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A metallic surface can exhibit low wettability through the formation of a rough structure with
micro/nanometric dimensions combined with a surface energy-reducing agent. When the contact and
sliding angles are > 150° and < 10°, respectively, the surface is classified as superhydrophobic (SHS).
The study aimed to electrodeposit a microstructure with micronanometric roughness of nickel, stearic
acid (Al/Ni-SA), and nickel, stearic acid with multi-layered carbon nanotubes (Al/Ni-SA-MWCNT)
on aeronautical aluminum 7050. The obtained contact angles were close to 160°, and sliding angles
were less than 1°, characterizing the superhydrophobic and self-cleaning nature. Freezing tests were
conducted, and the deposit with MWCNT showed longer freezing times at -22°C. The Al/Ni-SA-
MWCNT condition also exhibited the best corrosion resistance with corrosion current superior by
two orders of magnitude compared to the Al/Ni-Sa condition. The coatings demonstrated impressive

performance, achieving corrosion inhibition efficiencies close to 100%.
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1. Introduction

The natural world provides an extensive field of
study, accessible to all for exploration and harnessing its
numerous benefits. The structure of the lotus leaf and its
ability to repel water, for instance, have been subjects of
extensive research. The phenomenon associated with the
water-repellent capability of the lotus leaf surface is termed
the “Lotus Effect,” resulting in the self-cleaning property,
allowing the leaf'to stay clean even in polluted environments
that could harm the plant’s metabolism. Subsequently, this
phenomenon has been observed in bird feathers and wings
of certain butterfly species. This effect is characterized by
contact angles (CA) > 150° and low sliding angles (SA) <
10°, inspiring the study of superhydrophobic surfaces (SHS).

In addition to self-cleaning, SHS also exhibit properties
such as corrosion resistance', anti-freezing?, anti-fogging?,
anti-reflective?, anti-biofouling>¢, drag reduction, and find
applications in various sectors such as urban transport, energy,
food, construction, medicine, textiles, and aerospace'.

The formation of ice occurs on all exposed parts of an
aircraft, not only limited to wings, windshields, or turbines
but also in areas inaccessible to heating systems, resulting
in additional challenges. For instance, ice on antennas can
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induce excessive vibrations leading to breakage, while
the presence of ice on control surfaces poses a challenge
during flight®. Additionally, ice can cause errors in crucial
instrument readings, such as the Pitot tube responsible for
indicating airspeed*’

Aircraft, especially light ones, face the risk of reduced
lift at high speeds and lower-than-normal angles of attack,
along with the possibility of uncontrolled rotation and
oscillation, making recovery an impossible task'®. This
phenomenon arises from the synergistic interaction between
two main factors: surface energy-reducing agents (SERA)
and a simultaneous hierarchical structure of micrometric
and nanometric dimensions''2.

Additionally, water repellency can be applied to
aircraft windshields and windows, sensors, and cameras to
prevent fogging and water droplet formation during flight®.
Superhydrophobic coatings reduce fogging by increasing
the evaporation rate®!>!4,

Corrosion protection is also crucial in the aerospace
sector, where aircraft are exposed to aggressive environments
such as humidity and various chemicals present in the
atmosphere. The hierarchical structure of SHS minimizes
medium contact with the substrate, significantly reducing
the action of liquids or moisture’!>16.


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-1915-0669
https://orcid.org/0009-0004-9319-0583
https://orcid.org/0009-0000-2376-9494
https://orcid.org/0000-0002-0827-3404
https://orcid.org/0000-0003-2262-604X
https://orcid.org/0000-0002-7831-4873
https://orcid.org/0000-0003-1910-4072

2 Silva et al.

SERA is typically composed of a hydrophobic chain, with
long-chain organic acids and silanes standing out'”"”. They
interact with the surface, forming a layer or coating that alters the
surface energy, creating a barrier to surface wetting by water®-,

Electrodeposition stands out as a widely used process in
various industries due to its speed, simplicity, and favorable
cost-benefit ratio. This method allows the deposition of a
variety of elements, such as nickel, gold, silver, platinum, tin,
oxides, nanoparticles, among others, with the choice of metal
and its precursor determined by the desired properties®*.
Anotable advantage of electrodeposition over other processes
is the simultaneous achievement of hierarchical structure and
surface energy reduction in a single step”'>%.

The inherent low surface tension of electrodeposition
enables the formation of highly cohesive spherical drops,
reducing the contact area with the surface. Associated with
this low surface tension, the surface structure, containing
micrometric and nanometric dimensions simultaneously,
prevents the drop from spreading or completely wetting the
surface, resulting in a rolling behavior on the surface’®?’.

By integrating a hierarchical structure with surface
energy-reducing agents (SERA), it is possible to achieve a
superhydrophobic surface (SHS). Among the SERA commonly
employed are perfluoroalkylated agents (PFAS), silanes,
and fatty acids. PFAS and silanes are more expensive than
fatty acids, and may contain fluorine in their composition,
rendering them harmful to the environment and even to human
health?®-!. Fatty acids, on the other hand, are low-cost, easy
to apply, and biodegradable®3>33, Therefore, stearic acid was
chosen as the SERA instead of the others.

Methods for obtaining a superhydrophobic surface can
occur in a single step or multiple steps. In the single-step
process, the hierarchical structure and surface energy reduction
are acquired simultaneously. The multi-step process, often
described by various authors, involves the creation of a
micrometric structure, the addition of a nanometric structure,
and the reduction of surface energy'>>2,

In this study, two types of electrodeposited coatings were
developed on the aerospace aluminum alloy AA7050. Both
used nickel chloride hexahydrate (200 g/L) and stearic acid
(28.4 g/L) as precursors in an alcoholic medium, with one of
them reinforced with multi-walled carbon nanotubes (0.1 g/L)*.
Xu et al.”? previously developed a superhydrophobic coating
on aluminum AA 6061 in a single step, using a solution of
nickel nitrate hexahydrate and stearic acid. These coatings
exhibited superhydrophobic characteristics, with contact
angles of 160° and sliding angles of 2.1°, indicating an SHS.
The hierarchical structure obtained on the surface resembles a
cauliflower, containing both micro and nanometric dimensions.
Researchers assessed corrosion resistance concerning the
substrate, noting a significant increase in resistance, with
values over 280 times compared to the aluminum substrate,
as determined by polarization curve tests.

Soleimangoli et al.>* conducted the preparation of
superhydrophobic nickel coatings in two steps of electrodeposition
on a copper substrate. After the first electrodeposition step,
the topography took on a polyhedral shape. Subsequently, in
the second electrodeposition step, using the crystallographic
modifier ammonium chloride (NH4Cl) with a concentration of
400 g/L, the structure acquired a more conical configuration,
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reaching a contact angle (CA) of 155°. Corrosion resistance
was evaluated for coatings with different concentrations of
the crystallographic modifier, revealing that electrochemical
tests demonstrated a reduction in current density by up to
three orders of magnitude compared to the copper substrate.

The typical morphology of nickel electrodeposits is
described by several researchers as a structure resembling
cauliflower®®3®, Similar to cauliflower florets, nickel
electrodeposits exhibit a branched and three-dimensional
structure, where multi-walled carbon nanotubes (MWCNTs)
disperse in the nickel matrix, creating a complex structure?’.

Nickel coatings reinforced with carbon nanotubes
(CNTs) have been the subject of studies due to the search
for enhanced corrosion protection properties****. The use of
carbon nanotubes is widely explored due to their remarkable
mechanical properties*** and electrical conductivity®.

The incorporation of carbon nanotubes (CNTs) can have
a significant influence on improving adhesion and nucleation,
modifying coating growth characteristics, morphology,
and structure, as well as on electrochemical behavior and
interfacial interactions®’#647,

There are essentially two types of carbon nanotubes
(CNTs): single-walled carbon nanotubes (SWCNTs) and multi-
walled carbon nanotubes (MWCNTSs). The cost associated
with manufacturing SWCNTs can make this material less
attractive for various applications, as the price per gram of
this material is around $700. In contrast, the production cost
of MWCNTs is significantly more affordable, ranging around
$30, with the potential to vary between $10 and $20 per
kilogram. Moreover, the properties of MWCNTSs are widely
considered ideal for various engineering applications*.

Considering this information, this study proposes the
development of coatings applied to the aerospace aluminum alloy
7050, using nickel nanocomposites and nickel reinforced with
multi-walled carbon nanotubes. The design of these coatings will
aim to confer superhydrophobic and self-cleaning characteristics,
with the intention of enhancing corrosion resistance properties
and mitigating ice formation on the mentioned alloy. The central
objective is to contribute to the evolution of coating technologies
in the aerospace industry, promoting the extension of component
lifespan and raising safety standards in operations.

2. Materials and Methods

2.1. Materials

Test specimens were produced using the 7050 aluminum
alloy, with dimensions of 12 x 11 x 8 millimeters. The employed
precursors included absolute ethyl alcohol (99.5% PA)
supplied by Anidrol Produtos para Laboratorios Ltda.,
stearic acid from Dindmica Quimica Contemporanea Ltda.,
and hexahydrated nickel chloride from NEON Reagentes
Analiticos Ltda. The multi-layered carbon nanotubes used
in this research were obtained from the supplier Advanced
2D Materials CO., with a purity of 95%.

2.2. Surface preparation and electroplating
parameters

The samples underwent a grinding process using silicon
carbide (SiC) sandpapers with sequential grit sizes of
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#400, #600, #800, and #1000. Subsequently, the samples
were subjected to an ultrasonic bath in isopropyl alcohol
for 2 minutes to remove potential impurities. Finally, to
eliminate the oxide layer and activate the surface, an 8-step
procedure was employed, as described by Xu et al.?2, as
illustrated in Figure 1.

Upon completion of the surface cleaning and activation
procedure, the samples were immediately immersed in
alcoholic electrolytic baths’**, based on the studies of
Jena et al.*” and Chen et al.”', as detailed in Table 1, aiming
to prevent the formation of the aluminum oxide layer and
achieve the super-hydrophobic characteristic of the coating.
The electrodeposition process employed was potentiostatic,
maintaining a constant voltage, as recommended by Yang et al.>.

2.3. Morphological and compositional analysis

The morphological evaluation of the coating surface
was conducted using Scanning Electron Microscopy (SEM).
For chemical composition characterization, analytical techniques
such as Energy-Dispersive X-ray Spectroscopy (EDS) and
Energy-Dispersive X-ray Fluorescence Spectrometry (EDXRF)
were employed. The SEM used was the TESCAN MIRA 3,
with magnifications ranging from 1,000 to 100,000 times,
and the EDS module coupled to the SEM from Oxford
Instruments, model INCA X-Act.

Fourier Transform Infrared Spectroscopy (FTIR) was
applied to identify the functional groups present in the
surface energy reducing agent (ARS) incorporated into the
coating. Jasco equipment, model FT/IR-4600, was used for
this purpose. The associated software was Spectra Manager

Version 2. The wavelength range applied in the analyses was
from 4000 to 500 cm!, with a resolution of 4 cm™, using a
TGS detector and a scanning speed of 2 mm/s.

2.4. The wetting study

The contact angles (CA) and sliding angles (SA) were
determined using the Biolin Scientific - Attension Theta
Optical Tensiometer, with the OneAttension 3.0 program as
the interface. The CA and SA values presented in this study
were obtained by averaging three random measurements taken
on the coating surface. All measurements were conducted
at room temperature, employing a 10 pL drop of a distilled
water deposited onto the surface” according to the standard
ASTM D7490-13. Additionally, surface adhesion tests were
conducted, with a drop of a distilled water solution with
methylene blue for easy visualization solution carefully
approached to the surface. Furthermore, self-cleaning tests
were performed, where gypsum powder was deposited on the
coating. Considering the presence of dirt, drops were poured
onto the powder, verifying the self-cleaning characteristics
of the coating inclined at 5°.

2.5. Linear polarization tests

The corrosion evaluation of the samples was conducted
through electrochemical tests which were developed based
on the studies of Malta et al.’> and Xu et al.2. The linear
polarization tests, carried out at room temperature, using
a 3.5% NaCl aqueous solution as the corrosive medium.
The electrochemical cell employed consisted of three
electrodes: a working electrode (aluminum alloy sample

Isopropyl Alcohol Water |__.| Ethanol [99,5% PA]
(2 min) (20s) (20 s)
|
{
NaOH [1 M] . HNO:s [10% v/v] . Water
(20's) (20s) (20's)

Ethanol [99,5% PA|
(20's)

——| Electrolytic Bath

Figure 1. Flowchart of the cleaning and surface activation process for the aluminum substrate.

Table 1. Concentration of reagents and parameters used in the electrochemical baths.

R Conditions and concentrations of the precursors (g/L) Parameter Value
cagents
Al Al/Ni-SA Al/Ni-SA-MWCNT Temperature [°C]  25°+5
NiCl,.6H,O (Hexahydrated nickel chloride) - 19 19 Time [s] 300
CH, .0, (Stearic acid) - 28.4 28.4 Electrode gap [mm)] 15

MWCNT (Multiple-walled carbon nanotubes) -

0.1 DC Voltage [v] 30
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with 0.96 cm? area), a platinum counter electrode, and a
saturated calomel reference electrode (SCE).

The linear polarization (LP) test was performed in a
potentiodynamic mode, with a scan rate of 0.001 V/s and
a potential variation from -0.5 to 0.5 V from the corrosion
potential obtained after 1.0h of immersion, maintaining
ambient temperature conditions. Each electrochemical test
was repeated three times to ensure a good reproducibility.

2.6. Ice formation resistance

The evaluation of ice formation resistance was
conducted in a freezer with precise temperature control,
model DFNS52 from Eletrolux do Brasil S.A. Fixed intervals
ranging from 0 to 12 minutes were considered. In order to
facilitate the visualization of the freezing of the distilled water
droplet (10 uL), a very diluted solution with methylene blue
pigment was used. The established working temperature for
the experiments was -22.0°C.

.,‘:> $.000) B

Figure 2. SEM images of the topography of the studied conditions w

process and conditions (B) Al/Ni-SA and (C) AI/Ni-SA-MWCNT.
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3. Results and Discussions

3.1. Morphology and hierarchical structure
created on aluminum 7050

The initially sanded samples up to the #1000 grit size, as
shown in Figures 2A.1 and 2A.2, display the characteristic
sanding marks of the aluminum 7050 substrate before the
electrodeposition process, highlighted by yellow arrows.
In Figures 2B and 2C, sanding marks are no longer observed,
demonstrating the surface modification through coating
deposition. It is noted that the AI/Ni-SA condition, shown
in Figure 2B, presents itself as a rough and porous coating
with the morphology of small cauliflower-like branches at
micro-nano scale.

Analyzing the coating condition AI/Ni-SA-MWCNT,
Figures 2C.1 and 2C.2 corresponding to the nickel coatings
containing both stearic acid and MWCNT applied respectively

ith different magnifications. (A) Surface of AA7050 after the sanding
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on the aluminum alloy substrate, it can be observed that there
is the formation of nanoparticulate deposits in both cases,
forming even larger clusters than the previously mentioned
condition. Additionally, in Figure 2C.2, at the nanoscale,
structures resembling carbon nanotubes incorporated into
the coating during the electrodeposition process can be seen,
highlighted by cyan arrows.

The formation of micro-nanostructured hierarchies
associated with surface energy-reducing agents such as
stearic acid may promote the formation of air pockets that
prevent water access from the substrate, achieving high
water repellency, as demonstrated in studies conducted by
Xu et al.??, Shen et al., and Chen et al.*'.

According to Guo et al.” and Karslioglu and Akbulut®’,
MWCNTs in solution can act as nucleation facilitators for
nickel due to their thin shape and high electrical conductivity.
Thus, reduced nickel and nickel stearate can be more easily
incorporated in the coating. This behavior is evident from
the protrusions of the coatings present in the conditions.

As observed, the alloying elements identified for the
aluminum alloy 7050 were Zn, Cu, Mg, and Si, Table 2,
consistent with findings by Vargel** and Dursun®.

The analysis of the EDS spectra, Figure 3, showed that
the conditions Al/Ni-SA and AI/Ni-SA-MWCNT presented
peaks related to the elements present in the reagents used
during the electrochemical bath, confirming the incorporation
of these elements into the deposit. However, for the AI/Ni-SA
condition, the presence of aluminum was evidenced, even
in small quantities, indicating the existence of pores and/
or other defects in the coating. On the other hand, for the
Al/Ni-SA-MWCNT deposit, the absence of the aluminum
peak suggests a more efficient coverage of the substrate,
preventing exposure of the aluminum alloying elements.
As presented earlier in Figures 2B.1 and 2C.1, coatings
under these conditions showed more voluminous coatings
with overlapping layers.

—— AINi-SA
—— AUNi-SA-MWCNT

84k Ni

Ni

cps/eV

28k

0 Y T . T T A] 1
2 4 6 8 10

Figure 3. Compositional analysis by EDS of the nickel-deposited
coatings.

The FTIR technique generated the same spectrum for
both studied conditions. There are three highlighted regions
in the graph, Figure 4, which are the peak characterized by
the wavenumber 2953 cm™, corresponding to the stretching
vibration of the methyl group (-CH,)*, stretching and bending
vibrations of the (-CH,) group bonds™ can be seen around the
peaks 2914 and 2846 cm™'. Another prominent region is the
stretching band around the peaks 1538 and 1402 cm ™' associated
with the carboxylate functional group (-O-C=0"). The absence
of a peak at 1700 cm™', associated with the -COOH group, and
the strong presence of the peak related to the carboxylate group
suggest that stearic acid molecules reacted with nickel and formed
a nickel stearate ionic complex incorporated into the coating®®.

3.2. Mechanism of superhydrophobic surface
formation (SHS)

The electrodeposition mechanism occurs in accordance
with the following steps, as depicted in Figure 5.
I.  Reduction of nickel ions: The nickel ions in the solution
are reduced and deposit on the cathode surface along
with carbon nanotubes, as shown in Equation 1.

24+ — .
Nit7 +2e - Nl(metalic) (1)

II. Oxidation of stearic acid: Stearic acid loses two
electrons, releasing hydrogen ions, carboxylate,
and electrons, as represented by Equation 2.

2CH5(CHy),6COOH —2CH3(CH,) 16 COO™ +2H™" +2¢™ (2)

III. The carboxylate anions combine with the nickel
cation present in the solution, forming nickel

100
=
2 80 -
8
b=
g
172}
g
s -CH,
2914 - 2846
H -0-C=0
1538 - 1402
60
T T T T T 1
4000 3500 3000 2500 2000 1500 1000

Wave number [cm ]”

Figure 4. FT-IR spectrum of the SHS samples showing the functional
groups present in the coating.

Table 2. Compositional analysis by EDXRF of the aluminum 7050 substrate.

Al Mg Si S

Fe Ni Cu Zn Sn

(%) 92,730 2,328 0.138 0.022

0.084 0.002 1,689 3,005 0.001
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carboxylate or nickel stearate, as demonstrated by
Equation 3.
2CHA(CHy);6CO0™ +Ni*t > Ni[ CH3(CH3)16C0O0],  (3)
IV. The hydrogen present in the solution also undergoes
reduction to form gaseous hydrogen. This reaction

is known as hydrogen evolution and is presented
in Equation 4.

2H" +2¢” > H, 4)
V. The carbon nanotubes in the AI/Ni-SA-MWCNT
solution act as facilitators for the nucleation of
metallic nickel due to their thin shape and good
electrical conductivity. Therefore, in the solution,
nickel will be reduced onto the carbon nanotubes?*#7.

3.3. Wettability, self-cleaning, and surface
adhesion

Stearic acid plays the role of an efficient Surface
Energy Reducing Agent (SERA). Due to its long polar
carbon chain, it contributes to the hydrophobic nature of
the surface. Additionally, the morphology with micro and
nanoscale roughness traps air, enhancing water repellency.
The synergistic effect between micro-nano roughness and
SERA promotes the super-hydrophobic property of the
surface through the formation of nickel stearate.

The initial aluminum substrate initially exhibits a contact
angle of 15.4°+ (0.1°, with a sliding angle greater than 10°,

- N,\,\,N\’\

= O\ AAAA
. ...\mw‘/w“’\ VWA
/@ %,

4 —6 .\/\/\N\‘\,\N\/
@
0O,

Ni Ion

S5

CNT

Electron

AN

i,

Nickel Stearate

/

[

Hydrogen

Figure 5. Representation of the nickel electrodeposition mechanism

described in steps I to V.

(A)

154°£0.1°

(B)

153.3°+3.9° (C)
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classifying it as hydrophilic (Figure 6A). On the other hand,
the Al/Ni-SA and Al/Ni-SA-MWCNT conditions obtained
contact angle values of 153.3°+ 3.9° and 154.3°+ 3.0°, with
sliding angles less than 1° + 1°, classifying them as super-
hydrophobic (Figures 6B and 6C).

When slowly approaching the droplet to the aluminum
surface, it is observed that it adheres to the surface. This occurs
due to the higher surface energy of aluminum compared to
the bonding energy of the water solution with methylene
blue, as illustrated in Figure 7A. Under other conditions,
a distinct behavior is observed, where the droplet does not
adhere to the surface. This effect is attributed to the presence
of stearic acid and surface roughness, which kept the surface
energy lower than the bonding energy of water molecules.

The high contact angles and low sliding angles in the
Al/Ni-SA and AI/Ni-SA-MWCNT conditions are related to
the adhesiveness of the droplet to the surface, as illustrated
in Figures 7A and 7B. The higher the contact angle, the
lower the adhesion of the liquid to the surface. Therefore,
if the surface is super-hydrophobic, the contact angle of the
liquid droplet will be high, indicating that the droplet does
not adhere to the surface.

Furthermore, the droplet was easily separated from
the super-hydrophobic surface without leaving any visible
residue, and the water droplet even diverted to the side of
the needle during the deformation process, demonstrating the
low adhesion of the surface®.The self-cleaning nature of a
surface is characterized by the fact that, when a drop comes
into contact with the surface, it incorporates dirt and rolls,
carrying with it the particulates present on the surface, as
described in Figure 8 A below. A surface that does not have
a self-cleaning character, the drop slides over the surface,
but does not take dirt with it, Figure 8B.

When the drop hits the aluminum surface, it spreads
over the dirt or surface, but does not roll off, causing the
particulates to remain on the test piece. This occurs because
the surface energy of aluminum is greater than the bond
energy of the water solution with methylene blue, Figure 9A.

On the other hand, on the self-cleaning superhydrophobic
surface, the adhesion between the dirt and the surface is weaker
than that between the water droplet and the dirt. This occurs
because the superhydrophobic surface has a high contact angle
with the water, which means that the water droplet does not
adhere to the surface, as seen in Figure 9B and Figure 9C.

3.4. Freezing test

The freezing time was recorded under all conditions to
assess the influence of surface roughness on this process.

154.3° £ 3.0°

- -

Figure 6. Surface contact angles of the (A) uncoated surface, and coated surfaces under the conditions (B) AI/Ni-SA and (C) AI/Ni-SA-

MWCNT.
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INOMN-VS-INIV

Figure 7. Adhesion test of the (A) hydrophilic condition and (B), (C) super-hydrophobic conditions.

~\

(A)

®)

Figure 8. Surfaces (A) with or (B) without self-cleaning characteristics.

The onset of freezing was marked by the change in color
of the droplet and an increase in opacity, as illustrated in
Figure 10. For the Al condition, the droplet was completely
frozen in 360 seconds, for Al/Ni-SA, 480 seconds, and for
Al/Ni-SA-MWCNT, 720 seconds.

On smoother surfaces, the contact area is larger,
maximizing thermal conduction and resulting in faster
freezing. On the other hand, a droplet deposited on a
surface in the Cassie-Baxter regime experiences increased
freezing time due to the trapped air beneath the droplet,
reducing surface contact with the liquid phase. Additionally,

air, being a poor thermal conductor, along with surface
roughness, hinders heat transfer between the surface and
the liquid™.

The presence of carbon nanotubes incorporated into the
AVNi-SA-MWCNT coating resulted in a more compact and
rough coating, prolonging the freezing time by about two
times compared to the aluminum substrate.

3.5. Analysis of anticorrosive properties

Through the intersection of the cathodic and anodic
Tafel curves, as shown in Figure 11, the pairs (E_ andi_ )

corr
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Al Al/Ni - SA Al/Ni-SA-MWCNT

Figure 10. Variation of freezing times for each condition.



Superhydrophobic Surfaces Based on Nickel Stearate: An Innovative Approach to Coatings on 7050 Aeronau-
tical Aluminum Alloy 9

-0.25 +

-0.50 +

-0.75 +

Potencial [ Vx ECS
g
1

-1.25

T T T T T T T T T T 1
102 10™ 10" 10° 10® 107 10° 10° 10* 10° 102 107
logi[A/cm?]

[——AINI-SANNTC ——AINi-SA ~ ——Al

Figure 11. Polarization tests for the uncoated and coated condition.

Table 3. Corrosion potential and corrosion current results.

Condition E_.[V] I [Alem’]

Al -0.737 2,1984 x 10°
Al/Ni-SA -0.613 7,4282 x 10
AI/Ni-SA-MWCNT -0.465 1,7713 x 10710

were obtained for each studied condition. These values are
detailed in Table 3.

The Al/Ni-SA-MWCNT condition showed the best
performance in corrosion resistance, with E__ values of
-0.465 V and i of 1.7713 x 10"'° A/cm’. The corrosion
current was two orders of magnitude higher than that of the
Al/Ni-SA condition. This improvement can be attributed to
the presence of NTCPM, which potentiated the formation
of nickel stearate, giving the coating a super-hydrophobic
character and thus hindering electrolyte access to the substrate.

Furthermore, the inhibition efficiency of SSHS coatings
was calculated using Equation 5%:

i, cubs — o
n= ( corr/subs wrr/SHF) *100% (5)

lcorr/ Subs

Where i . andi__,. are the corrosion currents of the
substrate and the SHS surface, respectively.

The calculated efficiencies revealed corrosion efficiencies
0f96.6% and 99.9% for the AI/Ni-SA and AI/Ni-SA-MWCNT
conditions after 24 hours of exposure to the saline medium,
respectively. These values were higher than those found by
Yin etal.* (96.0%), Su et al.®* (91.9%), Wan et al.® (97.8%),
and Malta et al.”> (76.9%) for the same saline medium.

4. Conclusions

At the end of the experiments, it was possible to

highlight that:

e Superhydrophobic coatings on 7050 aluminum
alloy with self-cleaning property were obtained
for all samples from a viable electrodeposition
process and in a single stage, presenting hierarchical

structures on a micro- and nano-scale associated
with the formation of nickel stearate.

*  The sample surfaces so obtained presented similar
wettability behavior. The samples with carbon
nanotubes (AL/Ni-SA-MWCNT) presented a contact
angle of 154.3° and without carbon nanotubes (AL/
Ni-SA) 153.3°, both presented sliding angles of 1°.

e The Tafel method revealed excellent anti-corrosion
properties, with inhibition efficiency results of
96.6% and 99.9% for AL/Ni-SA and AL/Ni-SA-
MWCNT, respectively, after 24 hours of exposure
in 0.6 mol/L NacCl solution.

e Additionally, these coating surfaces have exhibited
non-adherence to water during adhesion tests, as
well as better resistance to ice formation, with
freezing time values of 480s for AL/Ni-SA and
720s for AL/Ni-SA-MWCNT.

e The presence of nanotubes influenced the final
properties of the coating, presenting better results
in wettability, inhibition corrosion efficiency, and
resistance to ice formation, all due to the favoring of
nickel stearate nucleation by MWCNT conductive
particles.
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