma Elec-
trolytic Oxidation (PEO) as a surface treatment and produced a thick oxide films on the
surface of metals. In their work, PEO coatings were obtained on zinc-aluminized (ZA)
carbon steel using a solution containing sodium silicate and potassium hydroxide as
electrolyte, and working with high current densities and short treatment times in Direct
Current (DC) mode. The thickness of the coating, as well as the surface morphology, were
strongly influenced by the process parameters, with different dissolution grades of the
ZA layer depending on the current density and treatment time. A compromise between
thickness and porosity of the coating was found with low current density/long treatment
time or high current density/short treatment time. The PEO layer was mainly composed of
aluminum oxides and silicon compounds. The corrosion resistance increased remarkably
in the samples with the PEO coating. These PEO coated samples are suitable for sealing
treatments that further increase their corrosion properties. They will be also an ideal
substrate for commercial painting, assuring improved mechanical adhesion and protection
even in the presence of damages

Li, Cui, Zhu, Narasimalu and Dong [4] presented a fluoropolyurethane-encapsulated
process that was designed to rapidly fabricate low-flow resistance surfaces on the zinc
substrate. For the further enhancement of the drag-reduction effect, Cu2+-assisted chemical
etching was introduced during the fabrication process. The resulting surface morphology,
wettability and flow-resistance properties in a microchannel were also studied. Zinc
substrate with a micro-nanoscale roughness obtained by Cu2+-assisted nitric acid etching
showed superhydrophilic characteristics. However, after the etched zinc substrate was
encapsulated with fluoropolyurethane, the superhydrophobic wettability can be obtained
with a contact angle of 154.8◦ ± 2.5◦ and a rolling angle of less than 10◦. As this newly
fabricated surface was placed into a non-standard design microchannel, it was found that
with the increase of Reynolds number, the drag-reduction rate of the superhydrophobic
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surface remained almost unchanged at 4.0% compared with the original zinc substrate.
Furthermore, the prepared superhydrophobic surfaces exhibited outstanding reliability in
most liquids.

Rius-Ayra, Fiestas-Paradela and LLorca-Isern [5] reported a straightforward method
for water-harvesting based on modifications of the surface wettability by using the elec-
trodeposition process of magnesium chloride, lauric acid revealing a superhydrophobic
surface (155◦). Morphological characterization techniques showed the characteristic flower-
like microstructurs combined with close packed nanoarrays that were vertically aligned in
a non-linear cone morphology formed by dynamic templating of hydrogen bubbles. From
a chemical point of view, magnesium laurate is responsible for the surface tension decrease.
To determine the durability an abrasive paper test was carried out revealing high durability
against this severe condition. The water-harvesting ability of the superhydrophobic surface
was studied at 45◦ and 90◦ tilted samples. The capacity of the water to be efficiently
harvested was found to be at 90◦ tilt under fog conditions. The use of green reactants
associated with this hierarchical structure broadens a new scope for sustainable freshwater
collection and it becomes an excellent example of a green solution.
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Abstract: This work analyzes the differences found in hard metal coatings produced by two high
velocity thermal spray techniques, namely high velocity oxy-fuel (HVOF) and high velocity air-fuel
(HVAF). Additionally, the effect of the metallic matrix and ceramic composition and the original carbide
grain size on coating properties is compared to the most studied standard reference material sprayed
by HVOF, WC-Co. For this evaluation, the physical properties of the coatings, including feedstock
characteristics, porosity, thickness, roughness, hardness, and phase composition were investigated.
Several characterization methods were used for this purpose: optical microscopy (OM), scanning
electronic microscopy (SEM), Energy-dispersive X-ray spectroscopy (EDS), and X-ray Diffraction
(XRD), among others. The final performance (abrasive wear and corrosion resistance) shown by
the coatings obtained by these two methodologies was also analyzed. Thus, the abrasive wear
resistance was analyzed by the rubber-wheel test, while the corrosion resistance was characterized
with electrochemical methods. The characterization results obtained clearly showed that the coatings
exhibit different microstructures according to feedstock powder characteristics (carbide grain size
and/or composition) and the thermal spray process used for its deposition. Thus, the incorporation
of WB to the cermet composition led to a high hardness coating, and the complementary hardness
and toughness of the WC-Co coatings justify its better abrasion resistance. The presence of Ni on the
metal matrix increases the free corrosion potential of the coating to more noble region. However,
the WC-Co coatings show a lower corrosion rate and hence a higher protective performance than the
rest of the coatings.

Keywords: thermal spray; HVOF; HVAF; WC-based coatings; cermet materials; wear resistance

1. Introduction

In recent years, the technological demands of industry have exceeded the performance of
traditional coatings. Therefore, new coatings that are capable of fulfilling these needs have attracted
important attention.

One example of these materials are cemented carbides, which are commonly known as hard metals
and represent a group of hard and resistant compounds. They are a mixture of metallic and ceramic
particles that combine the hardness and resistance of carbides (WC, TiC, TaC) with the toughness and
plasticity of a metallic binder (Co, Ni, Cr). The properties of the hard metal coatings depend mainly on
its composition and on the physical characteristics of its raw materials, hence any variation in these two
parameters represents a change in the final microstructure, making it possible to obtain final specific
tailored properties for particular applications [1].

Specifically, tungsten carbides (WC) are commercially one of the most successful metallurgic
products in industry because of their combination of physical, chemical, and mechanical properties,

Coatings 2020, 10, 1157; doi:10.3390/coatings10121157 www.mdpi.com/journal/coatings5
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which make them useful for applications in cutting tools and machinery exposed to wear [2]. In this
respect, different WC-based hard metals can be found on the market showing different properties
according to the diverse metallic binder and metal/ceramic compositions, as mentioned above.

Among the different WC-based cermets, WC-Co (with cobalt percentage ranging from 5 wt.%
to 25 wt.%) coatings remain the most studied materials for industrial applications. Because of the
great cohesion between the tungsten carbide grains and the cobalt metallic binder, these are composite
materials with a great hardness–toughness relation, which makes them one of the best wear resistant
materials. Tungsten carbides with cobalt have excellent mechanical properties. However their poor
corrosion resistance restricts the number of applications in which they may be used, especially in the
chemical industry [3–5].

As an alternative, the cobalt metallic binder can be substituted by nickel and/or nickel alloys in
order to enhance its anticorrosive and thermal crack resistance properties. Since cobalt is expensive
and its accessibility is complicated, the use of nickel (WC-Ni-based) lowers the costs and facilitates the
supplies [2]. With the partial or complete substitution of cobalt with nickel, a considerable improvement
in resistance to corrosion while maintaining anti-wear properties is to be expected [2,6–8].

Another alternative for the improvement of the hard metal performance is the addition of tungsten
boride to the matrix. The WB grains are hard ceramic particles that will likely improve the hardness of
the coatings. It has been shown that the WB incorporation enhances the mechanical properties of the
substrate, since it has a high thermal shock resistance, high conductivity, and high corrosion and wear
resistance [9–11].

During the production processes of hard metals, the WC suffer decarburization and oxidation,
reacting to form di-tungsten carbide (W2C), metallic tungsten (W) and oxy carbides. These reactions are
inconvenient for the enhancement of the mechanical properties of the coatings, thus the subproducts
formation must be reduced by controlling the process conditions. It has been found that the addition
of chromium (WC-Co–Cr) somehow modifies the decomposition of the WC grains, preventing
decarburization, while improving the matrix binding [12–16].

The final coating properties depend not only on its composition, but also on its lamellar
microstructure. The formation of this lamellar microstructure depends on three main factors:
the feedstock characteristics (material, size and morphology), the process method and parameters, and
the substrate [17].

The feedstock material characteristics depend on their manufacturing process. Other than chemical
composition, important factors are the size distribution, morphology, porosity bulk density, and grain
size of the particles. Understanding the characteristics of the powder is crucial for the interpretation
of the properties of the coating. Denser feedstock particles lead to coatings with better mechanical
properties [17].

On the other hand, one method to deposit these types of materials in the form of coatings is
by thermal spraying (TS). In general terms, in TS, the material feedstock is heated up in the form
of powder using a hot gas stream until the melting or semi-melting of the particles. Then, they are
accelerated to high velocities towards a substrate, leading to the adhesion of the semi-molten particles
to the surface. From the TS technology arise several techniques, driven by combustion or electric
discharge. Flame thermal spray, high velocity oxygen/air fuel (HVOF/HVAF), and detonation spraying
(D-Gun) are based on combustion, while wire arc and plasma are based on electrical energy [18].

Among all the TS processes, HVOF/HVAF (high velocity oxygen/air fuel) are the most extended
for obtaining coatings made of cemented carbides [19]. In these two processes (HVOF and HVAF),
a mixture of gases is introduced into a combustion chamber. Inside this chamber, a spark generates a
combustion reaction that heats the flowing gases to high temperatures. As the gases exit the chamber,
powder particles are injected either axially or radially into the hot gases stream. This new outlet
stream (heated mixture of gases and powder particles) flows into a De Laval type nozzle with a
convergent-divergent structure that drastically reduces the flow area, leading to a considerable increase
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in the mixture flow velocity. As the gas velocity is increased at the outlet of the nozzle, the powder
particles are ejected at supersonic speeds until they collide with a substrate and produce a coating [20].

The general equipment arrangement of the HVOF and HVAF processes is the same, however
some important differences, summarized in Table 1, are to be noted regarding the operation conditions.
In the case of HVOF, the gas mixture that is introduced into the combustion chamber consists of a fuel
species (either hydrogen, propylene, methane, propane or heptane), nitrogen (inert gas) and oxygen
(oxidizing component). In contrast, in the HVAF process, the oxygen of the gas mixture is replaced
by dry air. This difference in the gas mixture composition has an impact on the flame temperature
during the spraying process. HVOF jets show higher temperatures, in the range of 2700 and 3100 ◦C
depending on the stoichiometry of the mixture, whilst HVAF operates at lower temperatures between
1900 and 2000 ◦C due to the higher ratio of N2 (inert component) in the gas flow.

Table 1. Operation conditions differences in HVOF and HVAF processes.

Variable HVOF HVAF

Gas mixture Fuel, nitrogen and oxygen Fuel, nitrogen and dry air
Flame Temperature 2700–3100 ◦C 1900–2000 ◦C

Pressure <1 MPa <2 MPa
Particle velocity 600–750 m/s 600–840 m/s
Oxidizing power High Low

The lower ratio of fuel/oxygen used in HVAF compared to HVOF, allows to introduce a higher
total gas amount into the combustion chamber. Consequently, the gas flow inside the nozzle is choked,
leading to an increase in pressure inside the equipment. When the pressured gas-particle mixture
flows and expands through the convergent-divergent nozzle, this pressure decreases as the velocity
increases continuously. Commonly, HVOF operates at pressures up to 1 MPa, that induce particle
velocities from 600 to 750 m/s, whereas the HVAF spraying process can reach up to 2 MPa, leading to
particle velocities in the range of 600–840 m/s [18].

An efficient way to control the flame temperature and the velocity of the particles is by decreasing
the fuel/oxygen ratio of the gases, and by increasing the flow rate inside the chamber through the
injection of inert components (such as N2). The control of these two variables is important, because at
higher temperatures and lower particle velocities (which is the case of the HVOF process), the powder
particles are more susceptible to undergo decarburization, resulting in undesired phases such as W2C
and W [6]. In the case of HVAF, the powders do not suffer significant decarburization or oxidation,
as they are subjected to lower temperatures and exit the equipment at higher velocities [21].

The final properties of the coatings not only depend on the TS process used, but on the feedstock
material characteristics too. The chemical composition, particle size distribution, morphology, porosity
bulk density, and grain size of the particles are important features that should be taken into account
when spraying WC-based powders. Thus, understanding the characteristics of the powder is crucial
for the interpretation of the properties of the coating. Denser feedstock particles lead to coatings with
better mechanical properties [17].

Because of this dependence of the coatings properties on both the feedstock characteristics and
thermal spray processes, comparative studies have gained a lot of interest over the last years. This work
analyzes two different thermal spray methods for the production of hard metals, namely HVOF
and HVAF, by comparing the most studied standard reference material, WC-Co, sprayed by HVOF,
with (a) WC-cermet coatings with different metallic matrix/ceramic composition and (b) WC-cermet
coatings with different carbide sizes. This comparison comprises a study of the physical properties that
constitute the microstructure of the coatings (feedstock characteristics, porosity, thickness, roughness,
hardness, and phase composition) and mechanical properties (wear and corrosion resistance).

7
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2. Materials and Methods

2.1. Feedstock Powders

The sprayed coatings were made with six different commercial powders. A WC-Co powder
(AMPERIT 518.074, Goslar, Germany) was selected as reference material for obtaining HVOF and
HVAF coatings.

To reveal the effect of the metallic matrix and ceramic compositions, three other materials with
micrometric WC-grain size were sprayed: WC-Co–Cr, WC-NiMoCrFeCo, and WC-WB-CoCr with the
powders AMPERIT 556.074, AMPERIT-529.074, and AMPERIT-539.074, respectively.

The relevance of feedstock powder carbide grain size in the final coating performances was
evaluated using two other coatings with nanometric WC-grain size were sprayed: WC-Co with the
powder FUJIMI W555-20/5 (Kakamigahara, Japan) and WC-Co–Cr with FUJIMI W928-32/10.

Table 2 shows the commercial names of the powders along with their coating identification names
for this work, in which the suffix -m is included in the label for powders produced by AMPERIT
(micrometric WC grain size) or -n for powders produced by FUJIMI (nanometric WC grain size).

Table 2. Commercial Powder information and Coatings identification.

Coatings Identification Commercial Name Particle Size (μm) Composition TS Method

HVOF-Co-m * AMPERIT 518 −45 + 15 WC-12Co HVOF
HVAF-Co FUJIMI W55520/5 −45 + 15 WC-12Co HVAF

HVOF-Co-n * FUJIMI W55520/5 −20 + 5 WC-12Co HVOF
HVOF-Co–Cr-m * AMPERIT 556 −45 + 15 WC-10Co-4Cr HVOF
HVOF-Co–Cr-n * FUJIMI W9283210 −32 + 10 WC-10Co-4Cr HVOF

HVOF-Ni AMPERIT 529 −45 + 15 WC-15NiMoCrFeCo HVOF
HVAF-Ni AMPERIT 529 −45 + 15 WC-15NiMoCrFeCo HVAF

HVOF-WB AMPERIT 539 −45 + 15 WC-30WB5Co5Cr HVOF
HVAF-WB AMPERIT 539 −45 + 15 WC-30WB5Co5Cr HVAF

* In these powders, the acronym -m and -n indicates the presence of micrometric and nanometric grain size of
carbides in the powders microstructures respectively.

2.2. Thermal Spraying Conditions

All powders were sprayed on flat low carbon steel substrates (100 mm × 20 mm × 5 mm) and
cylindrical low carbon steel substrates (ϕ = 25.4 mm × h = 25.4 mm), previously grit blasted with
alumina. All blasted substrates had a mean roughness (Ra) greater or equal than 4μm.

All the coatings prepared by HVOF and HVAF methods were deposited in 15 layers sprayed at
a 500 mm/s rate and at a distance of 250 mm, except for powders WC-Ni and WC-WB in the HVOF
process which were sprayed at a distance of 300 mm. For the HVOF procedure was used a DJH
2600 gun (found in CPT facilities, Sultzer Metco, Pfäffikon, Switzerland) with a gas flow of hydrogen,
oxygen, and air of 635, 267, and 344 L/min, respectively.

2.3. Powder and Coating Characterization

The size of the particles of the powders was analyzed in duplicate with a laser diffraction particle
sizing analyzer LS 13 320 Model Dry Powder System (Beckman Coulter Inc., Indianapolis, IN, USA).

The metallographic preparation of the coatings was made according to the standards ASTM
E1920-03(2014) [22]. Cross-sectional surface characteristics and the thickness of the coatings were
analyzed with the optical microscope Leica DMI500M (Wetzlar, Germany) according to the standard
ASTM E3-11(2017) [23].

Roughness was analyzed with 10 measures per coating with the profilometer SJ-210 Mitutoyo
(Aurora, IL, USA). The mean porosity value was obtained from 30 measures with the software ImageJ
(Version: 1.50i) from images at 20× magnification taken with the optical microscope according to
standard ASTM E2109-01(2014) [24].

8
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A Phenom ProX Desktop SEM (Waltham, MA, USA) was used in order to compare the superficial
characteristics of the transversal side of the coatings and the feedstock powders. Elemental microanalysis
of the composition of the samples was carried out with the equipment Quantax EDS Bruker Nano
(Billerica, MA, USA) integrated to a SEM JEOL5310 (Akishima, Japan).

In order to analyze the phases and crystal structure of the coatings, the XRD equipment PANalytical
X’Pert PRO MPD (PANalytical, Almelo, The Netherlands)was used with a radiation of Cu Kα

(λ = 1.5418 Å) from 5 until 100◦ 2θ with a 0.017◦ step, measuring 100 s per step.
Vickers hardness and toughness were assessed according to the standard ASTM E384-17 [25] and

following the work described by Lima, et al. [26], respectively. For each coating, 10 indentations were
made with a force of 0.3 and 1 kgF respectively, with Matzuzawa MTZ-alfa equipment.

The adhesion of the coating to the steel substrate was measured with equipment SERVOSIS
MCH-102ME (Madrid, Spain) according to the standard ASTM C633-13 [27]. Three samples of each
coating were adhered to a non-sprayed counterpart with the adhesive HTK Ultrabond 100 (Hamburg,
German). A tensile test was performed at a rate of 0.01 mm/s until cohesive, adhesive, or glue failure.

For the wear resistance to abrasion analysis, the Rubber Wheel method was tested with the
tailored equipment CM4 OL-2000 (CM4, Cervelló, Barcelona, Spain) according to the standard ASTM
G65-16e1 [28]. The test was performed at a velocity of 139 rpm, with a force of 50 N, a 22.6 cm diameter
wheel, and Ottawa silica sand as the abrasive agent.

The corrosion resistance of the coatings was characterized with electrochemical experiments
in 80 mL solution of NaCl 3.5%. The polarization curve was tested using the equipment VSP
(Biologic Science Instruments Seyssinet-Pariset, Auvergne-Rhone-Alpes, France) at normal conditions
in a potential range of 100 to +350 mV with respect to open circuit potential (Eopc) over 1 cm2 sample
surface. The corrosion potential (Ecorr) and corrosion current (Icorr) were calculated with the software
EC-Lab (V10.44). Ecorr was obtained from a Tafel Fit extrapolation, while Icorr was calculated according
to the Stern–Geary Equation (1).

Icorr =
βa·βc

(2.3·(βa + βc))Rp
(1)

where βa and βc are the anodic and cathodic currents, respectively, and Rp is the polarization resistance.

3. Results and Discussion

3.1. Powder Characterization

In thermal spraying technology, it is accepted that the microstructure of the coatings depends
considerably on the characteristics of the powder particles at the point of collision with the substrate.
In the HVOF/HVAF processes, the residence time of the particles inside the equipment, although minimal
due to the high velocities (which depend on the gases flow rate) of the outlet flow of the gases, controls the
heat transfer between the hot gases and the feedstock material and consequently determines its
temperature at the point of impact with the substrate. At this point, the microstructure of the coating
is influenced by the processes of deformation and solidification, caused by the high velocities and
temperatures of the particles. These two factors are highly dependent on the size distribution of the
powder particles, which is typically polydisperse. As a result, the particles of different sizes experience
different momentum and thermal inertias, affecting the physical states of the particles during flight
time and impact with the substrate [29,30]. Therefore, it is important to study the size distribution
of the feedstock and adjust the process parameters accordingly. Hence, the characteristics and size
distribution of the powders played an important role in the coatings microstructure, especially in terms
of porosity and roughness.

The statistical size distribution of the particles and the size distribution curves for all the powders
under study in this work are reported in Table 3 and Figure 1, respectively. This comparison shows that
the powders mainly resulted to have a homogeneous distribution, as expected for commercial feedstock
materials. Nonetheless, some differences can be found regarding powder properties depending on the
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feedstock material composition. Thus, WC-Co (micro and nanometric) revealed a relevant difference
in their mean particle size of these powders, which shows as the particles of the WC-Co-m powder are
larger than that of the WC-Co-n material. In addition, the nanometric powder showed a narrower
size distribution than the micrometric one. No relevant differences were observed between powders
WC-Co–Cr-m and WC-Co–Cr-n, which resulted in almost equivalent distributions with similar mean
particle size values, as it can be seen in Figure 1b. On the contrary, the powders WC-WB and WC-Ni
presented heterogeneous distributions, where the former one showed a distorted distribution with a
bump, and the last one a distribution with two groups of particles with different sizes, resulting in the
highest mean size distribution of all powders, with 80% of the particles with a diameter of between
20 and 61 μm.

Table 3. Particles size distribution.

Powder d10 (μm) * d90 (μm) * Mean Particle Size (μm)

WC-Co-m 25 46 34
WC-Co-n 9 24 16

WC-Co–Cr-m 12 27 19
WC-Co–Cr-n 12 33 21

WC-Ni 20 61 35
WC-WB 14 48 27

* The particle size value in a dXX column indicates that the portion in percentage of particles with diameters smaller
than that is XX%.

 
Figure 1. Distribution size of the powders WC-Co-n and WC-Co-m (a), WC-Co–Cr-n and WC-Co–Cr-m
and (b) WC-WB and WC-Ni (c).

The spherical or irregular morphology of the powders and their microstructure was inspected
by SEM. Figure 2 shows only the images recorded for the most representative powders (WC-Co-m,
WC-Co-n, and WC-Co–Cr-m) for the sake of brevity. SEM images confirmed that all powders were
composed of agglomerated particles and had a spherical morphology and were composed of WC
grains embedded in a metallic binder: Co, Co–Cr (for WC-Co–Cr and WC-WB-Co–Cr powders),
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or NiMoCrFeCo, depending on the composition of the powder. Consistent with the particle size
distribution results (Table 3), the free surface images showed the different sized particles of the powders.
For instance, it is particularly interesting to observed the size diversity in the WC-Co-n powder
(Figure 2c).

 
Figure 2. SEM images of the (a,b) WC-Co-m, (c,d) WC-Co-n and (e,f) WC-Co–Cr-m powders.

In contrast to the free surface images, that show the size difference of the agglomerated particles
between all powders, in the cross-sectional images, the microstructure of the WC-based particles can be
observed and analyzed [31]. Thus, the evaluation of the surface and core porosity level of the powders
revealed that the WC-Co-m were slightly more porous than the WC-Co-n and WC-Co–Cr-n feedstock
materials. Even though they are not shown, WC-Co–Cr-m powder presented similar porosity as
WC-Co-m whilst powders WC-WB and WC-Ni were highly porous.

In order to identify the elements present in the powder composition, an EDS mapping analysis of
the particles was performed and the images of this analysis are shown in Supplementary Figures S1–S3
of the supplementary information file of this manuscript. The results allow conclude that the dark
regions of the particles microstructure (shown in Figure 2b,f) corresponded to the metallic binder of
each powder, while the bright regions were ascribed to WC and/or WB grains. In this respect, in the
powders with composition WC-Co, it was clearly identified that the metal matrix contained pure Co.
Additionally, comparing their microstructure, in Figure 2b,d is confirmed that the powders labelled as
micrometric showed higher size of the WC grains compared to the ones labelled as nanometric. Finally,
in the case of the powders WC-Co–Cr and WC-WB, Cr predominated in the composition of the dark
regions. In the same way, powder WC-Ni was mainly composed of Cr, Ni, and Mo.

For corroborating the presence of these phases, the XRD diffractograms of the powders are shown
in Figure 3 According to the patterns, all the powders were found to contain only WC as a ceramic
component and pure phases (Co, Cr, Ni, Mo) as the metallic binder.

In summary, the comparative analysis of the powders characteristics allowed concluding that
all the powders are composed of WC grains embedded in a metallic matrix formed by metallic pure
phases. WC-Co-m and WC-Co–Cr-m are composed of larger particles showing higher porosity than
their respective nanometric powders. In addition, WC-Ni and WC-WB powders showed a broad size
distribution, with two peaks in the WC-Ni case. These powders showed a highly porous microstructure.
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Figure 3. XRD of the powders and HVOF/HVAF coatings obtained using: (a) WC-Co-n, (b) WC-Co-m,
(c) WC-Co–Cr-m, (d) WC-Co–Cr-n, (e) WC-Ni and (f) WC-WB feedstock materials.

3.2. Microstructure of the TS Coatings

It is worth remembering that the objective of this work was to compare the final coatings properties
regarding the thermal spray process and composition and particle characteristics of feedstock materials.
For this reason, the same spraying parameters were used in HVOF and HVAF processes respectively,
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for all the powders, except for powders WC-Ni and WC-WB, which were sprayed at a higher distance
in order to minimize high porosity values.

As expected, the coatings exhibited different microstructures according to their grain size,
composition and thermal spray process used. Figure 4 shows representative polished cross-sectional
recorded by optical microscopy (OM) (left) and SEM (right) images of the coatings, while Table 4 shows
their thickness, porosity, roughness, and hardness values.

 

μ μ μ

Figure 4. Cross-sectional OM (left at 20× magnification) and SEM (right) images of the coatings
(a) HVOF-Co-m (9100×), (b) HVOF-Co-n (16,000×), (c) HVOF-Ni (12,000×), (d) HVAF-Ni (12,000×).
Labels: 1 =WC, 2 = Co, 3 = Co +W2C, 4 = pores, 5 = Ni + Cr +Mo and 6 = Ni + Cr +Mo +W2C.

Table 4. Results of coating microstructure and physical properties.

Coating Thickness (μm) Porosity (%)
Roughness Hardness

(HV300)
Tensile

Strength (MPa)Ra (μm) Rz (μm)

HVOF-Co-m 133.9 ± 9.2 2 ± 0.7 4.0 ± 0.4 21.5 ± 1.9 1580 ± 183 >65
HVOF-Co-n 120.7 ± 10.6 <1 2.3 ± 0.3 12.3 ± 1.0 1605 ± 157 >65
HVAF-Co-n 230.8 ± 7.7 <1 2.6 ± 0.2 14.6 ± 1.1 1669 ± 123 50.3 ± 6.0

HVOF-Co–Cr-m 118.0 ± 7.1 1.3 ± 0.6 2.4 ± 0.1 13.2 ± 0.9 1662 ± 141 >65
HVOF-Co–Cr-n 113.3 ± 7.2 <1 2.6 ± 0.3 14.4 ± 1.3 1630 ± 104 >65

HVOF-Ni 118.9 ± 11.0 1.8 ± 0.7 4.1 ± 0.3 23.1 ± 1.3 1508 ± 103 >65
HVAF-Ni 211.2 ± 5.3 <1 4.5 ± 0.3 24.8 ± 1.9 1474 ± 173 60.5 ± 8.0

HVOF-WB 117.1 ± 8.5 1.8 ± 0.6 5.3 ± 0.4 30 ± 3.1 1709 ± 142 >65
HVAF-WB 153.8 ± 9.0 9.7 ± 2.5 8.2 ± 0.6 43.6 ± 3.6 950 ± 104 48.2 ± 7.0

In general, from the results included in Table 4, it can be concluded that the coatings sprayed by
HVAF were thicker, less porous and more homogeneous than the HVOF ones. Thus, the coatings
sprayed by HVAF showed thickness values between 230 and 150 μm, against values between 133 and
113 μm. With the exception of the coating HVAF-WB, with a porosity value higher than 9%, all coatings
had low porosity with values between <1% and 2%. In the case of the roughness of the coatings,
it may be suggested that this is influenced by the cermet composition. In this respect, WC-Co coatings
showed a smother surface than WC-Ni and WC-WB coatings. No clear differences are observed in
the roughness values measured for the same coating compositions but obtained by HVOF or HVAF,
with the exception of the coating HVAF-WB which presented a mean roughness Ra of 8.2 ± 0.6 μm,
while the other HVOF coating presented Ra value of 5.3 ± 0.4 μm.

These data were found to be consistent with the porosity observed in the free surface and
cross-sectional SEM images of the powders, as the powder used for preparing this coating also showed
a high porosity. However, the coating porosity is not only dependent on the powders characteristics,
but also on the final particle temperature during spraying process. When particles are heated up

13



Coatings 2020, 10, 1157

to higher temperatures, it is easier for them to melt on-flight before colliding with the substrate,
resulting in denser coatings. Thus, despite the fact that WC-Co-m, WC-Co–Cr-m, and WC-Ni powders
were very porous materials, the high density shown by their respective coatings allow for the conclusion
that the spraying parameters used were aggressive enough for melting the particles.

Cross section images show that the particles that build up the coatings are strongly bonded to each
other, since no cracks nor delamination areas were observed. Furthermore, the SEM images at high
magnifications made it possible to observe the different phases in the microstructure of the coatings.
All of them showed a homogenous distribution of the WC grains embedded into a darker metallic
matrix along with some pores that might have been formed between particle splats. In Figure 4a,b the
differences in the microstructure are clearly shown, especially regarding the WC grain size between
micrometric and nanometric coatings. The WC grain size proved to be in the range of 1–4 μm for
micrometric powders WC-Co-m and WC-Co–Cr-m, and 300–500 nm for nanometric powders WC-Co-n
and WC-Co–Cr-n. Likewise powders WC-Ni and WC-WB had WC grains with sizes between <1–3 μm
and <1–5 μm, respectively.

Looking at the coatings microstructure, it can be observed that those sprayed by HVOF showed
some distinguished regions (darker than the WC grains), which might be attributed either to the metallic
matrix or to the presence of undesired phases, difficultly distinguished in HVAF coatings. It is widely
accepted that, in the thermal spraying methodology, the phase composition of a coating (WC-grains,
metallic matrix and undesired phases) strongly depends on the flame temperature achieved. In this
respect, the HVOF process leads to hotter and more oxidizing flame conditions than HVAF technique,
which may explain these differences. In order to better identify these regions, the powders and
coatings were further analyzed by EDS (Supplementary Figures S4–S6). This analysis confirmed the
regions ascribed to the WC grains, W2C, and metallic matrix, as indicated in the labels of Figure 4a,c.
The identification of W2C (lighter continuous regions surrounding WC grains with rounded shaped)
allows concluding that certain processes of dissolution and decarburization of the WC grains occurred
during spraying procedure. At high HVOF flame temperatures, the mechanism of decarburization
starts with the melting of the metallic binder, since it has a lower melting point than the WC carbides.
Afterwards, the WC grains begin to dissolve in the molten metal and, at the gas-liquid interface,
carbon is released by its reaction with the oxygen of the gases. At the point of impact with the substrate,
the particles are rapidly quenched and the dissolved WC grains become supersaturated, resulting in
the formation of W2C [32]. In contrast, the W2C phase was not clearly observed in the microstructure
of the HVAF coatings.

A microstructure comparison between HVOF and HVAF coatings can be observed in Figure 4c,d.
In these images, it is shown that in the microstructure of the coating HVOF-Ni has a high presence of
these lighter regions between different sized rounded grains, whereas coating HVAF-Ni only showed
irregular grains embedded in the metallic matrix.

The XRD patterns of all the coatings were recorded for further support of the conclusion drawn
from the visual inspection (Figure 3). As expected, all the coatings were composed mainly of the phases
also identified in their respective powders, that is, WC as ceramic phase and their correspondent
metallic pure phases as matrix. In agreement with previous results, HVAF coatings showed little or
none undesired phases, while some HVOF coatings suffered relevant decarburization. Thus, in the
case of the HVOF coatings patterns, the presence of W2C and W phases indicated that decarburization
occurred. As above mentioned, since the HVOF process operates at higher temperatures, the coatings
sprayed by this method were more likely to form undesired phases. This is clearly observed in coatings
HVOF-Co-n and HVOF-Co–Cr-n, as they were the ones that showed more content of W2C and W.
Among all the HVOF coatings, the HVOF-Co-m was the one that underwent less decarburization,
since the sprayed conditions (used for all coatings) were the optimal ones for the size distribution
of this conventional powder. For this reason, the nanostructured coating HVOF-Co-n showed more
W2C phases in comparison to the HVOF-Co-m one, which can be understood regarding the smaller
WC grain size for the nanometric powder that facilitates the dissolution of WC original grains and
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their final decarburization during fast solidification. Another factor that affected the presence of the
undesired phases is the binder composition. As mentioned before, the addition of Cr to the matrix
is known to prevent the WC grains decarburization. This explains that the XRD patterns of both
coatings HVOF-Co–Cr-n and HVOF-Co–Cr-m feature few differences between them in terms of W2C
presence and, for hence, it points out that less decarburization occurs than for the coating HVOF-Co-n.
Coatings HVOF-Ni and HVOF-WB showed little decarburization, attributed to their composition and
elevated mean particle size, as these bigger particles lightly experienced the elevated temperatures of
the process.

Compared to HVOF methodology, during HVAF processes the powders are subjected to lower
temperatures, therefore, except for the coating HVAF-Co-n which presented some W2C, WC1−x and W
phases, most HVAF sprayed coatings showed practically no decarburization, meaning that the peaks
corresponded in great part only to WC.

Finally, it is worth noting that the coatings HVOF-Co-n, HVOF-Co–Cr-m and HVOF-Co–Cr-n
revealed one bump between 40◦–45◦ indicating the presence of amorphous/nanochrystalline phases
that were formed during the dissolution of the WC grains [15,33].

Thus, comparing the general microstructure of the coatings, it can be concluded that the ones
sprayed by HVAF were thicker, less porous, and more homogeneous than the HVOF ones as they
presented less roughness and practically no undesired phases due to the conservation of the WC grains
during the TS process.

3.3. Mechanical and Anti-Wear Properties of the Coatings

The mechanical properties of the coatings are defined by its microstructure and composition.
For instance, hardness values depend on several factors based on the microstructure of the
coatings: (i) it increases as a function of cohesion between particles and coating porosity [34,35];
(ii) decarburization degree has an important impact on hardness since the higher amount of W2C,
the higher the coating hardness [36]; (iii) it depends on the WC grain size, as a small carbide size leads
to a high hardness [37]; and (iv) the presence of an amorphous/nanocrystalline phase results in an
increased of cohesion between the carbide grain and the metallic matrix, that leads to an improvement
of the hardness of the coating [9].

Taking into account the previous discussion about the coatings microstructure, it would be
expected that HVOF coatings showed higher hardness than the HVAF coatings because of the presence
of W2C in their composition. However, it becomes difficult to draw this conclusion looking at
the Vickers hardness values (0.3 kgF) shown in Table 4. In general, these data revealed that all the
coatings featured very high hardness, above 1500 HV0.3, independently of the TS process used for
their preparation. This result suggests that the higher degree of amorphous/nanocrystalline phases
identified in the HVAF coatings microstructure plays a key role and enhanced the cohesion between
the carbide grains and the matrix, and as a result, increased the hardness of the coating.

Making a comparison based only on composition, both HVAF and HVOF coatings presented
roughly the same trend in terms of hardness values. The coating with the WB in the ceramic phase
resulted to have the greater hardness (this is not applicable for coating HVAF-WB since it showed
very high porosity), which is followed, in order, by coatings with the binders Co–Cr, Co, and Ni-alloy.
In the case of the micrometric and nanometric based coatings, the coating HVOF-Co-n resulted slightly
harder than the conventional coating HVOF-Co-m, as the first one showed to have more W2C and
phases than the former one. For this same reason, Co–Cr based coatings presented an inverse trend:
the coating HVOF-Co–Cr-m resulted slighlty harder than the HVOF-Co–Cr-n.

Usually, high coating hardness is related to a decrease in its toughness, nonetheless hard metals
have shown to maintain high toughness when having high hardness values [38]. This unique
combination of properties makes them excellent materials for applications that require high resistance
to wear. Toughness fracture resistance mainly depends on two factors in this kind of coating, namely the
amount and characteristics of the binder phase present and the grain size of the carbide phase [39]. It is
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worth indicating that an attempt was made to measure the toughness of these coatings following the
calculation method presented in the work of Lima et al. [22]. Nevertheless, it was not possible to obtain
the toughness values since the maximum indentation force of the equipment was not strong enough to
produce the adequate length of the cracks needed in order to fulfill one of the restrictions of the method.
Despite the fact that the toughness was not analytically calculated, it may be suggested that all coatings
presented very high fracture toughness due to the heavy load necessary for crack formation and
propagation. In addition, this observation would point out that, in these HVOF and HVAF coatings,
there exists a high cohesion strength among the splats forming the coating microstructure.

Another important property of hard metals is their adhesion with the substrate surface,
which determines the actual utility of the coating. Nowadays, it is considered that coatings prepared
by conventional TS techniques are mechanically anchored to the substrate. Thus, a perfectly controlled
cleaning and grit blasting process of the substrate has a strong influence on the adhesion strength at
the interface. However, the degree of fusion of the particles but also the interfacial bonding within the
lamellar microstructure, which integrates the pores size and distribution [17] will be also crucial for a
proper coating performance in terms of adhesion.

The adhesion strength of the coatings was measured by means of tensile tests and the
results obtained are included in Table 4. In the case of the HVAF coatings, HVAF-Ni, HVAF-Co,
and HVAF-WB failed by adhesion of the coating–substrate interface at 60.5 ± 8.0 MPa, 50.3 ± 6.0 MPa,
and 48.2 ± 7.0 MPa values, respectively. This kind of failure indicated that, at these tensile strength
values, the coating was not strong enough to maintain its bond with the substrate. Moreover, from the
analysis of these values, it can be concluded that the metallic binder has a relevant role in the adhesion
resistance of the coatings, since the HVAF coating showing the highest adhesion strength is that with
the highest metal/ceramic ratio and also with the lowest melting point, HVAF-Ni.

On the contrary, all the HVOF coating were able to withstand a higher tensile force than that
withstand by the adhesive, exceeding the 65 MPa. In such a case, this is consistent with the difference
in flame temperature of both processes, and the high flame temperature reached in the HVOF process
allows the particles to fuse together and leads to stronger bonds within the microstructure.

It is important to highlight that the high adhesion strength values reported for all the coatings is
in agreement with previous analysis, and supports the suggestion that there is high cohesion between
the particles in coating.

Rubber wheel experiments were performed for the HVAF sprayed coatings (HVAF-Co, HVAF-Ni,
HVAF-WB), their respective HVOF coatings (HVOF-Co-n, HVOF-Ni, HVOF-WB), and the conventional
coating (HVOF-Co-m) in order to evaluate their wear resistance to abrasive conditions. Wear behavior
of the coatings during the experiments are shown in Figure 5. In this plot, it is observed, within the first
minutes of the test, that the wear rate significantly dropped due to the rapid decrease of the roughness
of the coatings. The ones that presented higher roughness values (HVAF-Ni and HVAF-WB) showed a
steeper drop in the wear rate curve in comparison to HVAF-Co and the steel substrate. In general,
after the point where the surface evened out, the wear rate followed a flatter behavior for all the
coatings, indicating the hardening of the coatings and the substrate.

Abrasive wear is the main mechanism of wear when the surface of two materials are facing each
other with the presence of a third body in between. Abrasion then causes the removal of particles
from the softest material. It has been shown that the wear resistance of the hard metals coatings is
highly dependent on its composition, carbide grain size, porosity, toughness and hardness values [39].
The degree of abrasive wear is defined by the hardness difference between the abrasive particles and
the counter material, hence higher hardness values are desired to enhance the wear resistance of the
coatings and ensure the protection of the coated surface. In the case of the cermets, both hardness and
cohesion between the carbides are key properties to improve the abrasive wear resistance. It is clear that
the WC particles contribute to the overall hardness, while the metallic matrix defines the cohesion of the
WC grains. Therefore, it is important to consider the size of the carbide grains, the binder composition
and the thermal sprayed conditions when analyzing the wear resistance of the coatings [39].
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Figure 5. Wear rate results of the coatings HVAF-Co, HVAF-Ni, HVAF-WB, HVOF-Co-m, HVOF-Co-n,
HVOF-Ni, HVOF-WB and the steel substrate.

In Table 5 are shown the volume loss (measured at the end of the experiment) and the wear rate
(final value in Figure 5 for each coating) calculated for all the TS coatings. As can be observed from
these data, the coatings HVAF-Co-n and HVAF-Ni resulted to have higher resistance to wear than
the other TS coatings with a similar volume loss. This result can be understood if it is considered
that these coatings showed low roughness, the absence of undesired phases, and one of the highest
thickness and hardness values of the analyzed coatings. HVAF-WB coating experienced a high volume
loss value of 37.0 mm3, being even a greater value than the volume loss measured for the bare steel
substrate, which can be explained because of its high porosity. For HVOF coatings, no clear differences
in abrasive wear resistance were observed for the coatings HVOF-Co-m, HVOF-Co-n and HVOF-Ni
as they showed practically identical wear rate values. In this case, HVOF-Co-n was expected to
show the best performance (since nanostructured coatings are known to have enhanced mechanical
properties), nevertheless this was not the case. As mentioned before, coating HVOF-Co-n suffered high
decarburization, thus its abrasion resistance resulted degraded to slightly higher volume loss and wear
rate values than coating HVOF-Co-m. In agreement with the results for HVAF technique, HVOF-WB
coating also experienced a high volume loss, close to the value measure for the steel substrate (11.5 mm3

and 11.7 mm3, respectively). In this case, the HVOF-WB did not show a porosity that would explain
the result, and for this reason, these volume loss and wear rates might be attributed to a poor cohesion
between the WC/WB grains and the metallic matrix.

Table 5. Data collected from abrasive wear and corrosion resistance experiments.

Coating
Volume Loss

(mm3)
Wear Rate
(mm3/Nm)

Ecorr (mV) Icorr (μA)

HVAF-Co 6.2 4.21 × 10−5 −447.7 0.8
HVAF-Ni 7.3 4.93 × 10−5 −369.9 0.2
HVAF-WB 37.0 2.50 × 10−4 −559.5 3.8
HVOF-Ni 9.0 6.09 × 10−5 −480.9 1.4

HVOF-Co-m 9.4 6.35 × 10−5 – –
HVOF-Co-n 9.7 6.61 × 10−5 −537.5 1.2
HVOF-WB 11.5 7.75 × 10−5 −576.5 1.4

Steel substrate 11.7 2.20 × 10−4 −726.5 1.4
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The corrosion behavior of the HVAF and HVOF coatings was evaluated and the resulting
polarization curves are shown in Figure 6a,b. The actual values of Ecorr and Icorr inferred from the
polarization curves and calculated with Equation (1), respectively, are shown in Table 5. According to
this, a first differentiation can be made between coatings regarding the thermal spraying method
used for its deposition, since, in general, the HVAF coatings show higher Ecorr and lower Icorr than
the HVOF layers. This result can be clearly related to the differences found in the microstructure of
coatings. It was demonstrated that HVAF coatings show higher compactness than HVOF coatings,
that is a lower porosity and the presence of voids between splats, which is widely accepted in literature
as a responsible of their better corrosion behavior [40].

Figure 6. Polarization curves of the coatings by (a) HVOF and (b) HVAF and the steel substrate.

When subjecting a coated material to corrosive conditions, it is expected for the coating to prevent
the effects of corrosion and to ensure the correct operation of the substrate. In hard metals the Ecorr

and Icorr values are intrinsic of the metallic matrix material. Taking into account the results shown in
Figure 6, both HVOF and HVAF coatings can be classified as a function of their composition, from top
to bottom, that is, from high to low Ecorr, as follows: Ni-based (HVOF-Ni & HVAF-Ni), Co-based
(HVOF-Co & HVAF-Co) and WB-based (HVOF-WB & HVAF-WB). These data can be justified since Ni
is a more noble metal than Co or Co–Cr alloys.

On the other hand, the comparison of the Icorr values between HVOF-Co & HVOF-Ni and
HVAF-Co and HVAF-Ni shows that these coatings present similar corrosion rates under open circuit
potentials. Despite of this, when the potential is shifted to the anodic region, these coatings clearly
show a different behavior since HVOF-Co and HVAF-Co coatings show a lower current intensity value
than the Ni-based coatings over a potential region approximately of −340 and −185 mV, respectively.
This data suggests that under polarization conditions, the Co-based coatings will corrode more
slowly than the Ni-based coatings. Considering that this kind of coating is supposed to act as a
protective barrier between the environment and the substrate, this allows for the conclusion that the
HVOF-Co and HVAF-Co coatings will show higher corrosion protective performance than the rest of
the coatings studied.

Finally, low coating porosity is mandatory for good corrosion protection. In the case of the
HVAF-WB coating, which showed very high porosity, it still shows a certain protective ability since its
Ecorr is higher than that of the steel substrate. However, the high Icorr value measured for this material
reveals that there is a severe rate of corrosion in this system which might be ascribed to steel corrosion,
and hence it indicates that this is not a good protective coating.

4. Conclusions

The coatings exhibited different microstructures and mechanical properties according to their
carbide size, composition, and the thermal spray process used. In general, all coatings showed a
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homogenous distribution of the WC grains embedded into a darker metallic matrix with strong
cohesion between particles.

Different thermal spray methods, namely HVOF and HVAF, lead to coatings with different
microstructures and mechanical properties. (a) Because of the higher flame temperature in HVOF,
the coatings sprayed by this method were more likely to form undesired phases, resulting in the
decarburization of the WC grains. (b) Due to the conservation of the WC grains during the TS process,
HVAF coatings were thicker, less porous, and more homogeneous than the HVOF ones. (c) HVAF
coatings were slightly more resistant to abrasive wear than HVOF coatings.

The metallic matrix, ceramic composition, and WC grain size were key factors in hardness and the
mechanical properties of the coatings. (a) The coating with the WB matrix resulted to have the greater
hardness, followed, in order, by coatings with the binders Co–Cr, Co, and Ni-alloy. (b) The WC-Co
coating proved to be the one with higher resistance to abrasive wear and the one showing the higher
corrosion protection to steel in NaCl media. (c) Coatings with a smaller grain lead to superior qualities
of the coatings in terms of enhanced properties.
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Abstract: The manufacture of multiple parts on the same platform is a common procedure in the
Laser Powder Bed Fusion (L-PBF) process. The main advantage is that the entire working volume
of the machine is used and a greater number of parts are obtained, thus reducing inert gas volume,
raw powder consumption, and manufacturing time. However, one of the main disadvantages of this
method is the possible differences in quality and surface finish of the different parts manufactured
on the same platform depending on their orientation and location, even if they are manufactured
with the same process parameters and raw powder material. Throughout this study, these surface
quality differences were studied, focusing on the variation of the surface roughness with the angle
of incidence of the laser with respect to the platform. First, a characterization test was carried out
to understand the behavior of the laser in the different areas of the platform. Then, the surface
roughness, microstructure, and minimum thickness of vertical walls were analyzed in the different
areas of the platform. These results were related to the angle of incidence of the laser. As it was
observed, the laser is completely perpendicular only in the center of the platform, whilst at the border
of the platform, due to the incidence angle, it melts an elliptical area, which affects the roughness and
thickness of the manufactured part. The roughness increases from values of Sa = 5.489 μm in the
central part of the platform to 27.473 μm at the outer borders while the thickness of the manufactured
thin walls increases around 40 μm.

Keywords: roughness; incidence angle; additive manufacturing; L-PBF; INCONEL718

1. Introduction

Laser technology has been widely used in different industrial processes for many years, due
to the characteristics of the laser source: high energy density, high efficiency, large temperature
gradients, high repeatability of the process, and formation of a narrow heat-affected zone (HAZ) [1].
Nowadays, it is possible to find various research works on laser technologies such as laser welding [2,3],
cutting [4,5], remelting [6,7], additive technologies [8,9] . . . thus demonstrating the importance of the
development of these technologies.

Due to the great development that the different technologies based on metal additive manufacturing
(AM) have had in recent years, it seems reasonable that one of the most researched and promising
metal AM process is the Laser Powder Bed Fusion (L-PBF) technology. This technology, also known by
commercial names as Selective Laser Melting (SLM) or Direct Metal Laser Sintering (DMLS), is being
applied for the direct manufacturing of functional components in different sectors [10,11].
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In the L-PBF process, the final part is manufactured directly using powder as raw material.
This powder is homogeneously distributed by a recoater in constant thickness layers of 20 to 60 μm.
Once the recoater has distributed a layer of powder, a laser beam melts the powder within an area,
which has been previously specified in the CAD (Computer-Aided Design) file. Once the complete
layer has been processed, the platform lowers the thickness of a layer and the process is repeated
layer-by-layer until the full part is obtained [12].

This technology presents many advantages compared to conventional machining technologies
such as the ability to manufacture geometrically complex parts [10,13,14]. In addition, L-PBF also
presents advantages above other AM technologies as Spierings [15] showed. One of these advantages
is the wide range of alloys with very different properties and characteristics that can be processed.
Thus, different applications and studies can be found with high toughness Ti-TiB composites [16,17],
high-density alloys such as Cu-10Sn bronze [18], high-resistant alloys such as Al85Nd8Ni5Co2 [19],
or high modulus of elasticity and mechanical strength CNTs/AlSi10Mg [20]. Therefore, L-PBF process
is of special interest in sectors such as health and aerospace due to the possibility of obtaining complex
parts in a wide range of available materials [10].

However, L-PBF technology has several limitations, particularly related to the poor surface finish
and the need for final post-processing of the manufactured parts [10]. The parts manufactured using
L-PBF show roughness values Ra between 3.2 and 12.5 μm [13], whereas conventional technologies
obtain roughness values between 1–2 μm [11].

Surface quality is a critical attribute in the aerospace and medical sectors since surface imperfections
caused by roughness could impact the performance of the part. Therefore, surface roughness is a
well-researched crack initiator [12], reducing the life-span of the end part due to lower tensile and
fatigue strength [10]. In the medical domain, rough surfaces can accumulate more micro-organisms
than a smooth surface, requiring a finishing operation in many applications in the health sector [21].
Furthermore, roughness has a significant effect on the tribological behavior of the surface in applications
where the friction between surfaces is present.

Nowadays, in order to minimize the roughness and to achieve functional parts with real
applicability, finishing operations are carried out. However, the finishing operation of parts
manufactured using L-PBF technology is frequently very complex due to the geometrical complexity of
the parts [22]. In addition, the finishing process increases considerably the manufacturing time and cost
of the part [12] since most of the finishing processes involve manual operations. Moreover, sometimes
it is not possible to finish some areas such as internal ducts or hollow cavities [23]. Therefore, it is
necessary to reduce the roughness as much as possible in the additive manufacturing process itself
before finishing the final part.

The resultant roughness can be originated by different factors. On the one hand, the process
parameters during manufacturing play an important role in the resulting roughness [22,24–26].
In this sense, it is necessary to adjust parameters such as laser power, exposure time, the distance
between points, and overlapping. Some previous studies state that the use of higher laser power
reduces roughness, since it increases the wettability of each layer [12], while other studies show that
excessive laser power can lead to spatters of excessively oxidized particles, which would also increase
roughness [23]. In addition, excessive laser power will lead to higher porosity. Thus, it is necessary
to find a balance between the laser power and scan speed to ensure acceptable roughness and other
properties such as porosity [11,12,23]. In addition, another process parameter that influences the
roughness is the thickness of the layer used [27].

In any case, even when the optimal parameters are being used, the surface roughness can be very
different depending on the position of the part in the machine [28], due to the direction of the inert gas
in the manufacturing chamber [29], or the angle of incidence [28] and the geometry being processed.
One of the most affected areas by roughness is the downskin area. Downskin areas are those that have
not had molten material in the lower layer and have been built over non-melted powder. In this case,
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some of these powder particles remain partially attached to the processed layer when the layer melts
and re-solidifies during manufacturing [30].

There may be other effects such as partial melting of powder particles due to heat transfer when
several parts are manufactured on the same platform. When different parts are manufactured very
close to each other, the accumulated heat of one part may affect the adjacent, causing its surface
temperature to rise, resulting in partially melt powder particles that will attach to the surface [21].
A similar effect can be observed in the case of large parts, where a high number of layers need to be
processed and the generated heat into the manufacturing chamber is also higher. It should also be
noted that this roughness due to the particles attached to the surface will depend on the characteristics
of the powder used [31,32].

Finally, a very relevant factor is the angle of incidence of the laser with respect to the powder layer.
Since the laser beam is radiated from the top part of the machine and depending on the location of the
processed area, the laser beam is focused on the powder bed at a certain incidence angle depending on
the area where the part is being manufactured.

The influence of this effect has not been so analyzed by the literature in comparison with other effects
such as powder distribution or process parameters. The study carried out by Kleszczynski et al. [28]
analyses the impact of increasing the radial distance with respect to the center of the platform, due to
the laser beam incidence angle. Since the laser beam is not completely perpendicular to the platform
as can be seen in Figure 1 (figure adapted from [33,34]), an increase in the roughness of the parts
is obtained.

 
Figure 1. Effect of the incidence angle of the laser: (a) Diagram of the Laser Powder Bed Fusion (L-PBF)
process showing the scanner operation and the possible angle of incidence in the different areas of the
platform; (b) Detail of part 1 located in the central area of the platform and part 2 located at one side of
the platform.

Throughout this article, the effect of the angle of incidence of the laser beam on the surface
roughness is detailed, since, after an exhaustive bibliographic study, it seems to be a relevant but not
sufficiently studied factor to minimize the resulting surface roughness obtained in the L-PBF process.

2. Materials and Methods

Two different tests were designed to analyze the incidence angle and check its effect on the final
parts manufactured using L-PBF technology. All tests were carried out using the Renishaw AM400
manufacturing system (Renishaw, Stone, UK), which has a 400 W CW-M and a 3D scanner for laser
beam movements with a maximum scanning speed of 7000 mm/s. This gives a reduced laser beam
diameter of 70 μm in the focal point or working plane. The software used for programming the

25



Coatings 2020, 10, 1024

parameters of the manufacturing process was QuantAM (version V4). The tests designed for this
purpose are summarized below:

2.1. First Tests: Study of the Morphology of the Laser on the Platform

This study analyzed the effect of laser radiation on the different areas of the manufacturing platform.
To carry out this test, the laser beam was radiated directly to the platform, without pre-depositing
a powder layer. A grid of 25 × 25 uniformly distributed points was designed in order to test the
entire workspace of the platform. The parameters were adjusted to analyze the points marked on the
platform separately without any overlapping, as shown in Figure 2. In addition, the correct balance
between the power and exposure time parameters was set to optimize the mark on the platform.
Specifically, a power of 200 W, an exposure time of 200 μs, and a distance between points of 900 μm
were selected.

Figure 2. Test design to analyze the influence of laser inclination angle on the platform: (a) Distribution
of the marks in the platform.; (b) Marks made on the platform in a star shape defining the laser
strategy used.

Once the points were marked in the different areas of the platform, the morphology and dimensions
of these points were studied using an infinite focus microscopy (Infinite Focus Microscope model
Control Server FP G1 Vf2, Alicona, Raaba/Graz, Austria), using 500×magnification.

The different marks were made in a star shape and distributed evenly throughout the platform.
With this star shape, it was intended to change the direction of the laser in order to be able to analyze
the distortion caused by the angle of incidence independently of this direction of the laser and the
possible delays related to the scanner.

From each of the stars marked on the platform, 10 of the points were analyzed and measured by
the software Alicona MeasureSuit of the Infinite Focus Microscope measurement system. Thanks to
this system, it was possible to estimate two radiuses from each of the elliptical or circular points,
and by dividing these two radiuses, the aspect ratio of the ellipse could be calculated, as can be seen in
Equation (1). In the case of circular marks, the value of this ratio was equal to one.

Ellipse aspect ratio =
Ellipse major axis
Ellipse minor axis

(1)

Thanks to this study, it was possible to analyze the circularity of the marks made by the laser on
the different parts of the platform.
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2.2. Second Test: Effect of the Angle of Incidence of the Laser on Parts Manufactured by L-PBF Technology

Inconel 718 powder specially designed for this technology was used to manufacture these test
parts. The powder shows high sphericity (over 80% of the particles showed 100% sphericity) and a
particle size between 15–45 μm. Because of these specifications, the powder can flow and distribute
correctly in each layer. In addition, powder meets the specific chemical composition of Inconel 718,
shown in Table 1.

Table 1. Chemical composition in weight percentage of Inconel 718.

Elements Ni Cr Co C Mo Al Ti Fe Nb Si and Mn P and S Cu B

%Weight 50–55 17–22 ≤1 ≤0.08 2.8–3.3 0.2–0.8 0.65–1.15 Bal 4.75–5.5 ≤0.35 ≤0.015 ≤0.3 ≤0.006

Three different geometries were designed and analyzed in order to study three different effects:
Surface roughness, internal microstructure, and thin walls thickness.

2.2.1. Test Part A: Roughness Measurement (Red Parts)

These parts were designed specifically for measuring surface roughness, using an infinite focus
3D measurement system with 500×magnification, according to ISO 25178 [35].

The geometry designed for this purpose had a study surface of 13 mm × 13 mm, where three
measurements of 1 mm × 13 mm on each of these surfaces were made, always analyzing the outside
surface of each part as can be seen in Figure 3. The arithmetical mean height of the surface (Sa)
and the maximum height of the surface (Sz) values were obtained and the standard deviation of
these measurements was calculated to determine the error bars. In addition, thanks to this optical
measurement system, surface topographies could be obtained and thus the particles partially adhered
to the surface could be also analyzed.

 
Figure 3. Design of the second platform: (a) parts for the roughness measurement; (b) parts for the
microstructure analysis; (c) parts for measuring the thickness of thin walls.

The process parameters were the usual set for the manufacture of Inconel 718 parts using L-PBF
technology using a layer thickness of 60 μm. Specifically, the volume parameters were a laser power of
200 W, exposure time of 70 μs, a distance point and hatch distance of 80 μm, a strategy angle variation
of 67◦, and the border parameters were a laser power of 125 W, exposure time of 75 μs, a point distance
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of 20 μm, and a layer thickness of 60 μm. These parts were distributed on a platform with a radial
distance of 0, 40, 75, 105, and 150 mm from the center.

2.2.2. Test Part B: Microstructure Analysis (Blue Parts)

These parts were specially designed to analyze their internal microstructure. The geometry used
was the same as for Parts A but the parameters were changed in order to study the desired effect.
Specifically, these parts were manufactured without borders and using a 0◦ variation of the strategy
angle so that the Gaussian-shape melted areas were aligned in order to analyze them. These parts
were distributed on a platform with a radial distance of 20, 75, 105, and 145 mm from the center.

To analyze these parts, a section was cut and encapsulated. To analyze always the same surface,
all parts were cut in the same direction (as shown in Figure 3b) and these samples were encapsulated
using phenolic resin.

Then, the planar grinding step was made using Silicon carbide and corundum sandpaper of lower
grain size of FEPA (Federation of European Producers of Abrasives) 400, to achieve a surface ready to
be polished, four steps were made (using FEPA 400, FEPA 600, FEPA 800, and FEPA 1200 grain size).
Once the surface was ready, it was polished using a diamond polycrystalline of 1 and 3 μm.

Once the mirror-finished surface was achieved, this surface was chemically attacked using the
25 Marble etchant using the swabbing method, as specified in the ASTM E 407 standard [36] and with
a composition of 4 g CuSO4, 20 cc HCl, and 20 cc H2O. Finally, surface images were taken using the
infinite focus 3D measurement system with 200×magnification.

2.2.3. Test Part C: Thin Walls Thickness Measurements (Green Parts)

Finally, thin walls of 13 mm height were designed and placed in different areas of the platform
to measure their thickness. These test parts were built with a single laser track, and the same border
parameters used in the “A Test Parts”.

Once these parts were manufactured, the thickness of each test part was measured using the
infinite focus 3D measurement system with 200× magnification. Figure 4 shows the methodology
used for the analysis of thin walls. The Image J image analysis software (version ImageJ 1.x [37]) was
used for extracting the contour of the images of the infinite focus microscope. This contour was then
approximated to ellipses to define the thickness of the part, which would be equivalent to the average
value of the vertical radius of the ellipses.

 
Figure 4. The methodology used for the analysis of thin walls: (a) image obtained through the infinite
focus microscope; (b) extraction of the thin wall contour; (c) approximation of the ellipses to the
generated contour; (d) checking this approximation in the obtained image.

Twenty-five measurements were made on each of the thin walls and the average value and
standard deviation between them were calculated; therefore, and taking into account that eight thin
walls were manufactured for each radial distance, 200 measurements were obtained in each of the
radial distances (these radial distances being 20, 70, 100, and 145 mm).
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3. Results

3.1. First Tests: Study of the Morphology of the Laser on the Platform

Analyzing the laser marks on the platform surface, it could be seen that these marks in the central
part of the platform present a circular shape while marks located far from the center acquire an elliptical
appearance. In addition, all the ellipses showed its largest radius in the radial direction towards the
center of the platform.

Figure 5a shows this effect on the images obtained when analyzing the center point of stars with
different positioning on the platform. As can be seen, the central area of the platform shows circular
marks, with a diameter of around 200 μm, while in the case of the marks located away from the centre,
elliptical marks up to 240 μm are observed. Therefore, a considerable difference between the different
laser marks on the platform is observed depending on the location of the laser mark.

 
Figure 5. Analysis of the marks made by the laser on the platform: (a) diagram of some of the images
obtained when at the central mark of the stars was analyzed (2-B, 2-H, 2-M, 8-M, 8-H, and 3-M);
(b) ellipse aspect ratio of different stars analyzed.

In addition, the ellipse aspect ratio was calculated. It is observed in Figure 5b that this ratio was
closer to unity in the tests near the center of the platform, while in the marks located on the sides of the
platform, this ratio increase, and the circularity of the marks decrease.

3.2. Second Test: Effect of the Angle of Incidence on Parts Manufactured by L-PBF Technology

3.2.1. Test Part A: Roughness Measurement

The results obtained with the roughness measurement are shown in Figure 6.
Despite manufacturing the same part with the same parameters and the same raw powder,
surface roughness is influenced by the position of the part on the platform. As it can be observed,
higher surface roughness is measured for parts located away from the center of the platform. Results
show that the roughness is dependent on the position of the part on the platform because of the angle
of incidence of the laser.

29



Coatings 2020, 10, 1024

Figure 6. Roughness results obtained: (a) image and topographies of maximum and minimum
roughness values: maximum roughness (225◦ and radial distance of 150 mm) and minimum roughness
(center 0◦); (b) mean value of the roughness for different radial distance from the center of the platform;
(c) roughness mean value results obtained each test part.

As it is observed in Figure 6, the relatively high roughness and poor surface finish of the
parts located at the borders of the platform can be seen with the naked eye. Analyzing the surface
topographies, it could see how in the parts manufactured in the central part of the platform the layers
of the part and some particles partially adhered to the surface can be differentiated; however, in the
parts located in the outer border of the platform, neither the layers nor the particles partially adhered
to the surface can be differentiated so clearly, but the surface quality has considerably worsened due to
the melting of the powder.

It has also been determined that the roughness does not increase linearly, but increases significantly
at the borders of the platform while the roughness remains at similar values in the center.

3.2.2. Test Part B: Microstructure Analysis

The microstructure has been also studied to analyze the possible influence of the incident angle
on part integrity. Figure 7 shows the microstructure of two sections corresponding to the central area
and the peripheral border of the platform. While the section corresponding to the part in the central
area shows a uniform pattern of laser tracks, with the melted areas oriented in a vertical direction,
the part in the border shows a less uniform pattern with the melted areas distorted due to the effect of
the laser orientation. This effect is shown schematically in Figure 7.

 
Figure 7. Analysis of the microstructure in the different parts located at 45◦: (a) central part
(radial distance from the center 20 mm); (b) Part located at the edge of the platform (radial distance
from the center 145 mm).
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Nevertheless, although the laser pattern creates a different microstructure due to the angle of the
laser beam, it is observed that both components are free of porosity and defects and the mechanical
properties of both specimens meet the required requirements.

3.2.3. Test Part C: Thin Walls Thickness Measurements

To conclude this study, thin walls corresponding to Test Part C and manufactured using single
laser tracks were analyzed. The results of these tests are shown in Figure 8. Figure 8a shows the
effect of the angle of incidence on the thickness for the different test parts manufactured in one of the
diagonals of the platform (at 45◦, according to Figure 3).

 

Figure 8. Analysis of the thin walls manufactured at 45◦: (a) Measurements of wall thickness for test
parts manufactured at 45◦ and a different distance from the platform center; (b) Mean value of the
thickness for different radial distances from the center of the platform.

The influence of the radial distance from the center of the platform in the thickness is observed in
Figure 8b) where the results show a gradual increase of the thickness as the radial distance increases.
In particular, the thickness of these walls increased more than 40 μm in the parts located at the borders
of the platform. Moreover, this result is consistent with the analysis of the previous tests.

4. Discussion and Conclusions

On the one hand, the measurement of the geometry of the laser spot at the platform surface
demonstrated that this spot is not circular at the borders of the platform and takes an elliptical shape,
which causes position-dependent laser radiation and a distortion in the melt pool. This effect is due to
the technology itself, the lens used in the scanner, and the physics of the process. In this technology,
and in general, in all laser technologies that require a flat working field, F-theta lenses are used,
which ensure that all the main beams on the image side are parallel to the optical axis, resulting in the
perpendicularity of the beam with respect to the platform.

On the other hand, results show that this angle of incidence influence the surface quality,
microstructure, and thickness of the manufactured parts. As a consequence of the elliptical shape of
the laser spot on the areas further away from the center, the area of powder bed heated is different
from the central area and the melting of this powder does not occur in the same way. This effect is
observed in Test Part A.

Furthermore, after the analysis of Test Part C corresponding to the thin walls, the effect of the angle
of incidence could also be seen, as the distortion of the laser spot has resulted in a larger melted area,
which has increased the thickness of the walls of the parts located in the outer borders of the platform.

Finally, after this exhaustive study, it has been possible to see how this angle of incidence has a
relevant effect on the roughness of the part (Test Part B).

It should also be noted that this effect can have a considerable effect, as the increase in the
diameter of the laser spot on the platform can reach up to 40 μm and different effects can occur in the
manufactured part:
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• Increase of the thickness of the thin walls: These walls were manufactured with a single laser
track and the thickness increase was very similar to the laser spot size enlargement at the borders
of the platform.

• Roughness increase: Similarly, the results of the roughness measurements are also coherent with
the results of the other tests. Thus, an increase in roughness is observed as the test parts are
manufactured away from the center of the platform. The high roughness, in this case, is due to
the poor surface quality caused by the non-circular shape of the melt pool.

• Regarding microstructure, although a different pattern is observed due to the inclination angle
and the distortion of the melt pool, similar mechanical properties are obtained, and no porosity or
cracks have been observed.

Due to the great effect of the angle of incidence on the different parts manufactured and on the
surface quality of the parts, it has been decided to continue with this study in future investigations.
For this purpose, it is expected to characterize the laser spot on the platform, in order to determine
this angle of incidence with high precision. Next, based on the shape and characteristics of the spot,
the melt pool generated will be analyzed to try to obtain a direct relationship between the angle of
incidence and the roughness of the parts.
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Abstract: Plasma Electrolytic Oxidation (PEO) is a surface treatment, similar to anodizing, that
produces thick oxide films on the surface of metals. In the present work, PEO coatings were obtained
on zinc-aluminized (ZA) carbon steel using a solution containing sodium silicate and potassium
hydroxide as electrolyte, and working with high current densities and short treatment times in Direct
Current (DC) mode. The thickness of the coating, as well as the surface morphology, were strongly
influenced by the process parameters, with different dissolution grades of the ZA layer depending on
the current density and treatment time. A compromise between thickness and porosity of the coating
was found with low current density/long treatment time or high current density/short treatment time.
The PEO layer was mainly composed of aluminum oxides and silicon compounds. The corrosion
resistance increased remarkably in the samples with the PEO coating. These PEO coated samples are
suitable for sealing treatments that further increase their corrosion properties or will be also an ideal
substrate for commercial painting, assuring improved mechanical adhesion and protection even in
the presence of damages.

Keywords: plasma electrolytic oxidation; PEO; coatings; steel; zinc-aluminized; corrosion

1. Introduction

Steel is often employed in engineering applications due to its good mechanical properties, good
machinability, and low cost. Carbon steels are often used in structural applications. Corrosion problems
often affect carbon steels and the substitution with stainless steels is often not possible due to their
higher cost. In order to overcome this problem, a possible approach is a proper surface treatment on
the metal. Plasma electrolytic oxidation (PEO) of metals is an electrochemical process that produces
an oxide ceramic layer on the surface. PEO is similar to traditional anodic oxidation but works with
higher voltages and current densities. The high voltage (that has to be above the dielectric breakdown
potential of the oxide layer) forms anodic micro-discharges that moving randomly over the processed
surface produce the growth of the coating [1,2]. The corrosion and wear properties depend on current
density, voltage, treatment time, and electrolyte composition employed during PEO treatment [3]. The
process has been widely studied on aluminum and magnesium alloys and many results are reported
in the literature, especially about the increased corrosion and wear performances of light alloys after
PEO treatment. A lot of studies have been performed also on Ti, Zr, Nb, Ta and alloys obtaining very
interesting results, especially in the biomaterials field [4–7]. Moreover, PEO offers the possibility to
proper functionalize the surface by adding particles or specific compounds in the electrolyte [8–10]. In
comparison to PEO on light alloys, the number of works regarding the application of this treatment
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on steels is quite low, and, in detail, some works on carbon steel and only one on low alloyed steel
can be found [11–15]. These research works showed that the quality of the coatings produced directly
on steels, in terms of adhesion, homogeneity, and corrosion properties, resulted lower than the ones
obtained on light alloys. One of the possibilities studied in literature to overcome this problem
and to produce PEO coatings with good quality on ferrous metals is to perform, before the PEO,
a pre-treatment. In particular, some works can be found regarding the realization of PEO coatings
on aluminized steels [16–18]. The main problem regarding this approach is that the aluminizing of
steels is not such a common treatment. In order to use as a pre-treatment an economic and common
treatment, zinc-based pre-treatments could be used as possible substrates for PEO coatings. However,
preliminary research in the literature showed that PEO coatings formed on pure zinc have a high
level of defects, as evidenced by Stojanovic et al. [19]. and are slightly protective against corrosion,
as stated Rocca et al. [20]. In the literature, promising results were found for PEO coatings produced on
zinc-aluminum alloys. In detail, Guangdong Bian et al. [21]. found that the PEO method can produce
a continuous and dense coating on the ZA27 alloy using silicate, aluminate, and aluminate/borate
electrolytes; and Guangyin Li et al. [22] showed that PEO coatings can effectively protect the ZA27
alloy from abrasive and adhesive wear and corrosion. Zinc-Aluminum coatings (ZA) are quite common
in industrial applications to provide corrosion protection on steels. Considering this, the aim of this
work was to study PEO process on steels with a ZA pre-treatment and to test the corrosion resistance
of the obtained samples. This research represents an innovative use of PEO process, since no works in
literature reported the obtainment of PEO coatings on zinc-aluminized steels. Based on the obtained
results, it will be possible to obtain PEO coatings with low defect level, adherent to the substrate
and characterized by a porous surface on steels, employing as pre-treatment a common treatment
as ZA. The presence of pores and micro-cracks is typical of PEO coatings as extensively studied in
the literature and as stated for example by Curran et al. [2]. This porosity is a characteristic of these
coatings and can be technologically employed with proper post-treatments to functionalize the surface.

The PEO-coated steels, obtained in this work, could be suitable for other treatments that can further
increase their corrosion properties such as sealing treatments or painting treatments. In fact, sealing
treatments are commonly employed to improve corrosion protection of PEO-coated specimens [8,9].
Moreover, the presence of a PEO layer will increase mechanical adhesion of eventual commercial
painting and will assure protection in case of scratches or other kind of damages, improving significantly
the corrosion properties [23]. The obtained PEO coated steels can be employed, after proper post
treatments, in applications where both corrosion and abrasion resistance are required.

2. Materials and Methods

The samples of carbon steel (0.16% C, 1.06% Mn, 0.09% Al, 0.03% Cr, 0.07% Cu) coated with
commercial ZA coating (75% Al and 25% Zn) were used for the experiments. PEO treatments were
performed using as electrolyte an aqueous alkaline solution with 20 g/L of Na2SiO3 and 10 g/L of KOH.

The PEO process was performed with a DC power supply of 400 V/8 A capacity (TDK-Lambda,
Achem, Germany). During the treatment, the substrate was the anode and a carbon steel mesh
was the cathode. The electrolyte was maintained at ambient temperature with a thermostatic bath.
The treatments were performed in DC galvanostatic mode, letting the potential free to vary until a
limit of 350 V, working at high current densities for short treatment times. Different current densities
and different treatment times were tested. In detail, current densities of 1.1, 1.7 and 2.3 A/cm2 were
employed. For each current density, two different treatment times were used; 2 and 3 min. The samples,
after the treatment, were washed with deionized water and ethanol, then dried with compressed air.
The choice of the electrical parameters was performed on the base of preliminary tests and with the
objective to work at high current densities and short treatment times. From the preliminary tests for
high current densities and treatment times over 3 min, the coating resulted too porous. For treatment
times lower than 2 min, the coating does not have the time to form (because it takes some time to
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start at the micro-arc stage, which is the stage where PEO coating grow). Therefore, in this work was
analyzed the above reported combination of current densities and treatment times.

For all the samples, morphology, composition, thickness, and corrosion resistance of the coatings
were evaluated. The samples were compared with the ones with only the ZA coating. All the samples
were produced in triplicate in order to assure reproducibility.

The treated samples were cut in a cross-section and mounted in epoxy resin, then polished with
standard metallographic technique (grinding with abrasive papers from 320 to 1200 grit and polishing
with clothes and diamond suspension of 6 and 1 μm). Both the surface and the cross-section of
treated samples were examined with a Cambridge Stereoscan 440 scanning electron microscope (Leica
Microsystem S.r.l., Milan, Italy), equipped with a Philips PV9800 Energy Dispersive X-Ray Spectroscopy
(EDS), (Leica Microsystem S.r.l., Milan, Italy), in order to evaluate morphology, thickness, and elemental
composition of the coating. To better evaluate the distribution of the elements along the cross-section
EDS elemental mapping was also performed. The phase composition of the most significant sample
was performed with X-ray diffraction (XRD) using a Siemens D500 X-ray diffractometer, (Siemens,
Munich, Germany) using Cu Kα radiation with a step scan of 0.05 and a counting time of 5 s in an
angular range between 20◦ and 80◦.

The corrosion performance of the coatings was determined firstly by potentiodynamic polarization
tests (PDP), and then by electrochemical impedance spectroscopy (EIS) at ambient temperature.

The PDP tests were performed in a solution containing 0.1 M Na2SO4 with an AMEL 2549
Potentiostat (Amel Electrochemistry S.r.l., Milan, Italy). A saturated calomel electrode was employed
as a reference electrode (SCE) and platinum as a counter electrode, with a scan rate of 0.5 mV s−1.
Considering the insulating nature of the PEO layer PDP was employed only for qualitative evaluation
of the corrosion performances, whereas quantitative considerations were performed with EIS
measurements [9]. The electrolyte was chosen in order to simulate atmospheric corrosion conditions in
a middle aggressive environment as reported in [24].

The EIS measurements were carried out with the same cell and electrolyte employed in
potentiodynamic polarization, at the value of the open circuit potential and in a frequency range
between 105 and 10−2 Hz, with a perturbation amplitude of 10 mV. A Materials Instrument Spectrometer
coupled with the 2549 Potentiostat was used to record EIS measurements (Amel Electrochemistry
S.r.l., Milan, Italy). and the Z-View software (version 3.3) was employed for the fitting of impedance
data. All the electrochemical measurements were performed in triplicate, in order to assure the
reproducibility of the results.

3. Results and Discussion

3.1. Microstructural Characterization

The surfaces and the cross sections of the samples were analyzed at scanning electron microscopy
(SEM) and the results are presented in Figure 1 (surfaces) and Figure 2 (cross sections).
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Figure 1. SEM images (backscattered electrons mode) of the surfaces of the samples: (A) Sample treated
at 1.1 A/cm2 for 2 min; (B) sample treated at 1.1 A/cm2 for 3 min; (C) Sample treated at 1.7 A/cm2 for
2 min; (D) Sample treated at 1.7 A/cm2 for 3 min; (E) Sample treated at 2.3 A/cm2 for 2 min; (F) Sample
treated at 2.3 A/cm2 for 3 min.

The surface analysis showed the typical morphology of PEO coatings with the presence of nodular
structures and with the evidence of a lot of pores and micro-cracks of different dimensions, coming from
the discharge phenomena. In the sample treated at 1.1 A/cm2 for 2 min (Figure 1A) are present some
uncoated zones, highlighted by white circles, indicating that the PEO layer was not completely formed
on the surface. In detail, these uncoated zones are the lighter in the SEM micrographs. Increasing the
treatment time up to 3 min a more uniform coating was produced, characterized by the presence of
nodular structures as observable in (Figure 1B). Some pores of little dimension can be also observed.
Considering the samples treated at 1.7 A/cm2 (Figure 1C,D), in both samples the coating covered the
entire surface. Comparing the two samples, an increase in the treatment time produced an increase
of the nodular structures on the surface (see the right side of Figure 1D). The porosity in the sample
observed in Figure 1D appear higher than the one in the sample observed in Figure 1B. The sample
treated at 2.3 A/cm2 for 2 min (Figure 1E) was characterized by a smoother surface with the presence of
less but larger volcano-like pores, in comparison with the other samples. The coating seemed also more
compact that the one obtained on other samples. The sample treated at 2.3 A/cm2 for 3 min (Figure 1F)
was instead characterized by the presence of many small pores and a low number of nodular structures,
even if the surface was not as smooth as the one obtained at 2 min. Clearly, the sample reported in
Figure 1F is the one with the highest number of pores.
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Figure 2. SEM images (backscattered electrons mode) of the cross sections of the different samples:
(A) Sample treated at 1.1 A/cm2 for 2 min; (B) Sample treated at 1.1 A/cm2 for 3 min; (C) Sample treated
at 1.7 A/cm2 for 2 min; (D) Sample treated at 1.7 A/cm2 for 3 min; (E) Sample treated at 2.3 A/cm2 for
2 min; (F) Sample treated at 2.3 A/cm2 for 3 min; (G) Sample with only the ZA layer In the micrographs
the number (1) indicates the inner ZA layer and the number (2) the external PEO layer.

The cross sections of the samples (Figure 2), resulted in increasing current density, with a
progressive thinning of the thickness of the ZA layer (the internal grey one, named 1 in the figures)
and a thickening of the PEO layer (the dark and porous layer on the top, named 2). The ZA layer
was about 30 μm thick in the sample without PEO layer (Figure 2G) and was about 7 μm thick in the
sample treated at the higher current density and for longer treatment time (Figure 2F). This can be
correlated with the oxidation of the ZA layer during PEO process and, consequently, an increase in
the current density induced a higher oxidation rate. From the reported micrographs the presence of
some dark grey zones in the ZA layer was observed, both in the samples before, and after, the PEO
treatment. In the sample treated at 1.1 A/cm2 for 2 min (Figure 2A) the formation of the PEO layer was
not complete, whereas after the treatment for 3 min (Figure 2B) the PEO coating formed above all the
surface. The samples treated at 1.7 and 2.2 A/cm2 showed a remarkable reduction in the thickness of
the ZA layer if compared with the samples obtained at 1.1 A/cm2. Moreover, longer treatment times,
at these current densities, induced the formation of thicker layers with a higher porosity in the upper
layer. A summary of the thickness of the PEO layers and of the ZA layers for the various samples is
reported in Table 1. A possible problem, already found in literature with PEO coatings on metallized
steel [25], could be the detachment between the ZA layer and the PEO layer. In order to avoid this,
a careful control of the process parameters must be performed because the problem occurs when a too
thick PEO layer is present. In this case, some problems of detachment can be found in Figure 2F for the
sample treated at high current density for long treatment time.
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Table 1. Thickness of ZA and PEO layers of the different samples. Data coming from three
different measurements.

Sample ZA Layer Thickness (μm) PEO Layer Thickness (μm)

Sample treated at 1.1 A/cm2 2 min 25 ± 2 7-Not Uniform
3 min 20 ± 2 10 ± 3

Sample treated at 1.7 A/cm2 2 min 15 ± 1 22 ± 3
3 min 11 ± 3 30 ± 1

Sample treated at 2.3 A/cm2 2 min 12 ± 3 25 ± 1
3 min 7 ± 1 40 ± 2

In order to study the composition of the different layers, EDS micro-analysis was performed on the
cross section of the samples treated at the higher and the lower current density. The semi-quantitative
results are reported in Table 2.

Table 2. EDS semi-quantitative results (wt %) on the various samples.

Sample and Zone Al% Si% Zn% O%

1.1 A/cm2

2 min
ZA layer (1) light grey areas 74 - 26 -
ZA layer (1) dark grey areas 65 - 15 20

PEO layer (2) 60 4 16 20

3 min
ZA layer (1) light grey areas 76 - 24 -
ZA layer (1) dark grey areas 67 - 13 20

PEO layer (2) 18 39 4 39

2.3 A/cm2

2 min
ZA layer (1) light grey areas 74 - 26
ZA layer (1) dark grey areas 65 - 17 18

PEO layer (2) 14 33 - 53

3 min
ZA layer (1) light grey areas 75 - 25 -
ZA layer (1) dark grey areas 65 - 16 19

PEO layer (2) 18 29 2 51

Considering the results reported in Table 2, it can be noticed that the light grey areas in the inner
layer were composed of only Zn and Al that is the ZA layer. The dark grey zones in the inner layer
were constituted by Al, Zn and O, suggesting that oxidation phenomena occurred. In all the samples
the external layer represented the actual PEO layer, with the main presence of silicon and aluminum
oxides, in accordance with the composition of the electrolyte and substrate.

To further investigate the distribution of the elements in the layers, also EDS elemental mapping
was performed on the sample that seemed to exhibit the lower porosity and higher uniformity of the
coating, that is the one obtained at 2.3 A/cm2 for 2 min. The results are reported in Figure 3. From the
analysis of the elemental mapping, it can be observed that the PEO layer (the outer layer) was mainly
composed of silicon and aluminum oxides, whereas the inner layer (the ZA layer) was composed by
aluminum and zinc.

XRD analysis was also performed on the sample obtained at 2.3 A/cm2 for 2 min. The XRD pattern
is reported in Figure 4. It can be noticed the presence of the peaks of aluminum (PDF-2 database,
reference N◦000040787) and zinc (PDF-2 database, reference N◦000040831) coming from the ZA layer,
due to the penetration of X-rays under the PEO layer. From the observation of the XRD pattern,
amorphous phases were present in the PEO layer, as typical for this kind of coatings [26]. Considering
the crystalline part, the PEO layer resulted mainly composed by SiO2 (PDF-2 database, reference
N◦000821573), in accordance with the composition of the electrolyte that was a silicate-based one.
Comparing the results of EDS elemental mapping (Figure 3) and XRD (Figure 4), it is reasonable to
think that the amorphous part is mainly composed by an [Al–Si–O] phase. The presence of this kind of
phase, like mullite but amorphous, is also in accordance with what found by Guan et al. [27].
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Figure 3. SEM-EDS elemental mapping performed on the cross section of the sample obtained at
2.3 A/cm2 for 2 min.

Figure 4. XRD analysis of the sample obtained at 2.3 A/cm2 for 2 min.

Summarizing the results of the characterization of the samples, the morphology of the coatings
was rich in pores, pancake, and nodular structures, in accordance with the results of other authors
regarding PEO coatings produced on bulk ZA alloys [21,22]. As reported by Clyne et al. [25], most of
PEO coatings present porosity, which is deleterious for the durability of the coating but, at the same
time, increases stiffness and biocompatibility of the coating and, moreover, can be sealed with proper
post treatments. The porosity forms because of oxygen entrapment in molten alumina in the vicinity
of localized electrical discharges, which occur during PEO coating formation [2]. The discharges
occurring during PEO have a strong tendency to take place in extended sequences (cascades) at fixed
locations [28]. Increasing the current density generally induces a higher number of discharges location,
and, consequently, of the porosity [29], and higher growth rate of the coating [30]. Also extending the
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treatment time produces an increase in the volcano-like pore population, at least until a critical value,
as evidenced by Al Bosta et al. [31]. Treatment time also influences the thickness of the coating, as it
becomes thicker with time. This is in accordance with the results reported in this work, where the
increase in the current density employed in the treatment, as well as in the treatment time, produced
a thinning of the ZA layer and a thickening of the PEO layer. Considering this, a compromise must
be found in order to obtain a thick but not too porous coating. In detail, the samples obtained at
1.1 A/cm2 for 3 min and the one obtained at 2.3 A/cm2 for 2 min seemed the most promising. The PEO
coating resulted composed of crystalline SiO2 and of amorphous [Al-Si-O] phase. The presence of
both the phases is in accordance with Clyne et al. [25], that showed that the composition of PEO
layers is determined both by the composition of the substrate (so by the oxidation of the ZA layer in
our case) and by the incorporation of compounds from the electrolyte (Silicon compounds from the
silicate-based electrolyte).

3.2. Corrosion Resistance

The corrosion resistance of the samples was preliminarily evaluated by potentiodynamic
polarization tests, in a solution containing sulphates. The results are reported in Figure 5. Considering
that the three different curves for each sample were very similar, only one was reported for each sample.

Figure 5. Potentiodynamic polarization curves for the different samples (test solution: 0.1 M Na2SO4).

Firstly, it is possible to see that the samples treated at 1.7 and 2.3 A/cm2 for 3 min were characterized
by a lower corrosion resistance if compared with the ZA sample, in accordance with the SEM observation
that showed high porosity on these samples. The sample characterized by the higher corrosion resistance
was the sample treated at 1.1 A/cm2 for 3 min. Moreover, also the samples 1.1 A/cm2 for 2 min and
2.3 A/cm2 for 2 min showed better corrosion performances if compared with the ZA sample. However,
considering the insulating nature of the PEO coating, no quantitative considerations can be performed
from potentiodynamic polarization.

In order to deeply study the corrosion behavior of the samples also EIS tests were performed
and the results in terms of Nyquist plot are reported in Figure 6. The experimental data coming
from EIS were fitted with the software Z-view, using the equivalent circuits reported in Figure 7.
In detail, the circuit in Figure 7A was used for the sample with only the ZA coating, with the circuit
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that represents the natural oxide film formed on the surface of the sample, whereas the circuit in
Figure 7B was employed for the PEO treated samples. This circuit is the typical one used to fit data of
PEO-treated samples, where are present an inner barrier layer, that gives the major protection against
corrosion, and an external porous layer [15]. The ZA layer under the PEO coating was not considered
in the equivalent circuit, since this layer, for its conductive nature, acts with the substrate as one unique
electrochemical unit, under the PEO layer. Considering more in detail the meaning of the different
elements in this circuit (Figure 7B): R1 represents the resistance of the electrolyte, whereas the two
parallels R2-CPE1 and R3-CPE2 consider the two different interfaces formed between the electrolyte
and the two layers of the PEO coatings. The R2-CPE1 circuit represents the interface between the
electrolyte and the external porous layer, and the R3-CPE2 the interface between the electrolyte into
the pores and the inner barrier layer of PEO coating. As the measured capacitance is not ideal, CPEi

instead of capacitances were used in the equivalent circuits. The fitting results of the experimental
data are reported in Table 3. Good fitting quality was obtained considering the low reported values of
chi squared.

Figure 6. Nyquist plot coming from EIS tests, global results (A) and detail of the samples with low
resistance (B) (test electrolyte: 0.1 M Na2SO4). In the graphs, dots represent the experimental data,
lines the result of the fitting.

Figure 7. Equivalent circuits employed to fit EIS data for the ZA coated sample, with the circuit that
represents the natural oxide film on the surface (A) and for the PEO treated samples, with the two
circuits that represent the inner and external layers of PEO coating (B).
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Table 3. Results of the fitting of experimental data. Standard deviation range of the single data are
between 1% and 5%.

Parameter ZA
1.1 A/cm2 1.7 A/cm2 2.3 A/cm2

2 min 3 min 2 min 3 min 2 min 3 min

R1 (Ω·cm2) 31.2 15.1 50.2 50.5 50.2 40.2 50.4
R2 (Ω·cm2) - 341.8 8006 51.2 15.1 1668 100.1
R3 (Ω·cm2) 77.5 1827 12,253 3241 908.4 10,241 1023

Q1 (FHz1−n) - 3.1 × 10−4 3.6 × 10−6 4.8 × 10−4 3.6 × 10−6 1.7 × 10−5 1.5 × 10−4

Q2 (FHz1−n) 5.1 × 10−5 5.2 × 10−4 3.7 × 10−4 3.8 × 10−4 3.7 × 10−4 9.3 × 10−5 5.1 × 10−4

n1 - 0.5 0.9 0.8 0.9 0.6 0.5
n2 0.7 0.8 0.5 0.6 0.5 0.4 0.6

Chi-squared 0.001 0.002 0.006 0.02 0.006 0.002 0.003

In analyzing the Nyquist plots, reported in Figure 6A, it resulted that the samples treated at
1.1 A/cm2 for 3 min and the one treated at 2.3 A/cm2 for 2 min were characterized by improved
corrosion resistance in comparison with all the other samples. In fact, considering the width of the
semicircle and the intersection with the X-axis as qualitative evaluation of the polarization resistance
Rp, an increase of more than one order of magnitude in the polarization resistance of these two samples
in comparison with the others can be observed. Observing the Nyquist plots of all the other samples
(Figure 6B), an increase in the polarization resistance of all the PEO-treated samples in comparison
with the only ZA one was recorded. The quality of the fitting was positive, as can be observed from
the good agreement between experimental and fitting data and from the low chi-squared values.

From the analysis of the fitting results (Table 3), it was confirmed that all the PEO-treated samples
were characterized by improved corrosion performances compared to the ZA sample, as evidenced by
the increased values of polarization resistance (R2 and R3) that were one or two orders of magnitude
higher in the PEO treated samples. Considering the different PEO-treated samples and comparing the
values of R2 and R3, it can be noticed that the samples treated at 1.1 A/cm2 for 3 min and treated at
2.3 A/cm2 for 2 min showed values of R3 one order of magnitude higher than the other PEO-treated
samples. This can be correlated with the higher homogeneity and lower porosity of these samples,
as resulted by SEM observations. In particular, large differences among the various samples were
found in the R3 value and these can be linked with the porosity: R3 represents the resistance of the
inner barrier layer of PEO coatings, when the porosity is low (samples treated at 1.1 A/cm2 for 3 min
and treated at 2.3 A/cm2 for 2 min) only small quantity of electrolyte can penetrate and attack this
layer. When instead a high number of pores is recorded also the inner layer is clearly more prone to
corrosion, and the R3 value strongly decreases.

In general, thickness and porosity are the main factors that can influence the corrosion properties
of PEO coated samples. The increase in coating thickness played an important role in the corrosion
behavior due to the barrier effect given by the coating. However, high current density, applied
for long treatment times resulted detrimental for corrosion protection due to the coarse and very
porous microstructure, as already found in literature on another substrate such as ZK60 alloy [32].
Also, Bala Srinivasan et al. [33] found that high current density increased the number of defects and
micro-cracks and that a compromise between growth rate and quality of the microstructure must be
found. The results of the present work agreed with these considerations. In fact, it was found that the
better results in terms of corrosion resistance were obtained either with low current density and long
treatment time (sample treated at 1.1 A/cm2 for 3 min) or with high current density and short treatment
time (sample treated at 2.3 A/cm2 for 2 min) that were the samples that exhibited good compromise in
term of thickness and porosity.

4. Conclusions

The present work demonstrated the possibility of producing PEO coatings on zinc-aluminized
steels. PEO coatings produced on pure zinc, from the literature, were characterized by a high level
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of defects and are not protective against corrosion. The acceptable homogeneity and low defect
level, obtained in this work, have to be ascribed to the presence of aluminum in the ZA layer,
which dissolves and builds up the PEO structure. The better conditions in order to maximize the
corrosion resistance resulted 1.1 A/cm2 for 3 min and 2.3 A/cm2 for 2 min. In this way, a homogeneous
coating, mainly composed of amorphous [Al–Si–O] phase and crystalline silicon oxide, was formed on
the top of the ZA layer. The improved corrosion performances of these two samples, in comparison
with the others, can be ascribed to the good compromise between coating thickness and porosity.
Considering that ZA treatment is a common treatment on carbon steel, the use of ZA layer as
pre-treatment layer may represent a promising way to produce PEO coating of good quality on steels.
Eventual problems could be the adhesion between the ZA layer and the PEO layer, and the high
economic cost of PEO process.

Author Contributions: Conceptualization, L.P. and P.C.; methodology, L.P.; software, A.G.S.; validation, L.P. and
A.G.S.; formal analysis, L.P. and A.G.S.; investigation, L.P. and A.G.S.; resources, M.D. and K.B.; data curation,
A.G.S. and C.G.; writing—original draft preparation, L.P. and A.G.S.; writing—review and editing, L.P., K.B.;
visualization, C.G.; supervision, M.D. and K.B.; project administration, M.D. and K.B.; funding acquisition, M.D.
and K.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

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

References

1. Martin, J.; Melhem, A.; Shchedrina, I.; Duchanoy, T.; Nominé, A.; Henrion, G.; Czerwiec, T.; Belmonte, T.
Effects of electrical parameters on plasma electrolytic oxidation of aluminium. Surf. Coat. Technol. 2013, 221,
70–76. [CrossRef]

2. Curran, J.A.; Clyne, T.W. Porosity in plasma electrolytic oxide coatings. Acta Mater. 2006, 54, 1985–1993.
[CrossRef]

3. Pezzato, L.; Coelho, L.B.; Bertolini, R.; Settimi, A.G.; Brunelli, K.; Olivier, M.; Dabalà, M. Corrosion and
mechanical properties of plasma electrolytic oxidation-coated AZ80 magnesium alloy. Mater. Corros. 2019,
70, 2103–2112. [CrossRef]

4. Fattah-Alhosseini, A.; Keshavarz, M.K.; Molaei, M.; Gashti, S.O. Plasma Electrolytic Oxidation (PEO) Process
on Commercially Pure Ti Surface: Effects of Electrolyte on the Microstructure and Corrosion Behavior of
Coatings. Met. Mater. Trans. A 2018, 49, 4966–4979. [CrossRef]

5. Sowa, M.; Simka, W. Effect of DC Plasma Electrolytic Oxidation on Surface Characteristics and Corrosion
Resistance of Zirconium. Materials 2018, 11, 723. [CrossRef]
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Abstract: A fluoropolyurethane-encapsulated process was designed to rapidly fabricate low-flow
resistance surfaces on the zinc substrate. For the further enhancement of the drag-reduction effect,
Cu2+-assisted chemical etching was introduced during the fabrication process, and its surface
morphology, wettability, and flow-resistance properties in a microchannel were also studied. It
is indicated that the zinc substrate with a micro-nanoscale roughness obtained by Cu2+-assisted
nitric acid etching was superhydrophilic. However, after the etched zinc substrate is encapsulated
with fluoropolyurethane, the superhydrophobic wettability can be obtained with a contact angle
of 154.8◦ ± 2.5◦ and a rolling angle of less than 10◦. As this newly fabricated surface was placed
into a non-standard design microchannel, it was found that with the increase of Reynolds number,
the drag-reduction rate of the superhydrophobic surface remained basically unchanged at 4.0%
compared with the original zinc substrate. Furthermore, the prepared superhydrophobic surfaces
exhibited outstanding reliability in most liquids.

Keywords: fluoropolyurethane; zinc substrate; Cu2+-assisted etching; superhydrophobic/hydrophilic;
drag reduction

1. Introduction

Industrial pipeline drag reduction technology has been in existence for a long time, and the
modern superhydrophobic interface undoubtedly provides a new research direction for drag reduction.
Therefore, the efficient preparation of superhydrophobic surfaces may generally include (1) constructing
suitable micro/nanostructures on low surface energy materials or (2) modifying surfaces with low
surface energy materials [1].

Polyurethane has the advantages of wear resistance, tear resistance, flex resistance, etc. over many
other coating materials, but it also has disadvantages, because the bubbles are easily trapped in the
polyurethane due to its long curing process and high surface energy. The copolymerization of silicone
and polyurethane can address these defects; e.g., using polydimethylsiloxane (PDMS) reacted with
isocyanates or prepolymer formed a silicone–polyurethane copolymer through addition polymerization
and a chain-extension reaction [2]. Besides, the advanced siloxane-modified polyurethane with
polyamino functional groups in the side chain was also used to further enhance its original
performance [3–5]. The amino siloxane attached as the side chain of the polyurethane could be
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conducive to the migration of silicon atoms to the surface and effectively improve the surface and
mechanical properties of the polyurethane [5,6]. Although the surface energy of polysiloxane is already
very small, perfluoroalkane could be even half of the polysiloxane. Therefore, the introduction of
perfluoroalkyl groups into the chain of polysiloxane could not only make the surface energy as low as
fluorine, but the flexibility and softness could also become similar to that of silicone [7–9].

Except for the modification of surface materials, the surface microstructure could also provide an
important methodology for the surface modification. The microstructure of lotus leaves and shark-skin
surfaces have been analyzed in recent years. Studies also have shown that these microstructure surfaces
indicate good superhydrophobic and self-cleaning effects [10]. In 1997, German botanists Barthlott
and Neinhuis [11] referred to this characteristic of the lotus leaf as the Lotus Effect. Cottin et al. [12]
found that the superhydrophobic surface of this micro/nanostructure can significantly reduce the flow
resistance as well. Many researchers have developed superhydrophobic surfaces by analyzing the
surfaces of plant leaves, whose slipping phenomenon could significantly reduce the flow resistance.
What is more, various experimental approaches are capable of creating such a microstructure interface,
which include template methods, plasma texturing, lithography [13,14], and chemical deposition at
present. However, the preparation process of the template method, which requires pre-preparation
of the template, is so complicated that has not been widely used yet [15,16]. The processing of
plasma texturing with thermal oxidation method takes so much time, and it is applicable for limited
substrate materials. Although the plasma-induced nanotexture is uniform and indicates outstanding
superhydrophobic wettability in the recent work of K. Ellinas et al., the good attachment of plasma
fluorocarbon deposition could be obtained in polymer substrate only [17]. It is still easy to be scratched,
which needed to be further enhanced with more than one polymeric layer on the commonly used metal
substrates. As for the chemical deposition method, which has advantages such as its simple process
and equipment, it is merely able to be applied on those metals that are less active than others [18–20].
The strong acid and alkali solution are mainly used for the chemical etching for some commercial
formations of surface textures. However, the etching stability of the reaction process is poor because
of the variation of the concentration, the surface microscopic size, and morphology are difficult to
control [21,22].

In previous attempts of fabricating piping materials and preparing marine coatings, it is found
that the modification of the surface material and deposition of a coating with a low surface energy at
the original surface material can also significantly reduce the flow resistance. The lateral adhesion force
between a liquid drop and a solid can also be divided into static and kinetic regimes. With the decrement
of the surface energy and increment of the superhydrophobicity, the lateral adhesion force between
the liquid and the surface would be reduced, and the drops would start sliding over solid surface
easily [23]. Besides, the spatial surface structures formed by chemical etching and the substitution
reaction would also enhance the drag-reduction effect. As the roughness increased, the threshold force
to initiate the drop motion would decrease [24]. Hence, the combination of a chemical etching method
and a proper coating material could not only extend the original mechanical and chemical durability
by the protective coating, but its surface structure advantages could also be reserved [25]. Moreover,
the drag-reduction performance of the substrate could be further enhanced. The durability of the
surface, especially the chemical durability probed by immersion in liquids, is also another factor to
consider regarding the fabrication. Polyvinylidene fluoride (PVDF), polytetrafluoroethylene (PTFE),
and polydimethylsiloxane (PDMS) are the typical materials that are being used in the fabrication of low
surface energy coating, while the superhydrophobic fluoropolyurethane surface and its drag-reduction
behavior have been seldom documented [26–29].

This paper proposed a fast method to fabricate a drag-reduction fluoropolyurethane surface. The
nanostructure of this drag-reduction surface could be further enhanced by a chemical etching process [27].
Through the flow-resistance test in the microchannel, such surface exhibited a drag-reduction rate of
4.0% and an outstanding reliability of surface wettability. The effects of how the surface characteristics
have influenced the microchannel flow resistance are also discussed in this paper.
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2. Experiment and Methods

2.1. Chemicals

Methyl perfluorooctadecanoate (PC5139M, CF3·(CF2)16·COOCH3) (3B Scientific Corporation,
Wuhan, China), aminopropyl polydimethyl siloxane (APS, H2N(CH2)3 (Me2SiO)8·Me2Si(CH2)3NH2)
(GE, Tokyo, Japan), polypropylene glycol (PPG, Mn = 2000± 100, China National Pharmaceutical Group
Chemicals Co., Chengdu, China), 2,4-toluene diisocyanate (TDI) (Shanghai Chemicals Co., Shanghai,
China), xylene (Tianjin Chemicals Co., Tianjin, China), 3,3’-dichloro-4, 4’-Diamino-diphenylmethane
(MOCA) (Japan Mitsui Chemicals Co., Tokyo, Japan), copper nitrate, anhydrous ethanol, nitric acid
(Kelong Chemicals Co., Chengdu, China), and zinc substrate (1.8 mm thickness, purity ≥ 94%)
(Guangzhou Yudi Scientific Instrument Co., Ltd., Guangzhou, China).

2.2. Fabrication of Drag-Reduction Substrate

2.2.1. Etching Treatment of Zinc Substrate

Firstly, the 30 mm × 30 mm zinc substrate was rinsed with acetone 5 times and ultrasonically
cleaned in deionized water for 15 min. After being dried in the oven at 100 ◦C for 30 min, the samples
were etched by a mixing solution with 5.0 mL of nitric acid, 30.0 mL of distilled water, and 1.0 g of
copper nitrate for 60 s at 60.0 ◦C. Finally, these samples were rinsed thoroughly with deionized water
and dried at 100 ◦C for another 30 min.

2.2.2. Fluoro-Modified Polyurethane Encapsulated Treatment

Firstly, Methyl Fluoro-Aminopropyl Polydimethyl Siloxane (MF-APS) was synthesized by Methyl
perfluorooctadecanoate (PC5139M) and aminopropyl polydimethyl siloxane (APS) droplets under
50 ◦C and stirred at 6.7 s−1 for 2.5 h. After the vacuum distillation of the previous substituted process,
the PPG were treated together with MF-APS by vacuum dehydration at 25 ◦C for another 10 min
(Figure S1). Then, a proper amount of xylene and excess 2,4-toluene diisocyanate (TDI) were added
into the dehydrated mixture, preheated, and reacted for another 2.5 h at 90 ◦C to synthesize the
isocyanate-terminated polyurethane prepolymer (Figure 1) [28]. After the synthesis of polyurethane
prepolymer, the melted 3,3’-dichloro-4,4’-Diamino-diphenylmethane (MOCA) was added in and stirred
at 13.3 s−1 for 60 s. Finally, the reacted fluropolyurethane was sprayed on the etched/unetched zinc
substrate, cured at 60 ◦C for 7 days, and then dried at room temperature for another day to prepare
fluoropolyurethane treated drag-reduction surface material. Furthermore, the etched zinc substrate
capped with fluoropolyurethane and unetched zinc substrate capped with and w/o fluoropolyurethane
were the test surfaces, while the unetched zinc substrate served as the control group in this experiment.

Figure 1. Synthesis of prepolymer end capped by isocyanate (–NCO) groups.

2.3. Surface Characterization

Fourier Transform Infrared Spectroscopy (FTIR spectra) was obtained at room temperature on a
Nicolet-6700 spectrophotometer (Thermo Electron Corporation, Waltham, MA, USA) between 4000
and 600 cm−1 with the resolution of 4 cm−1. The surface morphology of the samples was characterized
by S-4700 SEM (Hitachi, CA, USA) and surface roughness data were obtained by an Alpha-Step
D-500 stylus profiler (KLA-Tencor Corporation, Milpitas, CA, USA) with a force of 10.0 mg, speed
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at 0.10 mm/sec, and data points filter at 8 points. The contact angles (CAs) and surface energy
(SE) were measured and analyzed by OCA15 plus and attached SCA 20 software (Data physics,
Filderstadt, Germany). At the same time, continuous shooting was used to observe the spreading and
rolling of water droplets on the sample surface. For the testing of wettability stability, all samples
were immersed in deionized water; 8.0 wt % hydrochloric acid (acid), 8.0 wt % sodium hydroxide
(alkaline), and 40.0 wt % sodium chloride (saline) solution respectively were measured for continuous
10 days [26,29–34].

2.4. Microchannel Drag Reduction Test

As the reference and unified standard for the microchannel drag reduction test was seldom
documented, the microchannel test of superhydrophilic/hydrophobic surfaces was finally carried
out using a non-standard design microchannel flow resistance test device. The parameters of its
microchannel are shown in Figure 2. After stabilization by a regulator tank, the deionized water was
pressurized with nitrogen gas and driven into the microchannel. The height of the microchannel was
adjusted by tightening the screw. At each height of the microchannel, the pressure difference (ΔP) over
the increment of the Reynold number was obtained. Besides, the flow resistance and drag reduction
effect of the superhydrophilic/hydrophobic surface was evaluated by the pressure drop ΔP at the
same Reynolds number in comparison with the unetched zinc substrate [35–38]. As the length (L)
of the microchannel was a thousand times its height (h) and the Reynold number regions inside the
microchannel could be varied from 50 to 1200 in this experiment, the experimental parameters for the
flow-resistance test could still cross the laminar (less than 600) and turbulent phases (above 800) [39–43],
and the drag reduction effect inside the microchannel could be well reflected. The uncertainty/error
and parameters of the non-standard design microchannel are indicated in Table S1. Only the stable
and unchanged reading would be recorded for each variation of microchannel height as well as
Reynolds number.

Figure 2. Non-standard design microchannel flow resistance test device.
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3. Results and Discussion

3.1. FTIR Characterization of Fluoropolyurethane Prepolymer

To confirm that the fluoropolyurethane has been successfully fabricated, the FTIR spectra of the
polyurethane sprayed on the etched zinc substrate was obtained (Figure 3). The MF-APS and PPG
treated with TDI exhibited the absorption peaks of –NHCO between 1892 and 2232 cm−1, indicating the
immobilization of PPG and MF-APS in the polyurethane. The FTIR spectra of the fluoropolyurethane
displayed that the typical characteristic peaks of –N=C=O, –CF2 (C–F) and Si–O–Si function groups
from the original compound appeared at 2429 cm−1, 1496 cm−1 and 1064–1087 cm−1 respectively.

Figure 3. FTIR spectra of fluoropolyurethane.

3.2. Surface Morphology

In the case of amplifying 1000 and 50,000 times, the surface profiling of all four groups were
indicated in Figure 4, the surface of the zinc substrate etched by Cu2+/ HNO3 was rough and had
many convex structures, and the fluoropolyurethane demonstrates well-adhesion to zinc substrates as
it could still maintain its original surface textures, as shown in the comparison between Figure 4a,b
and Figure 4c,d. The trapped air bubbles in the coating because of its long curing time were addressed
through the temperature control, as shown in Figure 4b,d. Moreover, in previous experiments, another
group of zinc substrate structure etched by nitric acid with copper ions for 10 and 60 s had also been
observed. The surface formed by corrosion for 10 s only indicated shallow texture, but the surface
texture for the ones with 60 s corrosion was more prominent and deeper, which was considered as the
optimal group in the trial drag-reduction tests.
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Figure 4. Surface profiling of (a) unetched zinc substrate, (b) unetched zinc + fluoropolyurethane,
(c) Cu2+/ HNO3-etched zinc, and (d) Cu2+/ HNO3-etched zinc + fluoropolyurethane.

An unetched zinc substrate encapsulated with fluoropolyurethane from the Scanning Electron
Micrograph (SEM) of zinc substrate had a smooth surface without too much surface structure.
A comparative observation of the zinc substrate structure without the corrosion of copper ionized
nitric acid solution and with copper ionized nitric acid solution is indicated in Figure 5a,h. In the case
of a magnification of 50,000 times, the surface structures of the different zinc substrates were compared,
and it was found that the topography of the etched ones was rough. The additional fluoropolyurethane,
as shown in Figure 5c,d and Figure 5g,h, indicated a minor morphology difference compared with the
Cu2+/ HNO3-etched only zinc substrate in Figure 5a,b and Figure 5e,f, and outstanding compactness
on the etched surface. From the following contact angle (CA) analysis, this surface structure also
contributed to the construction of superhydrophobic surfaces [23,24].
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Figure 5. Scanning Electron Micrograph (SEM) of surface morphology: (a) Unetched zinc (×1000
times), (b) Unetched zinc (×50,000 times), (c) Unetched zinc + fluoropolyurethane (×1000 times), (d)
Unetched zinc + fluoropolyurethane (×50,000 times), (e) Cu2+/ HNO3-etched zinc (×1000 times), (f)
Cu2+/HNO3-etched zinc (×50,000 times), (g) Cu2+/HNO3-etched zinc + fluoropolyurethane (×1000
times), and (h) Cu2+/ HNO3 etched zinc + fluoropolyurethane (×50,000 times).

3.3. Surface Wettability Analysis

The contact angle of the zinc substrate only without any corrosion was 75.0◦ ± 1.8◦. After being
corroded by Cu2+/HNO3, the water droplets were quickly spread out, as shown in Figure 6, showing
superhydrophilicity, and the contact angle was less than 3.0◦.

Figure 6. Surface contact angle of zinc substrate (a) Unetched zinc substrate, (b) Unetched zinc +
fluoropolyurethane, (c) Cu2+/HNO3-etched zinc, and (d) Cu2+/HNO3-etched zinc+fluoropolyurethane.

As shown in Figure 6, after the fluoropolyurethane was applied, the water contact angle of the
zinc substrate etched by the Cu2+/HNO3 solution and encapsulated with fluoropolyurethane could
reach as high as 154.8◦ ± 2.5◦, showing superhydrophobic properties, while water drops spread rapidly
on the surface of superhydrophilic zinc substrates etched by the Cu2+/HNO3 solution only.

It was shown that a nano/micrometer superhydrophobic surface could be formed on the surface
of the zinc substrate through chemical etching. Such a surface could provide good properties of
superhydrophobicity and drag reduction [24]. This surface was not stained with water, and the rolling
was extremely likely to occur. The zinc substrate was slightly inclined at the angle of 8.0◦, and the
water droplets could roll freely (Figure S2). The surface energy (SFE) result of an etched zinc substrate
by diluted nitric acid with Cu2+ ion encapsulated with fluoropolyurethane also indicated low readings
at 22.4 mJ/m2 only, while the one without etching by any diluted nitric acid with fluoropolyurethane
was at 30.5 mJ/m2.

In the experiment of chemical durability probed by immersion in different liquids [26,34], this
fluoropolyurethane coating platform was capable of maintaining a relatively long-term stability in
different environments as shown in Figure 7, since immersion in liquids usually results in degradation
of the surface/coating properties. It exhibited remarkable resistance to water and acid/alkaline/salt
chemicals and extreme durability against immersion over 10 continuous days. Static contact angle
measurements of water were performed [26,29]. Hydrophilicity is mostly due to the material
characteristics and micro-nano roughness of the surface [30–33]. As long as the surface structure is not
changed, it will not affect the superhydrophilicity of surface itself at all. Even comparing with the
other superhydrophobic materials, the contact angle of this fluoropolyurethane coating was doing
as well as polyvinylidene fluoride (PVDF), polytetrafluoroethylene (PTFE), or polydimethylsiloxane
(PDMS), and it would remain at 154.8◦ for most of time [26,30–34]. In addition, it also indicated good
adhesion on the etched zinc surface without any sign of peeling.
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Figure 7. Surface wettability variability for continuous 10 days in three different chemicals (a) 8.0 wt %
hydrochloric acid (acid), (b) 8.0 wt % sodium hydroxide (alkaline), and (c) 40.0 wt % sodium chloride
(saline) solution.
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3.4. Microchannel Drag-Reduction Analysis

The microchannel drag-reduction experiment was aimed to investigate the drag reduction effect
at all the flow rates to stimulate the practical application during commercial usage. In the experiment,
since it is not a circular pipe, the equivalent diameter W’= 2Wh/(W + h) was used, where W = 10 mm and
variable h were the width and height of the microchannel. In order to observe the actual flow-resistance
effect, the pressure drop must be tested at the same Reynolds number. The Reynolds number (Re) is a
dimensionless number that can be used to characterize fluid flow, which is expressed as Re, Re = �vd/μ,
where v, �, μ are the flow velocity, density, and viscosity coefficient of the fluid, respectively. As d was
supposed to be the feature length of the microchannel, so the W’ was also used as the ‘feature length’
(d) in calculating Re. The use of Reynolds numbers to distinguish fluid flow was laminar or turbulent
and can also be used to determine the resistance to flow of an object in a fluid.

Firstly, we measure under the condition of water inlet pressure by taking the readings of the
cylinder and pressure meters on the microchannel. The flow rate under inlet pressures was measured,
and the pressure–flow linear relationship was demonstrated according to the formula:

vz =
1
12

ΔPh3W
μL

(1)

i.e., vz was obtained through the flow volume meter, ΔP was the pressure difference between the
inlet and outlet water supply, W’ = 10 × 10−3 h / (10 × 10−3 + h) mm, L = 85 mm, and μwater was
taken as 1.00 mPa·s. The microchannel height h = 192.53 μm was determined by solving the above
equations [35–40].

Comparing to the relationship of the pressure drop according the increment of Reynolds number,
the diagram as shown in Figure 8 was finally generated. The trendline indicated the laminar flow
regions under the height of 192.53 μm, which should be in between Re = 0 and Re = 580. As the
Reynolds number at the horizontal ordinate was constant, the less the pressure dropped, the less flow
resistance the surface should have. Therefore, it could be observed that the pressure drops of these
fluoropolyurethane-capped zinc substrates were smaller than those of the unetched zinc substrate at
the same Reynolds number, which indicted a better drag reduction effect. Moreover, as the Reynolds
number increased under the same channel height, the drag reduction effect would increase slightly
as well.

Figure 8. Pressure drop–Reynolds number diagram at h = 192.53 μm microchannel height.
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Then, comparing with the unetched zinc substrate (control group), the drag reduction rate of the
superhydrophilic and superhydrophobic zinc substrate were made. The drag reduction rate (%) was
calculated using following equation:

Drag reduction rate (%) =
ΔPb − ΔPa

ΔPb
(2)

where ΔPb was the pressure drop with no surface modification or corrosion (control group), ΔPa was
the pressure drop after corrosion or capped with fluoropolyurethane [41–43]. Diagrams of the drag
reduction rate (%) over Reynolds number, for a total of 21 points, were plotted for each zinc substrate
group. It could be observed that the superhydrophilic drag-reduction rate was decreased with the
increment of the Reynolds number. The superhydrophobic drag reduction rate in the all flow zone was
basically maintained at about 3.16%, as shown in Figure 9.

Figure 9. Drag-reduction rate–Reynolds number diagram of the superhydrophilic/hydrophobic surface
compared with an unetched zinc substrate at h = 192.53 μm.

After each Reynolds-number group under h = 192.53 μm drag-reduction test was finished, the
height of the channel was adjusted to reduce or increase by tightening the screws at h = 122.21 μm
and h = 277.48 μm, respectively. Measurements were taken to obtain the pressure drop and Reynolds
number data of different zinc substrates. Comparing the Reynolds number and pressure drop diagrams
tested under different channel heights, two sets of pressure drop Reynolds number relationship
diagrams were generated also, and all the data were under the same pattern [44].

It is known from Figure 10 that the resistances of all the surfaces were changed by varying the
microchannel height. Under all the flow regions, from laminar to turbulent, both the superhydrophilic
and superhydrophobic surfaces indicated certain drag-reduction effects. With the decrement of the
flow rate or the increment of channel height, the superhydrophilic drag reduction rate became smaller,
and the superhydrophobic drag reduction rate remained unchanged at around 4.0%, which was
relatively stable. As for the superhydrophobic surface fabricated in this paper, it is generally believed
that there is a non-shear air/water interface on the low Van der Waals force, and the fluid can shear
freely at the gas–liquid interface with almost no resistance, which results in wall slippage, a lower
friction coefficient, and flow resistance [23,41–43]. Since air was also able to be dissolved in the water,
the non-shear air–water interface was formed by the separated air and the coating surface during the
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time that water flew over. Hence, for those etched surfaces, water molecules could not directly contact
the surface of the fluoropolyurethane, and these surface characteristics could reduce the friction factor.
As for continuously increasing the Reynolds number and flow rate, the non-shear air–water interface
might become thinner and thinner [45,46].

Figure 10. Cu2+/HNO3-etched zinc + fluoropolyurethane drag reduction rate at different channel
heights and Reynolds numbers.

However, the superhydrophilic drag reduction effect was even more obvious than the
superhydrophobic. This interesting and repeatable scenario was supposededly caused by the ripple
effect regarding the dissolved gas with higher affinity and electrical polarization sticking to the
superhydrophilic surface than the superhydrophobic one, an achievement of microbubble drag
reduction by the structure change of the boundary layer [45–48], and surface abrasion that resulted
from high fluid velocity and enabled the substituted copper particles rolling near the wall surface. This
causality is still under further analysis through experimental and modeling methodology separately in
ongoing work [26,43,46–48].

To conclude, the main achievement of this research regards the aspects of the novel modification
of the polyurethane-coating system, the good combination between an inorganic substrate and organic
coating for drag reduction, the new methodology for a flow resistance test in the microchannel, and
inclusive discussion about the drag-reduction effect and mechanisms with the latest research findings.
As it was known to date, superhydrophobic, hierarchical, nanotextured polymerics were applied to the
surface to enhance its superhydrophobicity and drag-reduction effect [17,48]. However, the adhesion
force between the organic-coating matrix and the public use metal surface is still low for most polymeric
coatings. When the pressure impact to the surface becomes higher, the surface texture would be certainly
destroyed, and the coating layer would be even peeled off [30–34]. In this study, the polyurethane-based
coating system, which had good adhesion with zinc substrates, was fluoro-modified and then applied
in the microchannel for the flow resistance test. The microchannel was designed with variable height
and extremely small ratios between the length, width, and height. The experimental result and
mechanism analysis indicated that at low Reynolds number flow conditions, the surface texture friction
and intermolecular forces between water and fluoropolyurethane would be the main factors that
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influenced the drag reduction, while at high Reynolds numbers, the low surface energy and the slight
non-shear air–water interface would dominate the drag-reduction effect.

4. Conclusions

This paper proposed a fast method to fabricate a superhydrophobic and low flow-resistance
fluoropolyurethane surface. Its drag-reduction effect could be further enhanced by the micro-nanoscale
structures on the zinc substrate, which was formed by the copper-ion assisted nitric acid etching on
the zinc substrate via a simple process. As expected, the micro-nanostructures obtained by chemical
etching could contribute to the enhancement of the superhydrophobicity of the surface characters and
low flow resistance.

As this newly fabricated surface was applied into a non-standard design microchannel, the drag
reduction rate remained basically unchanged at 4.0% with the all variations of Reynolds numbers.
Furthermore, the prepared superhydrophobic surface exhibited outstanding surface durability when it
was immersed in solutions of acid, alkali, and salt.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/10/4/377/s1,
Figure S1: Synthesis of prepolymer and fluoro-polyurethane, Figure S2. Waterdrops rolled on Cu2+/HNO3-etched
zinc + fluoropolyurethane (rolling angle 8 ± 1.6◦), Table S1. Uncertainty/error and parameters of non-standard
design microchannel.
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Abstract: Water scarcity is a worldwide issue that significantly affects the environment, population,
and economy of the arid zones. In this study, we report a straightforward method for water-harvesting
based on modifications of the surface wettability. Using magnesium chloride, lauric acid,
and electrodeposition process, a superhydrophobic surface (155◦) is obtained. Morphological
characterization techniques allow determination of the characteristic flower-like microstructures
combined with close packed nanoarrays that lead to the hierarchical structure. Furthermore, the
coating presents vertically aligned microarrays in a non-linear cone morphology formed by dynamic
templating of hydrogen bubbles. From a chemical point of view, magnesium laurate is responsible
for the surface tension decrease. To determine the durability of the obtained surface ultra-violet (UV)
light test and abrasive paper test, tests are carried out revealing high durability against these severe
conditions. The water-harvesting ability of the superhydrophobic surface is studied at 45◦ and 90◦
tilted samples. The capacity of the water to be harvested efficiently is found to be at 90◦ tilt under
fog conditions. The use of green reactants associated with this hierarchical structure broadens a new
scope for sustainable freshwater collection and it becomes an excellent example of a green solution.

Keywords: non-fluorinated; superhydrophobic; water-harvesting; fatty acid; robust; durable

1. Introduction

Water shortages and scarcity is a worldwide phenomenon that significantly alters the environment
as well as the population in arid zones. Moreover, access to safe drinking water remains a challenge in
several countries, which leads to the development of new strategies to achieve a new scenario in which
materials used must be remarkably sustainable.

Indeed, surfaces with extraordinary wettable properties are attracting attention due to the capability
of collecting water from the environment. In fact, surfaces with a water contact angle (WCA) higher than
150◦ as well as a contact angle hysteresis (CAH) ≤ 10◦ are defined as superhydrophobic [1,2]. Because of
their extraordinary surface properties, novel applications are emerging to solve environmental problems
such as oil/water separation in oil spills [3–7], corrosion resistance in marine conditions [8,9], or reducing
ice adhesion in cold environments [10,11]. Moreover, water-harvesting in some environments can
contribute to solving global issues. Because of that, several complex methods are carried out to collect
water droplets by combining superhydrophobic–hydrophilic surfaces such as polymerization [12],
templating [13], biotemplating [14] or nanoimprint lithography [15]. Despite the results showing these
references, the reactants used to decrease surface tension such as trimethylchlorosilane (TMCS) or
perfluorooctyltriethoxysilane (FAS) are combined with solvents such as chlorobenzene or chloroform
that are extremely harmful for the environment and human health. Therefore, the development of
innovative and sustainable strategies [16–18] appears to be necessary to generate a new framework
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for superhydrophobic surfaces. Environmentally friendly materials [19–22] are a forward-looking
approach towards materials science because they also play an important role in applications to distinct
ecosystems due to their benign properties. For that reason, eco-friendly surfaces without the presence
of fluorine compounds remain a challenge [23,24]. Indeed, long-chain fatty acids [25,26] play a key
role in this subject because of their intrinsically hydrophobic character. In this direction, different
strategies can be found in the literature such as liquid phase deposition (LPD) of cinnamic acid from
cinnamon or myristic acid from nutmeg to prepare superhydrophobic copper surfaces [27]. Others
rely on the co-precipitation method used to obtain Fe3O4 magnetic nanoparticles (MNPs) via an
eco-friendly route [28]. Moreover, superhydrophobic polydimethylsiloxane (PDMS) monolith has also
been prepared by emulsion templating process [29], or biomass-derived banana peel aerogel from the
combination of different techniques allowing separation of oil-in-water systems [30].

In the present research, a new sustainable surface is obtained by electrodeposition of lauric
acid with magnesium chloride that leads to magnesium laurate as a main chemical compound
responsible for surface tension decrease. This effect combined with the flower-like structures conduced
superhydrophobic properties observed (WCA = 155◦). To sum up, the as-prepared surface is highly
durable and is still superhydrophobic after several cycles against UV light exposure or abrasive test.
Finally, the completely superhydrophobic surface is composed of several microarrays in a non-linear
cone shape caused by dynamic templating during electrodeposition, which allows water condensation
under fog conditions and collects water droplets for human consumption.

2. Materials and Methods

2.1. Electrodeposition

The present methodology is based on electrochemical deposition (EDP) that has been carried out
on aluminum substrate UNS A91070 thin plate (10 × 40 × 1 mm) (Servei Estació, Barcelona, Spain)
previously grinded with P1200 SiC abrasive paper to clean and remove impurities from the substrate
surface. The electrolytic bath is prepared as follows: the reactants, 0.1 M lauric acid (Scharlab, S.L.,
Barcelona, Spain) and 0.05 M MgCl2 (Panreac, Barcelona, Spain), are dissolved in a solution of absolute
ethanol (Scharlab, S.L., Barcelona, Spain). Two aluminum substrates (acting as electrodes) are immersed
vertically in the previous solution, which works as the electrolytic bath, and both plates are separated
20 mm from each other. After applying a current density of 0.02 A/dm2 for 900 s, the superhydrophobic
system is deposited onto the cathode. After the electrodeposition, the samples are removed, cleaned
with ethanol, and dried in a fume hood for a few seconds.

2.2. Durability Tests

Two different tests are carried out to determine the durability of the as-prepared superhydrophobic
surface. On the one hand, the surface is exposed under UV light (λ = 250 nm) using a Philips TUV 8W
G8T5 UV lamp with a 25 cm distance between the lamp and the sample. The test allows evaluation of
the stability of the surface after 300 min of exposure. On the other hand, a sandpaper abrasive test is
also used to determine the surface durability in severe abrasive conditions. The superhydrophobic
surface is placed in contact with SiC P1200 sandpaper and it is moved 10 cm across for 10 cycles while
a pressure of 5 kN/m2 is applied. After each abrasion cycle, the WCA as well as the sliding angle (SA)
are measured.

2.3. Water-Harvesting Test

To study the water-harvesting ability of the as-prepared sustainable surface, a conventional
controlled salt fog chamber (ISO 9227) was set up at room temperature (25 ± 1.1 ◦C) and a working
pressure of deionized water of 172 kPa. All the samples had an area of 10 × 4 mm and were exposed
for 2 h under fog conditions; the weight of the collected water was measured. In addition, the samples
were held at two different tilt angles (45◦ and 90◦) to determine any effect in water-harvesting rate.
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2.4. Characterization Techniques

Different characterization techniques were used to determine morphological structure as well as
the chemical composition of the obtained surface. The sample surface was characterized using FE-SEM
JEOL J-7100 electron microscope (JEOL Ltd., Tokio, Japan) in order to study its detailed morphology
and energy dispersive X-ray spectroscopy detector (EDS) (Oxford Instruments, Oxfordshire, England)
to determine the elemental composition of the surface. Atomic Force Microscopy (AFM) was used to
analyze the topographic structure using AFM Multimode 8 Microscope with electronic Nanoscope V
(Bruker, Billerica, MA, USA) in Peak Force tapping Mode with a tip Sharp Nitride Lever (SNL) from
(Bruker, Billerica, MA, USA) and the cantilever with resonance frequency of 65 kHz and a spring constant
of 0.35 N/m. The study of the surface nanostructure was performed with a transmission electron
microscope, JEOL JEM-2100 (TEM) (JEOL Ltd. Tokio, Japan) with EDS detector for microanalysis; the
samples were supported onto a holey carbon film on a Cu grid. The roughness of the surface was
measured by confocal microscopy using a LeicaScan DCM3D on a surface of 1270 × 950 μm2 using a
white light beam. X-Ray Photoelectron Spectroscopy (XPS) (PHI, Chanhassen, MN, USA) was carried
out to determine chemical composition by PHI ESCA-5500 using a monochromatic X-Ray source (Kα

(Al) = 1486.6 eV and 350 W); Multipak software was used to perform deconvolutions and calculate
the atomic percentage of each element. Attenuated Total Reflectance Fourier Transformed Infrared
(ATR-FTIR) spectroscopy was also used to establish the presence of hydrocarbon acid and its chemical
bonds; for this purpose, a Fourier Bomem ABB FTLA in the range 4000–525 cm−1 at a resolution of
4 cm−1 was used. μ-Raman spectroscopy analysis was carried out to determine chemical composition
of the obtained surface using a Jobin–Yvon LabRam HR 800 dispersive spectrometer, coupled to an
optical microscope Olympus BXFM (Horiba, Kioto, Japan). The CCD detector was cooled at –70◦C.
Laser lines were 532 nm in a spectral range of 4000–100 cm−1, dispersive gratings at 600 l/mm and at
5 mW power. Phase characterization of the surface was obtained by X-Ray Diffraction (XRD) from
PANalytical X’Pert PRO MPD Alpha1 powder diffractometer in Bragg-Brentano θ/2θ geometry of
radius 240 millimeters and Cu Kα1 radiation (λ = 1.5406 Å). Contact angle was measured using a
digital microscope Levenhuk and 3.5 μL of deionized water at room temperature. The reported WCA
values are the average of three measurements of droplets at different parts on the surface. SA were
measured when the samples were tilted until water droplets rolled off and CAH were measured by
increasing and decreasing droplet volume.

3. Results and Discussion

3.1. Structural Characterization

Field-Emission Scanning Electron Microscopy (FE-SEM) observations were performed to study
the surface morphology. After 900 s of EDP, the aluminum substrate surface was completely covered
with micro- and nano-structures. The combination of both features causes a hierarchical structure
adopting a flower-like morphology that plays a key role in the modification of the surface wettability.
These characteristic structures are built up in two distinct levels: the microstructure shown in Figure 1a,
formed itself by the nanolayers as seen in Figure 1b.

EDS microanalyses (Figure 1c) of the nanostructure indicated the presence of a carbon peak
corresponding to lauric acid and a contribution from the previous carbon sputtering (Kα = 0.277 keV);
also, there was a less intensive peak of magnesium appeared in the spectra belonging to the obtained
surface layer (Kα = 1.253 keV). Oxygen (Kα = 0.525 keV) and aluminum (Kα = 1.486 eV) are also
present in the EDS spectra, both from the substrate as well as the inherent alumina to the aluminum
substrate surface. A certain contribution of the substrate and lauric acid (C12H24O2) are confirmed.

63



Coatings 2020, 10, 314

 

 

Figure 1. FE-SEM images of the as-prepared superhydrophobic (SH) surface on aluminum substrate:
(a) distribution of microstructures on the substrate after 900 s of electrodeposition; (b) at higher
magnification the flower-like structure and its nanostructured layers are observable; and (c) EDS
microanalysis where Mg and C from the obtained coating and Al from substrate can be identified.

AFM is used as a high-performance imaging technique allowing more accurate analysis of the
hierarchical structure of the surface at the nanometer scale. From the AFM observation, the surface of
nanolayers is found to be highly organized by lamellar nano-structures in which the smooth layers
overlap (Figure 2a,b bottom left) and are highly stacked to each other as can be seen in Figure 2c,d.
The layer thickness was measured and was 32.8 ± 2.9 nm.

Figure 2. AFM images showing lamellar nano-structures stacked on each other in two different areas:
10 × 10 μm (a) (b) and 4.0 × 3.4 μm (c) (d).
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High-resolution transmission electron microscopy (HR-TEM) allows observation of the structure
at the nanometer scale as well as determination of the elemental composition by EDS microanalysis of
the as-prepared SH coating. The structure observed corresponds to the unit (petal) of the flower-like
morphology made of thin layers that overlap themselves (Figure 3a) and planes in the layer itself
(Figure 3b). These units of the coating do not contain long-range order in the atomic lattice, giving
diffuse ring diffraction patterns in the corresponding selected-area electron diffraction (SAED) obtained.
The weak diffraction rings in Figure 3c suggest certain arrangements that can be considered crystalline
in nature of the petal morphology, consistent with a distinguishable diffraction ring that corresponds to
a monoclinic crystal structure according to the Joint Committee on the Powder Diffraction Standards
(JCPDS) with data card 8-528. Figure 3d shows the EDS microanalysis in which the magnesium
associated with the SH coating is identified (Kα = 1.253 keV). A peak of aluminum from the substrate
(Kα = 1.486 keV) and an intense peak of carbon (Kα = 0.277 keV) from the lauric acid and also from the
carbon film of the copper grid (Lα = 0.930 keV and Kα = 0.930 keV), chloride peaks (Kα = 2.621 keV)
are assigned to the presence of magnesium chloride from the reactant used.

 

 
Figure 3. HR-TEM images of the as-prepared coating that is structured in nanolayers that overlap
themselves (a), (b); (c) the SAED pattern showing weak rings from nanolayers; and (d) the EDS
spectrum shows that the composition is mainly Mg and C (as the TEM grid is Cu and Cl are associated
with the MgCl2 reactant used).

XRD technique should allow determination of the crystalline character of the surface. As shown
in Figure 4, the coating presents five peaks assigned to the aluminum substrate and corresponds to the
planes 2θ = 38.5◦ (111), 2θ = 44.7◦ (200), 2θ = 65.1◦ (220), 2θ = 78.2◦ (311), and finally 2θ = 82. 4◦ (222).
Additionally, a reflection at 2θ = 20.798◦ is distinguishable (Figure 4 inset) that is characteristic of the
lamellar structures of organic compounds arranged in a monoclinic set system that can be assigned to
the space group P21/a [31–34]. Hence the superhydrophobic surface is made of well-organized layers.
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Figure 4. XRD peaks in the inset indicate well-organized layers from an organic lamellar structure at
2θ = 20.798◦. Peaks from the aluminum substrate (•) are indicated in the diffractogram.

For structural characterization, let us interpret the surface morphology as the combination of
each flower-like feature with nanolayers giving rise to the hierarchical structure. The assembly of
these hierarchical structures increases the roughness allowing the air to be trapped in the whole
surface pockets producing a Cassie–Baxter wetting regime [35]. In addition, the nanolayers of the
superhydrophobic surface are arranged in a monoclinic crystal structure that can be related to greater
lateral Van der Waals interactions between laurate chains in the lattice [32].

3.2. Chemical Characterization

Fourier transform infrared spectrometry (ATR-FTIR) is used to determine the chemical composition
related to lauric acid as well as to the new eco-friendly coating (Figure 5). Pure lauric acid [36–38] and
the formed coating presents different common bands, which are sharp peaks at ca. 2951 cm−1, 2911 cm−1

and 2845 cm−1 that correspond to stretching of the alkyl chain of νasCH3, νasCH2, νsCH2-CH2. At ca.
1470 cm−1 weak and broad bands assigned to δCH2 and δH–C–H bendings can also be found. Finally,
both samples coincide in three weak and sharp bands situated at ca. 1122 cm−1 that correspond to
δCH bending out of plane, ca. 1088 cm−1 CH3 symmetric deformation and ca. 776 cm−1 from the
vibration of δC-H bending out of plane. For SH coating, the vibration with sharp and very strong band
at ca. 1696 cm−1 assigned to νC = O stretching is no longer present in the coating [39,40]. Moreover,
sharp and medium intense band at ca. 1300 cm−1 is assigned to νC–O stretching and two sharp and
medium intense bands at ca. 1192 cm−1 and ca. 934 cm−1 are assigned to the stretching vibration of
–OH group. In contrast, superhydrophobic coating presents three distinct sharp and weak bands at ca.
1559 cm−1, ca. 1442 cm−1 and ca. 1408 cm−1 that are assigned to the vibrations of νasCOO−, νasCOO−,
and νsCOO− stretching, respectively. This characteristic difference indicates that no free lauric acid
on the surface is left after the electrodeposition and a new functional group is formed assigned to
carboxylate formation (COO−).
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Figure 5. ATR-FTIR spectroscopy technique allows determining the formation of carboxylate compound
after the electrodeposition process.

μ-Raman spectroscopy was used to complement ATR-FTIR and determine the chemical
composition and consequently the presence of laurate. This characterization technique is particularly
important because it reveals the characteristic fingerprint for organic compounds due to alkyl
chain [41,42]. Figure 6 depicts the Raman spectrum of the obtained superhydrophobic surface where
four types of group bands can be identified. The first region below 1000 cm−1 corresponds to
low-frequency bands and are assigned to γCH2 rocking vibration [43,44]. The group of bands between
1064 cm−1 and 1123 cm−1 are assigned to symmetric νsC–C symmetric stretch [45]. Bands between
1295 cm−1 and 1446 cm−1 correspond to δCH2 and δCH3 bending [44,46]. At 2735 cm−1 can be found a
band also assigned to δCH2 bending. Finally, ca. 2900 cm−1 this group of strong bands are assigned to
νC–H stretch [43]. Those bands are characteristic of lauric acid derivative such as magnesium laurate.

Figure 6. Raman spectrum of superhydrophobic coating assigned to laurate because of the fingerprint
of alkyl chain.

Comparing the spectra of Raman with the ATR-FTIR, it can be found that weak bands assigned in
ATR-FTIR such as C–H vibrations are strong in Raman spectrum and vice versa, which is a common
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behavior between both spectroscopic techniques. This particularity allows determination of the
chemical composition of the as-prepared superhydrophobic surface assigned to laurate group.

High-Resolution (HR) XPS was used to investigate the chemical composition as well as the
chemical environment of the obtained superhydrophobic coating. The HR-XPS spectra shows C-1s,
O-1s, and Mg-2s of the coating after 900 s of EDP and the atomic concentration is 77.65% of C-1s,
18.06% for O-1s, and 1.998% of Mg-2s. It is worth noting the presence of Ca-2s (1.01 %), which is
considered an impurity of the reactants. The peak in the C-1s region can be deconvoluted in three
distinct components (Figure 7 a) corresponding at 282.7 eV to C-C bond, 285.6 eV to carbonyl group (C
= O) form the carboxylate and finally 289.2 to carboxylate group (O–C = O) [47,48]. The O-1s spectra is
deconvoluted to three peaks (Figure 7b) assigned to C = O at 530.1 eV, C-O bond at 532.7 eV and O–C
= O from the carboxylate group at 535.2 eV bonded to a metallic atom [48,49]. For Mg-2s spectrum the
deconvolution (Figure 7 c) presents a peak at 90.57 eV from Mg (II) oxidation state [50].

(a) 

(b) 

Figure 7. Cont.

68



Coatings 2020, 10, 314

(c) 

Figure 7. HR-XPS confirms the generation of a magnesium carboxylate after the EDP that decreases
the surface tension of the as-prepared coating (a) C-1s, (b) O-1s and (c) Mg-2s.

The combination of these spectroscopic techniques allows the determination of the chemical
composition of the as-prepared superhydrophobic surface. Taking into account the ATR-FTIR, it
shows the characteristic bands of carboxylate group after EDP of lauric acid combined with MgCl2
while in Raman spectrum the fingerprint of laurate alkyl chain is found. Moreover, O-1s and C-1s
HR-XPS spectra reveals the presence of carboxylate functional group bonded to a metallic atom that is
assigned to magnesium (II) as depicted in Mg-2s spectrum. Taking into account these results, the main
component of the system is assigned to magnesium laurate (Mg(C11H20COO)2) that contributes to
decrease the surface tension of the final system.

From an electrochemical point of view, near the aluminum surface, magnesium (II) ions react with
lauric acid while it releases H+ to the hydro-alcoholic medium that tends to increase its concentration
locally [51,52].

Mg2+ + 2C11H20COO− →Mg(C11H20COO)2

Water is oxidized onto the anode while magnesium laurate is formed on to the cathode where at
the same time it also takes place hydrogen evolution reaction (HER):

H2O (l) → O2 (g) + 4H+
(aq)

+ 4e−

2e− + 2H+
(aq)
→ H2 (g)

Therefore, meanwhile, magnesium laurate flower-like microstructures are formed through the
whole surface of aluminum substrate, and hydrogen bubbles promote the obtained coating, itself
vertically aligned in microarrays due to its detachment and vertical flow, which is an indication
that hydrogen bubbles perform as a dynamic template. The obtained morphology of microarrays is
characterized using confocal microscopy, as shown in Figure 8.
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Figure 8. Confocal microscopy images show: (a) the formed microarrays in a non-linear cone shape
and (b) pitch between cones. These features were caused by dynamic templating of hydrogen bubbles
during electrodeposition of magnesium laurate.

The morphology of microarrays can be defined as a non-linear cone shape with 20◦ tip angle,
285.4 ± 22.5 μm base length, and height 21.7 ± 7.3 μm while lower tip angle is 57◦ (Figure 8a).
Additionally, the distance between two consecutive non-linear cones, known as pitch, is 795.9 ± 5.6 μm
(Figure 8b).

3.3. Wettability Properties

Superhydrophobicity is precisely defined by several parameters related to the angle between a
surface and a water droplet such as WCA, SA, and CAH [2,53]. In our case, after 900 s electrodeposition
process the WCA = 155◦ ± 0.6◦ and the as-prepared surface shows superhydrophobic properties and
the SA is also measured and results 5◦ ± 0.1◦ (Figure 9a,b). Furthermore, CAH = 1 ± 0.5◦. Considering
these results, it can be concluded that water droplet roll-off across the surface.

  
Figure 9. Images of contact angle measurements: (a) WCA = 155 ± 0.6◦ and (b) SA = 5 ± 0.1◦. Both
characteristics leads to a superhydrophobic surface with self-cleaning properties.

Moreover, it is important to study the behavior of these coatings under different conditions
to understand and determine their durability. Hence, UV light resistance test [54] is carried out
to determine the capability of the superhydrophobic surface to resist environmental conditions.
After 300 min of UV light exposure (Figure 10), there was no remarkable difference in the WCA
between the coating before the test and after 300 min under UV light exposure. Indeed, the WCA
remained higher than 150◦ after every exposure leading to a durable superhydrophobic surface in these
conditions. Regarding the SA, it slightly increased from 5◦ to 7◦ and because the value was still lower
than 10◦ after the UV tests, it indicates the robustness of the SH surface under UV light conditions.
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Figure 10. After several cycles of UV light test the WCA is not affected at all, which denotes a high
stability of the coating under energetic light. SA increases slightly but it still presents self-cleaning
properties after 300 min under UV light exposure.

Taking into consideration the resistance against severe mechanical test, a sandpaper abrasion
test (SiC P1200) was performed because it is an effective method to evaluate the durability against
mechanical abrasion of superhydrophobic surfaces. The test consists of forcing the contact between
the surface and the abrasive paper with an applied pressure of 5 kN/m2 through 10 cm, this test is
repeated 10 times. After the first abrasive cycle, a white powder could be found on the sandpaper
although the WCA remains higher than 150◦ in the coated sample. Despite this residue and after
10 cycles (Figure 11a), the surface is still superhydrophobic and the corresponding WCA was also
measured with a value of 152◦ and SA = 6◦. The results indicate high durability of the SH surface and
maintains its self-cleaning properties despite the sigmoidal increase after the fifth cycle (Figure 11a)
caused by a decrease in roughness. Furthermore, self-cleaning properties of superhydrophobic surface
after abrasion test were also investigated. Typically, a layer of soot was poured over the surface, which
was tilted 6◦, and the water droplet easily slides along the surface while soot powder was pick up and
the surface was completely cleaned (Figure 11b). This result reveals that despite mechanical abrasion
against the surface, it retains high WCA and low SA where both features are responsible for low
adhesion and self-cleaning properties.

(a) 

Figure 11. Cont.
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(b) 

Figure 11. Durability of the as-prepared coating is showed by (a) WCA remains slightly constant and
higher to 150◦ after each sandpaper abrasive cycle while SA increases until a maximum value of 6◦;
and (b) self-cleaning properties were investigated after abrasive paper test.

As the roughness of the surface samples plays a key role to define the superhydrophobic
character [1], RMS (root-mean-square) is measured using confocal microscopy. Before EDP, aluminum
substrate shows RMS = 0.52 ± 0.16 μm (Figure 12a) whereas after that process, the superhydrophobic
surface takes a value of 8.59 ± 0.39 μm (Figure 12b). An increase in the roughness of the surface will
lead to a rise in the superhydrophobic character of the as-prepared surface. The results of RMS values
of the as-prepared coating are compared with the measured RMS after sandpaper abrasion test where
RMS takes a value of 2.99 ± 0.76 μm (Figure 12c).

 

a) b) c) 

Figure 12. RMS values measured by optical confocal microscopy are aluminum substrate (a) 0.52 ±
0.16 μm; superhydrophobic surface (b) 8.59 ± 0.39 μm and after 10 cycles of abrasion test (c) 2.99 ± 0.76
μm. The EDP process increases the roughness while the abrasion test reduces it.

The difference between the RMS values before and after the sandpaper abrasive test is due to
its ability to smooth the surface. Despite decreasing the value of roughness, the superhydrophobic
character is not severely affected (WCA= 152◦) and it remains superhydrophobic. To better comprehend
the resistance against abrasive paper test and evaluate the durability of the as-prepared surface, FE-SEM
is used to determine the morphology of the surface after 10 cycles and EDS allows identification of the
semiquantitative composition before and after the test. It can be seen that the flower-like structure
(Figure 13a) is no longer present at the upper structures and in fact they are smoother compared with
the previous morphology (Figure 1). Despite this, several bumpy structures are present and composed
of a hierarchical structure. In addition, the elemental composition of the surface after the abrasive
paper test is determined and compared using EDS microanalyses (Figure 13b). The spectrum shows
that the composition is the same compared to the coating before abrasive test (Figure 1c) but the peak
assigned to Mg is less intense than the coating itself before abrasion. These results demonstrate that the
composition does not change significantly after the coating surface is damaged by abrasive paper test.
This illustrates that the hierarchical structure of the as-prepared coating is chemically homogeneous.
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Figure 13. FE-SEM micrograph and EDS spectra shows (a) the coating after 10 cycles of abrasive
paper test with a smooth structure and (b) similar elemental composition after the test is compared to
Figure 1c.

One of the most problematic consequences of wear in superhydrophobic surfaces is the loss of
character hence moving to hydrophilic surface due to the generation of pinning sites through the
whole surface. In fact, due to the homogeneity of flower-like structures of these samples, which
are made of the hydrophobic compound magnesium laurate, wear will not introduce hydrophilic
character to the as-prepared coating [55–57]. Moreover, as the hierarchical structure is not completely
damaged and still present on the surface, and the WCA and the superhydrophobic behavior of the
surface is not severely affected. Indeed, the combination of both characteristics, chemical composition
homogeneity and hierarchical structure, keeps the Cassie–Baxter wetting state of the coating that
promotes superhydrophobicity to the surface. Furthermore, roughness loss does not severely affect
its wettability properties, which leads to a durable superhydrophobic surface that also presents
self-cleaning properties.

3.4. Water-Harvesting

To understand the capability of the superhydrophobic coating to collect water droplets from the
fog/mist environment, the experimental set-up is carried out in a conventional fog chamber. Water
collection rate (ξ) was calculated following Equation (1) at different times ranging from 10 min to
120 min:

ξ = mH2O/S·t (1)

where m is the water mass measured when it is collected, S is the total surface of the coating on to
aluminum substrate, and t is time. Samples are placed vertically (90◦) and with a tilt (45◦) to study the
influence of the position in water-harvesting. Figure 14 depicts collecting water rate of coated samples
(45◦ and 90◦) and two aluminum substrates as references in both positions (tilt 45◦ and vertical 90◦).
As shown, both aluminum references present a water collection rate near zero after 120 min of exposure
(6.3 × 10−5 μg·mm−2·min−1 in case of 90◦, and 3.7 × 10−5 μg·mm−2·min−1 for sample tilted 45◦), it
indicates that these samples are not capable of collection water due to the hydrophilic character of
aluminum substrate (WCA = 83 ± 0.9◦). Thus, water droplets are strongly adhered on the substrate and
cannot slide through the surface to be collected. In the case of coated samples, collection rate increases
in both positions but the sample in the vertical position is more efficient; indeed, after 2 h of water
collection, the 45◦ tilt sample allows collection of 9 μg·mm−2·min−1 while the vertical sample collects
13 μg·mm−2·min−1. Furthermore, in the case of the tilt sample, two different stages of water collection
can be identified: the first one from the beginning until it reaches a maximum at 30 min and then
remains flat until 60 min of fog test; here, it can be seen that 45◦ collection rate is higher than the rate of
90◦ sample (before 40 min); this difference is because at 45◦ water droplets are slightly retained, which
tends to increase their volume and increase the amount of collected water. After this, the second stage
behaves in a similar way: water collection rate increases until 90 min and then remains constant until
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120 min of fog exposure. This specific behavior is caused by the tilt angle: initially water is collected at
a proportional rate for the first 30 min. After that, collection rate remains constant, which indicates a
decrease of water collected mass until 60 min of fog exposure. Then, this behavior is repeated with an
increase of collected water. In contrast, for the vertically aligned sample, in the first minutes under fog
conditions, less quantity of water than in case of tilted sample is collected. Regardless of this difference,
collection rate of a vertical sample exceeds the tilted one after 40 min, which indicates that the mass of
collected water has increased. Moreover, it can be seen that the amount of collected water increases
linearly and constantly during all the experiment.

Figure 14. The water collection rate increase in both sample positions, vertically (90◦) and tilted
(45◦) (solid and dotted line, respectively), but it is more pronounced at 90◦. References of aluminum
substrates (Ref 90◦ and Ref 45◦) are not capable of water collection and are overlapped with x-axis.

Figure 15 depicts coated samples at the beginning of experiment and water droplet condensation
after 30 min and 45 min of fog exposure and at the two different tilt angles (90◦ images at the top row
and 45◦ images at the bottom raw). At 30 min of exposure, water droplets tend to adhere onto the
superhydrophobic surfaces and reach an average size of 160 ± 40 μm for both tilt samples. At 45 min
of water-harvesting, the size of water droplets at the sample tilted vertically is 286 ± 60 μm and that
for 45◦ is 300 ± 80 μm. Water droplets of the vertically aligned sample (90◦) coalesce first, then they
increase their size until their diameter (286 ± 60 μm) is exceeded and when they achieve the critical
diameter (3.0 ± 0.5 mm), they roll down the surface. Consequently, water droplets leave the surface by
gravity and they do it continuously.

As seen in Figure 15, water droplets are adhered to coated surfaces in the initial steps of water
collection. It is important to take into account that under fog conditions, water droplet velocity that
is increased by the pressure of airstream of fog producer causes them to flatten due to the impact
presenting a morphology that can be described as a spherical cap [58]. In fact, water droplets are
adhered in planar surfaces until they reach a size of 2.7 mm (according to our result of 3.0 ± 0.5 mm);
at this point, by coalescence, the droplets roll off due to the gravity force along the surface [15,59].
In contrast, as the water droplets increase their size, they tend to evaporate, and the water-harvesting
efficiency of surfaces significantly decreases. In this experiment, it was found that water droplet
diameter at sample tilt 90◦ is 89% less than that of the maximum size previously mentioned. Thus,
this lower size prevents evaporation of water droplets formed onto the coated surface during the
water-harvesting process.
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Figure 15. Condensation of water droplets on to superhydrophobic coating. The top images correspond
to a tilt of 90◦ while the bottom images are from the sample tilt 45◦. All the images have the
same magnification.

Having shown the capability of water-harvesting from fog in the case of superhydrophobic
surface tilt 90◦, its behavior is discussed considering the surface morphology as well as the hierarchical
structure of the as-prepared surface. As described previously, the surface is formed by vertically
aligned microarrays with a non-linear cone shape that are combined with flower-like structures leading
to a hierarchical structure through the whole surface. Water droplet dynamics is governed by Laplace
pressure [60]. In a non-linear cone shape, average Laplace pressure will decrease inside the water
droplet, which leads to increase its pressure gradient from the tip to the base of the non-linear cone
and the water droplet will move away from the tip on a conical surface [61–63]. Then, the gravitational
effect increases and improves water collection from fog.

Apart from the key role of microarrays, it is necessary to consider water-harvesting from the
hierarchical structure point of view. On one hand, the flower-like structure, i.e., the micro-scale
contribution to the system, presents a diameter of 17.5 ± 3.4 μm. On the other hand, the closed packed
nanoarrays from the flower-like structure have a thickness of 32.8 ± 2.9 nm. Actually, flower-like
structure morphology behaves as a bump feature that maximizes the vapor-phase diffusion on the
apex and water droplet condensation increases onto the surface [15,64]. Simultaneously, the close
packed nanoarrays of the structure enable the rapid roll-off of the condensed water droplets from the
surface [15].

At this point, when water droplets from fog impact the superhydrophobic surface during the
first stages they are adhered since the impact of fog fill the air pockets of the surface. Hence, the
Wenzel state responsible for water droplet adhesion is created. Despite that fact, as the impact of fog is
continuous, water droplets continuously increase the volume enhanced by coalescence of neighboring
droplets until a critical diameter is exceeded. Here, as the cap of water droplets is continuously growing
because of fog, their morphology changes to a quasi-spherical morphology. This is caused by low
adhesive energy of superhydrophobic surface combined with high surface roughness that results in
water droplets being easily detached and rolled off. Thus, this behavior leads to a different wetting
state assigned to the Cassie regime. This transition from Wenzel state to Cassie state is governed by
roughness and the energy of the system related to the position of liquid–vapor interface [65]. Indeed,
the more roughness the surface and higher contact angle, the more possible is this transition between
both stable states, and because of higher roughness, Cassie state is more favorable in energetic terms.
Additionally, the relationship between transition energy and the height of the liquid–vapor interface
depends on the nanostructure and the micro-scale features where the latter gives rise to Wenzel–Cassie
transition and the former allows the opposite transition. Here, it is shown that water droplets easily
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detach from the superhydrophobic surface and cause the Wenzel–Cassie transition, which indicates
that micro-scale features define this phenomenon, leading to an attractive Cassie state that promotes
water repellency and improves water droplet detachment and consequently their roll-off.

4. Conclusions

Herein, we present an innovative sustainable surface prepared onto UNS A91070 aluminum
substrate showing WCA = 155◦, SA = 5◦ and a CAH = 1◦, which makes it suitable as superhydrophobic
surface. Based on magnesium laurate (Mg(C11H20COO)2) this compound contributes to decreasing
the surface tension of the surface and together with its lamellar structure, traps the air in the pockets
through the whole surface. Moreover, the as-prepared surface is highly robust under SiC abrasive paper
test where WCA is kept higher than 150◦ after every abrasive cycle because of its bulk homogeneity
composition, showing self-cleaning properties, as well. In addition, its resistance against UV light
is shown, retaining its superhydrophobic properties after 300 min of exposure. The combination of
the vertically aligned microarrays in a non-linear cone shape and the intrinsic hierarchical structure
of the superhydrophobic surface makes it a very convenient system for water collection in a vertical
sample position. This innovative superhydrophobic surface opens a new scope with great potential for
water-harvesting based on sustainable reactants that provide a focus on solving worldwide problems
of human water consumption.
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