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Fabrication of suitable roughness is a fundamental step for acquiring superhydrophobic surfaces. For this
purpose, a deposition of ZnO nanoparticles on Al surface was carried out by simple immersion and ultra-
sound approaches. Then, surface energy reduction was performed using stearic acid (STA) ethanol solu-
tion for both methods. The results demonstrated that ultrasound would lead to more stable
superhydrophobic Al surfaces (STA–ZnO–Al–U) in comparison with simple immersion method (STA–Zn
O–Al–I). Besides, etching in HCl solution in another sample was carried out before ZnO deposition for
acquiring more mechanically stable superhydrophobic surface. The potentiodynamic measurements
demonstrate that etching in HCl solution under ultrasound leads to superhydrophobic surface (STA–Zn
O–Al(E)–U). This sample shows remarkable decrease in corrosion current density (icorr) and long-term
stability improvement versus immersion in NaCl solution (3.5%) in comparison with the sample prepared
without etching (STA–ZnO–Al–U).
Scanning electron micrograph (SEM) and energy-dispersive X-ray spectroscopy (EDX) confirmed a

more condense and further particle deposition on Al substrate when ultrasound was applied in the sys-
tem. The crystallite evaluation of deposited ZnO nanoparticles was carried out using X-ray diffractometer
(XRD). Finally, for STA grafting verification on Al surface, Fourier transform infrared in conjunction with
attenuated total reflection (FTIR–ATR) was used as a proper technique.
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1. Introduction

Water repellency and self-cleaning properties are the most
important characteristics of the lotus leaves. These observable
characteristics are common in natural world. For example, the but-
terfly’s wings are coated with special shapes that give unique mor-
phology to wing surface and lead to superhydrophobic
characteristic [1]. In superhydrophobic surfaces, the water contact
angle (WCA) is upper than 150� and the sliding angle (SA) is lower
than 10�. The study of natural superhydrophobic substrate pointers
to this fact that roughness of surface and reduction of surface ten-
sion are principle factors in superhydrophobic properties [2–6]. For
creation a rough surface, different methods such as sol-gel, chem-
ical deposition and electro deposition have been utilized. After
acquiring a proper roughness, surface energy reduction can be
done using fatty acids [7–9]. Recently, these surfaces have
attracted much attention because of employing in drag reduction
of underwater container, corrosion resistance of metals and water
repellency [10–12].

Al and its alloys possess advanced mechanical and physical
characteristics such as high plasticity, easy processing and low
density; therefore their widely use can be observed in automotive,
aviation, aerospace and so on [13]. Moreover, Al and other metals
have high surface energy and consequently are faced with a num-
ber of contamination problems [14]. As a result, superhydrophobic
metals, which keep away water droplet, have significant applica-
tion in avoiding the corrosion and polluting by wastewater [14].

There are numerous attempts for superhydrophobic Al fabrica-
tion. For example, Wu and Zhang obtained superhydrophobic Al
using electrochemical method and modification of rough surface
with fluorine silane [15]. In another work, Guo and Wang
employed simple immersion method and surface energy reduction
with stearic acid (STA) for superhydrophobic Al creation [16]. Fur-
thermore, Song and Xu have conducted a simple immersion
method and subsequently surface energy reduction in order to
acquiring superhydrophobic Al substrate [8].

In current work, for having a desirable roughness, ZnO particle
deposition has been performed using simple immersion and ultra-
sound methods. There is not any report on using ultrasound for
particle deposition on Al substrate for having a superhydrophobic
surface. Therefore, the novelty of this work is the use of ultrasound
in fabrication of Al superhydrophobic surfaces. Ultrasound can cre-
ate unique conditions that induce different changes. The changes
are resulted from cavitation phenomena, which is composed of
three steps: formation, growth and suddenly implosive collapse
of bubbles in liquid. The cavitation can produce local hot spots
with a temperature of nearly 5000 �C and pressure of about 500
atmospheres [17]. In heterogeneous environment, the collapse of
bubble is asymmetric and affects the surface morphology through
the creation of micro-jets and shock waves. It is expected that dis-
tinct topography has dramatic influence on the surface wettability
and stability of the resulted superhydrophobic surfaces. This
Table 1
Symbols for different samples prepared using various routs.

Sample symbol Descriptive of the sample

B. Al Bare Al with the polishing processing
ZnO–Al–I ZnO nanoparticles were deposited usi
ZnO–Al–U ZnO nanoparticles were deposited usi
Al(E) Al has been etched in HCl (10%) for 10
ZnO–Al(E)–U ZnO nanoparticle deposition by ultras
STA–B. Al Bare Al was modified with STA at opt
STA–Al(E) Etched Al was modified with STA at o
STA–ZnO–Al–I ZnO–Al–I was modified with STA at o
STA–ZnO–Al–U ZnO–Al–U was modified with STA at o
STA–ZnO–Al(E)–U ZnO–Al(E)–U was modified with STA a
expectation has been satisfied completely in this work and ultra-
sound showed a critical role in particle deposition to reach a more
stable superhydrophobic surface. Additionally, etching in HCl solu-
tion before ZnO particle deposition led to a hierarchical roughness,
which enhanced the superhydrophobic stability. Finally, the corro-
sion resistance of superhydrophobic surfaces has been examined
using potentiodynamic polarization measurements.
2. Experimental

2.1. Material

Commercial pure aluminum in dimensions of
20 mm � 15 mm � 4 mm were utilized for this work. Zinc acetate
dihydrate (Zn(AC)2�2H2O, 98%, Riedel), thriethylamine (TEA, 99%,
Merck), ethanol (96%, Riedel), hydrogen chloride (HCl, 37%, Merck),
stearic acid (STA, 99%, BDH), sodium chloride (NaCl, 99.5%, Merck)
and distilled water were used as received.

2.2. Fabrication of superhydrophobic Al

In outset, Al plates have been polished with sand paper (1500
mesh), washed with ethanol and distilled water carefully to
remove any pollutant. After that, the cleaned Al substrates were
immersed into 50 mL aqueous solution containing Zn(AC)2
(0.01 M) and thriethylamine (0.1 M) and stirred for various interval
times at 40 �C. Al plates were withdrawn carefully from the solu-
tion, washed with distilled water and dried at 100 �C for 1 h. The
as-prepared ZnO-deposited Al substrate was modified by STA etha-
nol solution with various concentration and for a range of immer-
sion time. Al substrates were withdrawn from STA solution,
washed thoroughly with ethanol and dried at 80 �C for 10 min. This
step resulted in Al surfaces with high WCA and low SA values. It
should be mentioned that the WCA and SA measurements have
been performed on the samples after reaching to ambient
temperature.

In ultrasonic method, ultrasound has been employed instead of
stirring for a wide range of sonication time and acoustic amplitude.
Modification with STA ethanol solution was conducted at optimal
condition obtained from simple immersion (classic) way.

2.3. Superhydrophobic Al with enhanced stability

For obtaining more stable superhydrophobic surface, the
cleaned Al substrate was immersed in HCl (10%) solution for
10 min. After washing and drying of etched Al, ZnO particle depo-
sition was carried out using ultrasonic method for different time
durations. Finally, the reduction of free surface energy was com-
pleted using STA ethanol solution (STA–ZnO–Al(E)–U). In Table 1,
different samples names are summarized based on the synthesis
processing.
ng simple immersion (classic) method at optimized conditions
ng ultrasound method at optimized conditions
min

ound was carried out at optimized conditions after etching of Al in HCl solution
imized concentration and time immersion
ptimized concentration and time immersion
ptimized concentration and time immersion
ptimized concentration and time immersion
t optimized concentration and time immersion



Fig. 1. WCA and SA versus different STA concentrations.
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2.4. Characterization

The crystallite structure of samples was measured using X-ray
diffraction (XRD) analysis on a PANalytical X’Pert Pro MPD X-ray
diffractometer supplied with Ni-filtered Cu Ka radiation
(k = 1.54178 Å). The tube voltage was 40 kV with a tube current
of 40 mA. The 2h angular areas between 30� and 70� were explored
at a scan rate of 0.026�min�1. The chemical composition of sam-
ples was illustrated using an energy-dispersive X-ray spectroscope
(EDX, INCA 7353, England) and an attenuated total reflection in
conjunction with Fourier-transform infrared spectrophotometry
(ATR–FTIR, Shimadzu-IR-460 spectrometer). In ATR–FTIR analysis,
ZnSe crystal with refraction index of 2.4 was employed. The sample
was held in contact with crystal and the IR rays were made inci-
dent on the sample at angle of 45�. The light that was entirely
reflected by the boundary between the sample and the crystal
was measured to achieve an infrared spectrum. Besides, all the Shi-
madzu FTIR series spectrophotometers are single-beam type. The
surface morphology was characterized using a scanning electron
microscope (SEM, LEO 1450 VP, Germany).

2.5. Contact angle and sliding angle measurements

For WCA measurement, a homemade apparatus has been used.
10 ll water droplets were dropped carefully onto the surface of
substrates. The usual droplet size utilized in WCA assessment is
in the range of 1–10 ll. Once the droplet volume rises, the gravity
becomes greater. Thus, droplets larger than 10 ll are not normally
applied. With a camera (Canon SX200, Japan), water droplets
images were captured and then were examined using MATLAB
software for acquiring WCA. A simple device has been designed
for SA measurements. This tool possesses a mutable plane for ori-
ented Al substrate until water droplet start to roll off. Since, the
maximum position for the movable plane is 90�, the highest
reported SA is equal to 90�.

2.6. Mechanical stability measurements

The abrasion test was carried out in order to examine the
mechanical stability of the resulted superhydrophobic surfaces.
The surface was placed on the abrasive film (1500 mesh), and
pulled in one direction with speed of 10 mm/s at a stroke of
25.50 cm. In addition, the weight equals to 300 g was applied to
the specimen (Fig. S1). The variation of WCA values after each
abrasion test cycle was recorded.

2.7. Electrochemical measurements

A standard three-electrode cell was used as working cell. In this
cell, Pt and Na Ag/AgCl have been selected as counter and reference
electrodes, respectively. The specimen was considered as working
electrode. This electrode has area of 1 cm2. All tests were carried
out at room temperature (20 �C) in aqueous solution of sodium
chloride (NaCl, 3.5%). All specimens were immersed in NaCl solu-
tion for 1 h to reach the stable state before potentiodynamic polar-
ization test. Furthermore, the scanning of potential was performed
from �200 to �1000 mV at a scan rate of 2 mV s�1.
Fig. 2. WCA and SA versus sonication time.
3. Results and discussion

3.1. WCA and SA for the sample prepared in classical method

WCA as well as SA results for the sample prepared in classic
approach have been represented in Fig. S2. According to this figure,
with increasing the immersion time in Zn(AC)2–TEA solution, WCA
increased and reached a plateau at 15 min. The SA falls to the low-
est level at this point too. Further immersion in Zn(AC)2–TEA solu-
tion has not dramatic effect on SA and WCA. It must be noted that,
these results have been obtained after STA modification in STA
ethanol solution with concentration of 0.014 M for 1 h.

Therefore, immersion in Zn(AC)2–TEA solution for 15 min has
been selected as optimal time. Also, the influence of STA concentra-
tion and immersion time in this solution must be investigated. The
results of this assessment have been shown in Figs. 1 and S3. Fig. 1
shows WCA and SA for Al surfaces deposited with ZnO during
immersion in Zn(AC)2–TEA solution for 15 min and modified with
STA ethanol solution in a wide range of concentration for 1 h.

Undoubtedly, according to Fig. 1 it can be inferred that WCA
values increase gradually with STA concentration upsurge. More-
over, the SA data demonstrate a reduction with STA concentration
growth. The highest WCA (156.16� ± 2.89�) and the lowest SA
(8.30� ± 1.20�) have been concluded with STA solution of 0.021 M.

Fig. S3 explains WCA for ZnO-deposited Al surfaces through
immersion in Zn(AC)2–TEA solution for 15 min and modified with
0.021 M STA ethanol solution for different modification times.
Based on this figure, WCA reaches to 153.16� ± 1.83� after
immersion for 10 min. The SA value is not sufficient small to give



Fig. 4. WCA and SA versus time of sonication in Zn(AC)2–TEA solution.
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lowadhesive superhydrophobic surface (40.00� ± 2.88�). Immersion
for 1 h leads to maximum WCA and low SA values (8.30� ± 1.20�)
and is a suitable modification time. Further immersion time has
minor effect on WCA and SA. Therefore, 1 h immersion time has
been considered as optimum value.

3.2. WCA and SA for the sample prepared in ultrasonic method

In this case, it is essential to optimize the important characteris-
tics of ultrasonic wave such as sonication time and acoustic ampli-
tude. Fig. 2 shows WCA and SA data for ZnO-deposited Al surfaces
resulted by immersion in Zn(AC)2–TEA solution under different
interval times of sonication. Furthermore, all substrates were mod-
ified with 0.021 M STA ethanol solution for 1 h. In addition, the
amplitude of acoustic waves has been fixed at 30%. As can be seen
in Fig. 2, when sonication time reaches to 15 min, the WCA is at
highest level of 155.72� ± 3.19�. The value of SA at this point is equal
to 9.00� ± 0.57� which is enough small to conclude low adhesive
property for superhydrophobic Al. Therefore, 15 min of sonication
time has been selected as an appropriate optimized time.

Moreover, by applying ultrasound, it is necessary to optimize the
amplitude of acoustic waves. The results of this assessment have
been demonstrated in Fig. S4. For this purpose, four different levels
of amplitude (20%, 30%, 40%, and50%) have been studied. In all cases,
sonication time is 15 min, STA concentration, and immersion time in
modifier solution are equal to 0.021 M and 1 h, respectively.

The WCA is 151.67� ± 3.16�, 155.72� ± 3.19�, 163.78� ± 1.47�,
and 156.30� ± 3.16� when amplitude is 20%, 30%, 40%, and 50% cor-
respondingly. Therefore, for ultrasound method with amplitude of
40%, the highest value of WCA will be resulted. Besides, the SA at
this point is very low (2.33� ± 0.88�). As a result, for ultrasound
approach, the optimized sonication time and amplitude have been
regarded as 15 min and 40%, respectively.

Based on the obtained results, both classic and ultrasound
methods are able to acquire superhydrophobic property on Al sub-
strate. Although, the highest WCA concluded by ultrasound tech-
nique 163.78� ± 1.47� is more than of corresponding value
resulted by classic ones (156.16� ± 2.89�).

3.3. Superhydrophobic stability against immersion in water

Another important factor is stability of acquired superhy-
drophobic surfaces against immersion in distilled water. This trend
has been evaluated for superhydrophobic Al resulted by classic and
ultrasound methods at their optimized conditions.

According to Fig. 3, when ultrasound was used for ZnO particle
deposition, WCA is 163.78� ± 1.47� and after immersion in water
Fig. 3. WCA of STA–ZnO–Al–U and STA–ZnO–Al–I versus immersion time in water.
for three days, this value reduces to 132.60� ± 2.39�. For classic
approach, WCA is 156.16� ± 2.89� and after immersion in water
for three days, this value falls to 94.17� ± 4.17�. Therefore, more
stable superhydrophobic surface can be created using ultrasound.
However, this stability is not sufficient for practical application.

3.4. Superhydrophobic surfaces with high stability

Creation of hierarchical roughness with two-scale unevenness
can be helpful for stability enhancement. Etching of Al in HCl
(10%) for 10 min and subsequently ZnO particle deposition with
effective ultrasound method can improve stability of superhy-
drophobic surfaces. This deposition is carried out in a variable
range of ultrasound irradiation time in Zn(AC)2–EDA solution.
The amplitude of acoustic waves has been maintained at 40%.
Besides, all surfaces have been modified with 0.021 M STA ethanol
solution for 1 h before WCA measurement.

From Fig. 4, it can be pointed out that, before ZnO particle depo-
sition, WCA is 121.41� ± 2.01�. After sonication in Zn(AC)2–TEA
solution, WCA climb dramatically, reaching the highest point of
162.17� ± 0.93� 2 min. Further increase in sonication time leads
to considerable slump in WCA results. For more investigation,
the stability of resulted superhydrophobic surface versus immer-
sion time in water is examined. The results of this measurement
are presented in Table S1.

In this case, high WCA values maintain over 360 h immersions
in water. Moreover, comparison between mechanical stability of
superhydrophobic surfaces has been demonstrated in Fig. S5. It
should be noted that, ultrasound approach has been used for ZnO
particle deposition and WCA values have been reported after STA
modification. It is clear from Fig. S5 that more mechanical durable
superhydrophobic surface is resulted when etching in HCl is car-
ried out before ZnO nano particle deposition. Consequently, cre-
ation of hierarchical roughness is a practical way to improve the
stability of superhydrophobic characteristic. For assessment the
reason of observed phenomena, identification techniques have
been employed. In all cases, the investigated surface has been
resulted at optimal conditions.
4. Analysis

4.1. SEM and EDX assessment

4.1.1. ZnO–Al–I and ZnO–Al–U
The surface morphologies of polished and ZnO-deposited Al

substrates using classic and ultrasound methods (ZnO–Al–I and



Fig. 5. SEM images (left) and EDX spectra (right) of B. Al (a and a1), ZnO–Al–I (b and b1) and ZnO–Al–U (c and c1) methods.
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ZnO–Al–U) are demonstrated in Fig. 5. According to Fig. 5a, pol-
ished Al possesses a smooth surface. Nevertheless, there are sev-
eral scratches created by the polishing processing. After ZnO
deposition using classic method (Fig. 5b), the surface seems nearly
flat and exact observation reveals the presence of nanostructures
distributions on Al substrate. The roughness, which is created with
this morphology, can lead to superhydrophobicity after surface
energy reduction. However, this one-scale unevenness is not in
favor of stable superhydrophobic surface. Low density of nanos-
tructures can lead to penetrate of water droplet molecules to pits
and consequently WCA decreased considerably after immersion
in distilled water.

Using ultrasonic approach for particle deposition, different mor-
phology concluded in comparison with classical one. According to
Fig. 5c, there are condense and uniform microstructures on Al sur-
face. A number of these microstructures are formed huge particles,
but others are disconnected and form voids.

The observed difference morphology of deposited ZnO nanopar-
ticles can be attributed to unique conditions induced by ultra-
sound. In heterogeneous system, the strong streams (shock
waves and microjects) created by asymmetric collapse are respon-
sible for effective collisions between particles [18]. As a result,
more particle fusion and as well as further agglomeration of ZnO
particles can be occurred on the surface. In this case, more air
pockets entrap between holes and water molecules penetrate with
delay in comparison with classical method. The trend of superhy-
drophobic stability as a function of time immersion in distilled
water (Fig. 3) can be interpreted base on these illustrations.

Additionally, EDX spectra as a helpful technique can demon-
strate the existence of available elements on Al substrate. Firstly,
it must be noted that Mg is present in Al alloys and can be observed
in EDX spectra. Based on Fig. 5a1 only Al, Mg and slight O elements
are detected in polished Al surface. For ZnO-deposited Al surface
using classic method, the emergence of Zn peak and intensify of
O peak can be a reason for ZnO deposition on Al substrate. Further
study of these spectra can demonstrate a very outstanding differ-
ence between ZnO-deposited Al surface spectra using classic and
ultrasound methods. It is obvious from Fig. 5c1 that Zn and O spec-
tra are very intense when ultrasound is used for particle deposi-
tion. In contrary, the intensity of Al and Mg spectra becomes
weaker and EDX results confirm more deposition of ZnO particle
on Al surface associated with ultrasound method instead of classi-
cal one. These results are extremely compatible with SEM images.

4.1.2. Al(E) and ZnO–Al(E)–U
Al etching in HCl leads to numerous rectangle-shape pits and

protrusions on the surface (Fig. 6a). The surface roughness with
large pores (2–10 lm) does not lead to superhydrophobicity after
STA modification (Fig. S6). By ZnO particle deposition on etched
Al under ultrasound for 2 min, the surface acquires combination



Fig. 6. SEM images (left) and EDX spectra (right) of Al(E) (a and a1) and ZnO–Al(E)–U (b and b1).
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morphology with a range of hierarchy, microstructures, and sub-
micro and nano ZnO particles. Such hierarchical structure is in
favor of improved stability. The elemental analysis of correspond-
ing surfaces has been represented in Fig. 6a1 and b1.

Based on Fig. S6B, Al is hydrophilic and after STA modification,
WCA increases from 50� to roughly 95�. Therefore, STA modifica-
tion is not sufficient for giving a superhydrophobic property to
the Al surface. Al etching in HCl creates numerous pits and peaks
on the surface, air can be trapped after STA modification, and
WCA increases to 121.41�. However, due to wide voids and pits
on this surface, air cannot be trapped effectively to yield superhy-
drophobic state after STA modification. Deposition of ZnO for 2 min
on etched Al surface leads to filling the wide valley by ZnO
nanoparticles. Therefore, the size of voids reduces to appropriate
value for air trapping. However, further ZnO particle deposition
may fill completely the pits and subsequently surface roughness
and WCA can be decreased (Fig. 4).
Fig. 7. XRD spectra of (a) ZnO–Al–I and (b) ZnO–Al–U.
4.2. XRD assessment

The XRD patterns of ZnO-deposited Al surface with both classic
and ultrasound methods have been demonstrated in Fig. 7. It is
clear that for classic method only characteristic peak of Al is distin-
guishable. However, for ultrasound method, extra peaks are
observed which can be assigned to ZnO particles.

According to Fig. 7a for classic technique, the peaks appeared at
2h = 39.49, 45.88, and 66.58 are related to Al substrate [19]. Addi-
tionally, there is not any extra peak in this pattern. As presented
previously, less ZnO particle deposition on Al substrate using clas-
sic method was proved using SEM and EDX results. Consequently,
it was expectable that XRD analysis cannot verify the existence of
ZnO particles. However, using ultrasound for ZnO particle deposi-
tion, different XRD pattern has been created (Fig. 7b). There are
several peaks, which are corresponding to hexagonal ZnO [19]. In
addition, these peaks are broad and weak that can be a sign of
weak crystallinity of deposited particles. Furthermore, the shift of
Al characteristic peak to smaller angle after ZnO deposition indi-
cates the increase of lattice parameters [20].

4.3. ATR–FTIR analysis

ATR–FTIR technique is highly recommended for chemical com-
position assessment. The corresponding spectra of B. Al, ZnO–Al–U,
ZnO–Al(E)–U, and STA–ZnO–Al(E)–U surfaces have been demon-
strated in Fig. 8. Based on Fig. 8, for B. Al, only one weak distin-
guishable peak is appeared at 460 cm�1 which is characteristic
peak of Al–O bond [21]. For ZnO–Al–U surface, the appearance of
intense peak at 416 cm�1 is assigned to wurtzite ZnO [22]. Further-
more, the emergence of two peaks at 447 cm�1 and 550 cm�1 can
be assigned to ZnO stretching [23,24]. Additionally, another two
peaks which are located about 750 cm�1 and 1360 cm�1, can be
correlated to Zn–O bond [25–28]. As an IR pattern is a plot of trans-
mittance percent versus wavenumber, the energies of bond



Fig. 8. ATR–FTIR spectra of different substrates.

Fig. 9. Potentiodynamic polarization curves of B. Al, STA–ZnO–Al–U and STA–ZnO–
Al(E)–U substrates. Fig. 10. Long-term stability of STA–ZnO–Al–U and STA–ZnO–Al(E)–U in NaCl

solution (3.5%).
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vibration vary with movement on the graph in horizontal direc-
tion. As a result, the horizontal location of the absorption band
relates to dissimilar energy. Two factors, which are crucial in
stretching energy determination, are masses of bonded atoms
and bond strength. Therefore the emergence of ZnO bond at higher
wavenumber (1360 cm�1) can be assigned to its higher strength
[29]. For ZnO–Al(E)–U surface, the presence of a peak at
515 cm�1 is attributed to the vibration modes of ZnO [30]. Conse-
quently, FTIR–ATR is supportive technique for ZnO deposition
proof.

In another hand, the grafting of STA can be clearly approved
according to Fig. 8. For STA–ZnO–Al(E)–U, the peaks which are vis-
ible at 2843 cm�1 and 2915 cm�1 are assigned to tCH2 and tCH3,
respectively. These peaks can be a sign of a long-chain alkyl group
existence on the surface [31]. Moreover, two new peaks are
appeared at 1460 cm�1 and 1539 cm�1 that are resulted from sym-
metric and asymmetric stretches of RCO�

2 group [31]. According to
the dissimilarity between symmetric and asymmetric peaks of RCO�

2 ,
the coordination between zinc ion and stearate ion can be inferred to
the bi-dentate form. Zinc stearate molecules contain of a long non-
polar chain having 17 carbon atoms. Due to nonpolarity of this chain,
there is not strong interaction between water molecules with high
polarity and outer surface of the long chain. Therefore, a combina-
tion of elevated surface unevenness with low surface free energy
acquired by chemisorption of STA have been regarded as two funda-
mental reasons for WCA increase as well as superhydrophobicity
state.

4.4. Corrosion resistance

The polarization curve measurements were carried out to esti-
mate the ability of the superhydrophobic coating to protect the
Al substrate from corrosion in NaCl solution (3.5% w/w) using Tafel
extrapolation method. The corrosion resistance of different sam-
ples can be compared from the corrosion potential (Ecorr) and the
corrosion current density (icorr). The lower icorr and more positive
Ecorr indicate the enhanced corrosion resistance [32–34]. Based
on Fig. 9, for B. Al, Ecorr is �0.758 V and this value shifts positively
to �0.718 V and �0.723 V for STA–ZnO–Al–U and STA–ZnO–Al(E)–
U, respectively. Also, icorr is about 2.238 � 10�5 A cm�2 for B. Al.



Fig. 11. Water droplet images on M.E.Z. Al and M.Z. Al. US surfaces after long-term stability test in 3.5% NaCl solution for 12 days.
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After creation of superhydrophobic property on B. Al, icorr
decreased for both superhydrophobic surfaces. But, this decline is
more significant for STA–ZnO–Al(E)–U in comparison with STA–Z
nO–Al–U. For mentioned surfaces, icorr is 1.250 � 10�6 A cm�2

and 1.047 � 10�5 A cm�2, correspondingly.
Overall, for both superhydrophobic surfaces (STA–ZnO–Al–U

and STA–ZnO–Al(E)–U), Ecorr shifts to positive value and icorr
decreases in comparison with B. Al. However, the decline of icorr
is more considerable for STA–ZnO–Al(E)–U. This means that for S
TA–ZnO–Al(E)–U surface, corrosion resistance has been improved
effectively in comparison with STA–ZnO–Al–U ones.

For more study, the long-term stability of STA–ZnO–Al–U and
STA–ZnO–Al(E)–U in NaCl solution (3.5%) has been investigated.
The results are demonstrated in Fig. 10. Furthermore, the images
of water droplets on mentioned surfaces have been shown after
12 days immersion in 3.5% NaCl solution (Fig. 11). Based on these
figures, STA–ZnO–Al(E)–U surface has higher stability than STA–Z
nO–Al–U.

Superhydrophobic surfaces have large fraction of trapped air
between the grooves, which can reduce the contact area between
water and solid surface. Therefore, superhydrophobic surfaces
can keep away any species with hydrophilic property. As a result,
corrosive Cl� cannot penetrate into the Al surface and this leads
to the enhancement of the corrosion resistance of the superhy-
drophobic surface (Fig. 9). It is necessary to emphasize that super-
hydrophobic surfaces with hierarchical structure can maintain
more air pocket between surface grooves in comparison with
one-scale rough surface. For this reason, the long-term stability
of STA–ZnO–Al(E)–U is considerably higher than STA–ZnO–Al–U.
5. Conclusion

Generally, a simple immersion method accompanied with
ultrasound was proposed to fabricate desirable roughness on Al
through ZnO particle deposition. Modification with STA as a final
step can lead to superhydrophobicity of the surface. The results
show that sonication is more effective than classic one to fabricate
superhydrophobic surfaces. In another way, etching of Al in HCl
(10%) for 10 min was carried out before ZnO particle deposition
using ultrasound method. After etching, the ZnO particle deposi-
tion yields a hierarchical structure with more mechanically stable
superhydrophobic property after STA modification. The potentio-
dynamic measurements demonstrate that the decline of icorr is
major for STA–ZnO–Al(E)–U in comparison with STA–ZnO–Al–U.
Finally, long-term stability assessment demonstrated that STA–Z
nO–Al(E)–U has significant stability versus immersion in NaCl
solution up to 12 days.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jcis.2015.10.029.
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