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Abstract Superhydrophobic surface with excellent cor-
rosion resistance was prepared on aluminum alloy via
boiling water treatment and surface modification with
stearic acid. Results suggested that the micro- and nanos-
cale hierarchical structure along with the hydrophobic
chemical composition surface confers the aluminum alloy
surface with good superhydrophobicity, and the water
contact angle and the water sliding angle can reach 156.6°
and 3°, respectively. The corrosion resistance of the
superhydrophobic aluminum alloy was first characterized
by potentiodynamic polarization, and then the long-term
corrosion resistance was investigated by immersing the
sample in NaCl solution for 90 days. The surface wetta-
bility, morphology, and composition before and after
immersion were examined, and results showed that the
superhydrophobic aluminum alloy surface possessed good
corrosion resistance under the experimental conditions,
which is favorable for its practical application as an engi-
neering material in seawater corrosion conditions. Finally,
the mechanism of the superhydrophobicity and excellent
corrosion resistance is deduced.

1 Introduction

Aluminum (Al) is the most plentiful metal element in the
crust, which is also one of the largest used and produced
metals in the non-ferrous metal territory [1]. Because of the
low density, higher specific strength, good electrical and

DX Libang Feng
lepond @hotmail.com

School of Mechatronic Engineering, Lanzhou Jiaotong
University, Lanzhou 730070, China

thermal conductivity, and other excellent properties, alu-
minum and its alloys have been widely used in industry and
our daily life, especially in aerospace and civil industries
[2, 3]. However, aluminum is a very reactive metal and
readily corroded in some wet and salty environments [4—6],
which prevents the large-scale application of aluminum
and its alloys in the wet and salty environments [7, 8]. To
improve the corrosion resistance, it is desirable to form
superhydrophobic coatings on the surface of aluminum and
its alloys, which have been proven effective in improving
the corrosion resistance of aluminum and its alloys [9-11].

A superhydrophobic surface with a water contact angle
(CA) larger than 150° and a sliding angle (SA) smaller than
10° has attracted a great deal of interest in both funda-
mental research and practical applications due to its out-
standing water-repellent property [12, 13]. Such a unique
characteristic has shown wide potential applications, such
as anti-corrosion [9, 14], self-cleaning, anti-bioadhesion
[10, 15], anti-icing [1, 16], and oil-water separation [17].
The key factor to fabricate a superhydrophobic surface is
the synergistic effect of both low-energy layer and rough
hierarchical structure [18]. Up to now, various approaches
have been successfully developed for fabricating of
superhydrophobic surfaces, such as sol-gel process [9, 19],
electrochemical anodization [20], chemical etching [21],
solution immersion [22, 23], and laser fabrication [24]. For
example, Zheng et al. [3] fabricated a self-cleaning
superhydrophobic surface via electrochemical anodization
followed by surface modification using myristic acid.
Vorobyev and Guo [25] created a multifunctional metal
surface by constructing a hierarchical nano-/microstructure
with femtosecond laser pulses. Li et al. [26] developed a
superhydrophobic aluminum alloy surface with excellent
corrosion inhibition by hydrochloric acid etching, potas-
sium permanganate passivation, and fluoroalkylsilane

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-016-9700-z&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-016-9700-z&amp;domain=pdf

165 Page 2 of 14

L. Feng et al.

modification method. However, most of the techniques
reported above require special equipment, complex pro-
cess, or harsh chemical treatment, which seriously impede
the practical application process of the fabrication meth-
ods. Thus, a simple, inexpensive, and environment-friendly
preparation method is quite needed to further greatly
advance the application process of the superhydrophobic
aluminum alloys.

In this paper, we demonstrate a facile and environment-
friendly technique for the fabrication of superhydrophobic
aluminum alloy surfaces, i.e., the boiling water treatment
and STA modification in DMF-H,O solution. The whole
procedure is simple to carry out, and no special equipment
is required. Moreover, the method is also low cost and
inexpensive, while the as-prepared superhydrophobic alu-
minum alloy surface possesses excellent corrosion
resistance.

2 Experimental section
2.1 Materials

Commercially available 6063 aluminum alloy plates (Si:
0.20-0.60 wt%, Fe: 0.35 wt%, Cu: 0.10 wt%, M,: 0.10
wt%, Mg: 0.45-0.90 wt%, Cr: 0.10 wt%, Zn: 0.10 wt%, Ti:
0.10 wt%, other impurities: 0.15 wt%, and the remaining is
Al) with a size of 20 mm x 10 mm x 2 mm were used as
the substrates. Stearic acid (STA) was obtained from
Sinopharm Group Chemical Reagent Co., Ltd. N,N-
dimethylformamide (DMF) was obtained from Shanghai
Chemical Reagent Co., Ltd. Acetone and methanol were
obtained from Tianjin Benchmark Chemical Reagent Co.,
Ltd. (China).

2.2 Fabrication of the superhydrophobic aluminum
alloy surfaces

The superhydrophobic Al alloy surfaces were fabricated by
a facile and environment-friendly method, and the sche-
matic illustration is shown in Scheme 1. Prior to modifying
with STA, aluminum alloy plates were polished mechani-
cally using 800”, 1000%, and 1500* metallographic abrasive
paper in turn to remove the oxide/hydroxide layer and
impurities at the surfaces and then sequentially cleaned
using methanol, acetone, and deionized water for about
10 min under ultrasonication, respectively. After dried,
surfaces of the aluminum alloy plates were allowed to
roughen using the boiling water for 5 min. Finally, the
aluminum alloy plates were immersed in 1:1 volume
mixture of DMF-H,O solution containing 10 mmol/L of
STA at the temperature of 65 °C. Afterward, the resulting
plates were rinsed with DMF and deionized water and then
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dried in air at room temperature for several hours prior to
further characterization. Thus, the superhydrophobic alu-
minum alloys were fabricated.

2.3 Sample characterization

The water contact angles (CAs) and sliding angles (SAs) of
the as-prepared surfaces were measured using a horizontal
microscope with a protractor eyepiece (DSA 100, Kruss,
Germany) at room temperature, while a water droplet with
a volume of 8 pl. was applied to the measurements. The
contact angle was adopted as the average value for one
sample at five fresh positions. The sliding angle was
measured and recorded by tilting the stage when the droplet
began to roll in the downhill direction.

Morphology of the as-prepared Al alloy surface was
observed by a field emission type of scanning electron
microscope (FE-SEM, JSM-6701F, Japan), and the element
composition was characterized by energy-dispersive spec-
trometer (EDS) associated with the FE-SEM instrument.

The phase and chemical composition of the sample were
investigated by characterizing the powder scraped from Al
alloy surface with X-ray diffractometry (XRD-7000, Shi-
madzu, Japan) and Fourier transform infrared spectroscopy
(FTIR, VER-TEX 70, Bruker, Germany), respectively.

Both the immersion experiments and electrochemical
measurements were taken to examine the corrosion-resis-
tant performance of the resulted Al alloys. The electro-
chemical measurements were taken in 3.5 wt% of NaCl
solution using a computer-controlled electrochemical
workstation (CHI660D, CH Instruments Inc.) at room
temperature in a traditional three-electrode cell. The as-
prepared surface with a size of 1 cm x 1 cm was used as
the working electrode, while a platinum plate and saturated
calomel electrode were used as counter electrode and ref-
erence electrode, respectively. The polarization curves
were established at a sweep rate of 10 mV/s, and the cor-
rosion potential (E.,;) and corrosion current density (I.o.)
were obtained using the Tafel extrapolation method.

3 Results and discussion

3.1 Analysis of the fabrication and
superhydrophobicity

The superhydrophobic aluminum alloy surface was fabri-
cated using a facile and environment-friendly technique,
i.e., the boiling water treatment and STA modification in
DMF-H,0 solution. No caustic reagents and special
equipment are used in the whole preparing procedure.
Therefore, the fabrication work is quite easy to put into
practice. The preparation steps have distinct influence on
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Scheme 1 Schematic
illustration for fabricating the
superhydrophobic Al alloy
surface

Al alloy plate

Polished and cleaned Boiling water treatment

Superhydrophobic
state

STA - modification

ﬁ_

Related chemical reactions:
Step 2: Al + H;O —ALO; xH,0 + H» t

ALO;-xH;0 — 2AI0(0H) + (x-1)H20

Step3: >ALO-H+ CH(CH:)1eCOOH — >ALOOC-(CH:)1s CHs + H20

Fig. 1 SEM micrographs of the aluminum alloy surfaces after different treatment steps, while inserts are the wetting images: a untreated,

b boiling water treatment, and ¢ STA modification

the microstructure, wettability, and chemical structure at
the aluminum alloy surfaces, which have been investigated
using SEM, contact angle measurement, and FTIR tech-
niques, respectively.

The SEM micrographs of the aluminum alloy surfaces
after different treatment steps are shown in Fig. 1. It can be
found from Fig. la that the micrograph of the untreated
aluminum alloy surface shows a relatively smooth struc-
ture. However, the microstructure of the aluminum alloy
surface changes greatly after the boiling water treatment,
and a quiet rough structure with a great quantity of pores
presents (see Fig. 1b). After the aluminum alloy plate is
immersed in the boiling water, some chemical reactions
happen, just as the related reaction equations shown in
Scheme 1. Thus, the reason that leads to the result can be
deduced as follows: the Al begins to reacts with the boiling
water immediately once the aluminum alloy plate is
immersed in the boiling water. Thereupon, Al,O3-xH,O
and H, generate. The generated H, can break through some
loose Al,O5-xH,0O, while some Al,O53-xH,O can further
react with the boiling water to form boehmite (AIO(OH)),
which is easy to dissolve in the boiling water. Thereafter,
the rough and porous structure is fabricated [8, 23].

Figure 1c shows the morphology of the as-prepared alu-
minum alloy surface after immersed in 1:1 volume mixture
of DMF-H,O solution containing 10 mmol/L of STA at
65 °C. It can be found that the surface becomes much
coarser as compared to that of the aluminum alloy surface
treated with the boiling water, and many hierarchical rough
structures that consist of wormlike ridges and pores form
upon the porous and rough aluminum alloy plates.
Additionally, the water contact angle (CA) at the alu-
minum alloy plates after different treatment steps is
investigated and the corresponding images are inserted in
SEM images in Fig. 1, which clearly demonstrates the
change of the wettability at the aluminum alloy surfaces
upon different treatment steps. The CA at the untreated
aluminum alloy surface is ca. 78.2°, while the water droplet
completely spreads on the aluminum alloy plates (namely,
the CA is approximately 0°) after treated in the boiling
water, indicating the aluminum alloy plate surface takes on
superhydrophilicity at this moment. However, the wetta-
bility at the aluminum alloy surface changes remarkably
after STA modification. The water droplet settles on the
surface with perfect sphere-like shape, and the CA and
sliding angle (SA) reach 156.6° and 3°, respectively. These
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manifest that the resultant aluminum alloy surface takes on
the superhydrophobicity.

Therefore, it can be found that the boiling water treat-
ment endows the aluminum alloy surface with the rough
and porous structure, while STA modification endues the
aluminum alloy surface with the hierarchical rough struc-
ture grafted with the low surface energy materials (the
related reaction equation is shown in Scheme 1). So the
results indicate that both the boiling water treatment and
STA modification are important in the formation of the
superhydrophobic aluminum alloy surfaces.

The cleaned Al alloy is a hydrophilic material with a CA
of 78.2°. After obtaining the rough and porous structure
upon the boiling water treatment, the aluminum alloy
surface exhibits superhydrophilic property. This result
clarifies the assumption proposed by Wenzel that rough
surface structure can enhance the hydrophilicity of a
hydrophilic surface [27].

According to Wenzel’s equation [28]:

cosfl, = r - cosf (1)

where 6, and 0 are the contact angles of liquid droplets on
the rough and smooth solid surfaces made of the same
materials, respectively, while r is the roughness factor
defined as the ratio between the real and projected solid—
liquid contact areas, and r is always larger than 1. Since
there are large numbers of pores produced by the boiling
water treatment, the surface roughness of the aluminum
alloy has greatly increased. Meanwhile, Al,O3-xH,O and
boehmite both exhibit hydrophilic. Therefore, the alu-
minum alloy surface takes on superhydrophilicity.

On the other hand, the surface chemical structure also
has much influence on the surface wettability. So the
Fourier transform infrared spectroscopy (FTIR) was uti-
lized to investigate the chemical composition on the alu-
minum alloy surfaces. Figure 2 shows the FTIR spectra of
the untreated aluminum alloy, as-prepared aluminum alloy,
and stearic acid. As compared to the untreated aluminum
alloy surfaces (see Fig. 2a), several quite distinct absorp-
tion peaks present at the IR spectrum of the as-prepared
aluminum alloy surface (as shown in Fig. 2b). Thereinto,
two absorption peaks at 2920 and 2851 cm™ ' are ascribed
to the symmetric and asymmetric stretching vibration of —
CH,— groups in STA, respectively, as these two peaks just
appear in the IR spectrum of STA (see Fig. 2c¢). Addi-
tionally, two new peaks present at 1470 and 1380 cm™',
which are attributed to the absorption of -CH,— and —CH3
groups, respectively. More importantly, the absorption
peak of free -COO™ groups in STA molecule presents at
1700 cm ™' (see Fig. 2¢). By contrast, this peak moves to
1585 cm™! in the IR spectrum of the as-prepared alu-
minum alloy surface (as shown in Fig. 2b). The movement
of the -COO™ absorption peak manifests that the reaction
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Fig. 2 FTIR spectra of the aluminum alloy and stearic acid:
a untreated aluminum alloy, b as-prepared aluminum alloy, and
¢ STA

between the carboxyl groups in STA and Al-OH at the
aluminum alloy surface has taken place successfully.
Thereupon, this peak is assigned to the absorption of
—COO-Al groups. As a result, the long alkyl chains in STA
are chemically grafted onto the aluminum alloy surface as
expected, and it reveals the presence of CH5(CH,);,COO-
Al with low surface free energy at the as-prepared surface
[23, 29].

As a conclusion, the superhydrophobicity of the as-
prepared aluminum alloy surface mainly comes from the
presence of the heterogeneous rough structure and low
surface energy material at the surface. The water droplet
with a size far larger than the microstructure is actually in
contact with both the STA modification film and air,
while it cannot penetrate into the pores among the rough
structure and might be suspended on those rough struc-
tures. This state can be described by Cassie-Baxter
equation [30]:

cosl, = ficosl — f> (2)

where 6, and 0 denote the contact angles of liquid droplets
on the STA-modified rough and smooth solid surface made
of the same materials, respectively, while f; and f, are the
area fractions estimated for the solid and the air trapped
between STA-modified aluminum alloy surface and a
water droplet, respectively (i.e., f; + f> = 1). This equa-
tion also demonstrates that the larger the air fraction (f),
the more hydrophobic the surface is. In our study, 6 is
estimated as 100.1° and 0, is 156.6°. So f; and f, are
estimated to be 0.0997 and 0.9003, respectively. These data
indicate that when a water droplet is settled on the super-
hydrophobic aluminum alloy surface, approximately
9.97 % serves as the contact area of the water droplet and
solid surface, and the remaining 90.03 % serves as the
contact area of the water droplet and air [8].
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3.2 Effect of the volume ratio of DMF-water
on the wettability and microstructure

The boiling water treatment has too much influence on the
aluminum alloy surface wettability and microstructure,
which has been revealed by water contact angle measure-
ment and SEM observation [14, 26]. Results reveal that the
optimal treatment time is 5 min. Similarly, the volume
ratio of DMF to water also has distinct influence on the
aluminum alloy surface wettability and microstructure, and
changes of the CA and morphology at the aluminum alloy
surface with volume ratio of DMF to water are shown in
Figs. 3 and 4, respectively.
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Fig. 3 Effect of DMF-water volume ratio on water contact angle

Fig. 4 SEM micrographs of the
aluminum alloy surface upon
different volume ratios of DMF
to water: a 3:1, b 2:1, ¢ 1:1, and
d1:2

Figure 3 shows the change trend of the CA at the alu-
minum alloy surface upon different volume ratios of DMF-
water containing 10 mmol/LL of STA at 65 °C for 24 h. It
can be found from Fig. 3 that the CA is only 132.3° when
the volume ratio of DMF—water is 3:1, while it increases
gradually with the decrease in the volume ratio of DMF to
water. The CA gets 156.6° when the volume ratio of DMF-
water reaches 1:1. However, the CA falls by degrees with
the volume ratio decreases further. So the results indicate
that the optimal ratio between DMF and water is 1:1, and
the reason can be explained as follows: when the boiling
water treated Al alloy is modified by STA-DMF-H,0 at
65 °C, the Al can be further oxidized because the different
DMF-H,0 volume ratios have different dissolving capac-
ities to STA and further provide different amounts of water
in oxidizing Al surface. Thus, the aluminum surface is
etched by various degrees and the different surface mor-
phologies are resulted accordingly with the different DMF—
water ratios. Thereupon, when the DMF-water volume
ratio is 1:1, the appropriate amount of water and dissolved
STA are reached. Consequently, the suitable structure at
the aluminum alloy surface is obtained, and then the
superhydrophobic surface is resulted.

Figure 4 shows the SEM micrographs of the aluminum
alloy surface upon different volume ratios of DMF to
water. It can be noted that a netlike structure with lots of
pores crossed by ridges comes into being when the volume
ratio of DMF to water is 3:1 as shown in Fig. 4a, which

5.0kV %30,000 WD84mm 100nm

5.0kvV X30,000 WD84mm  100nm

@ Springer



165 Page 6 of 14

L. Feng et al.

almost has no marked difference with the aluminum alloy
surface only treated by the boiling water for 5 min (without
grafting STA, see Fig. 1b), which indicates that the STA
chains may not successfully grafted onto the aluminum
alloy surface at this volume ratio. Accordingly, the alu-
minum alloy surface cannot achieve the superhydropho-
bicity. The morphology begins to exhibit the distinct
difference when the volume ratio of DMF to water
increases to 2:1, as shown in Fig. 4b. It can be found that
the porous and rough morphology with nano-rods and
lamellar structure presents. When the volume ratio of DMF
to water increases to 1:1, it can be found from Fig. 4c that
many fluctuant and protuberant ridges link together, which
forms the hierarchical rough structure with many micro-
and nano-pores. As a result, the as-prepared aluminum
alloy surface possesses the superhydrophobicity with a CA
of 156.6°. However, with the volume ratio of DMF to water
continues to decrease to 1:2, the morphology of the uneven
and imporous structure engenders at the aluminum alloy
surface due to the nano-rods and lamellar structure
assembling disorderly. Hence, the micro- and nano-pores
scarcely appear, as shown in Fig. 4d. The reason that leads
to this result might be when the volume ratio of DMF to
water decreases, the amount of water increases, while the
amount of the solved STA in the mixed solution decreases.
Whereafter, the water excessively reacts with the treated
rough aluminum alloy surface, but there is not enough STA
to modify and graft on the rough structure. Therefore, the
flowerlike structure cannot be formed under this condition
and the superhydrophobicity cannot be achieved at the
surface.

3.3 Effect of STA modification time
on the wettability and microstructure

The STA modification time also has remarkable influence
on the aluminum alloy surface wettability and
microstructure. To explore the effect of the STA
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Fig. 5 Water contact angle upon the STA modification time
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modification time on the wettability and microstructure, the
clean aluminum alloy plates treated with the boiling water
were chemically modified in the 1:1 volume ratio of DMF
to water containing 10 mmol/L of STA at 65 °C for 1, 5,
10, 15, 24, 36, and 48 h. The obtained results are shown in
Figs. 5 and 6, respectively.

Figure 5 shows the variation of the CA with the STA
modification time. It reveals that the CA significantly
enhances from 139.6° to 156.6° when the STA modifica-
tion time increases from 1 to 24 h. By contrast, the CA
does not further increase any longer and conversely begins
to decrease when the STA modification time continues to
extend, and the CA decreases to 152.3° while lengthening
the modification time to 48 h. Therefore, the optimal STA
modification time is 24 h and the superhydrophobic alu-
minum alloy surface with a CA of 156.6° is resulted.

Figure 6 shows SEM micrographs of the aluminum
alloy surface with the different STA modification time.
Nano-rods and lamellar structure link together, and
there is hardly any micro- and nano-pores at the surface
for 5 h of STA modification, as shown in Fig. 6a. The
flowerlike structure with large amount of ridges and
pores appears at the surface when further increasing the
STA modification time to 15 h (see Fig. 6b), and the
space between the lamellar is 60-300 nm, while the
lamellar thickness is 20—-60 nm. Meanwhile, it can be
seen from Fig. 6¢c that many fluctuant and protuberant
ridges linked together form the uniformly flowerlike
structure with many micro- and nano-pores, which
contributes to the highest CA of 156.6° upon the STA
modification of 24 h. Figure 6d shows that the signifi-
cantly change and the prominent ridges of the flowerlike
structure have grown bigger and thicker when the STA
modification time reaches 48 h, where the space
between lamellar and the thickness of lamellar itself is
20-200 and 40-300 nm, respectively. This greatly
reduces the amount of micro- and nano-pores or the
roughness of the aluminum alloy surface. Thereupon,
the water repellence is poorer than that of the 24-h
modification. Such phenomenon can be explained in
terms of Cassie—Baxter equation [see Eq. (2)]. Given
that 0 is 100.1°, 0, is 147.8°, 151.2°, 156.6°, and 152.3°
for the STA modification time of 5, 15, 24, and 48 h in
turn. Accordingly, the air fraction of f is estimated to
be 0.8135, 0.8499, 0.9003, and 0.8610, respectively,
which indicates that the change of CA corresponds to
the amount of air trapped at the composite interface.
These results show that the maximum amount of air has
been trapped within the flowerlike rough surface with
24 h of STA modification as compared to the others.
Thereupon, the heterogeneous surface with 24 h of STA
modification possesses the excellent water-repellent
behavior.
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Fig. 6 FE-SEM micrographs of
the aluminum alloy surface with
different STA modification time
in STA-DMF-H-O solution:

a5Shbl5hc24 h,andd48 h
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3.4 Microstructure and the water repellence
of the superhydrophobic aluminum alloy
surface

Figure 7 shows SEM images with different magnifications
of the as-prepared aluminum alloy surface with the
superhydrophobicity. Meanwhile, the digital photograph of
water droplets on the superhydrophobic aluminum alloy
plates together with the corresponding photographs of the
CA and SA of a water droplet is also shown in Fig. 7. It can
be found from Fig. 7a that the surface presents quite even
micrograph, while the surface is composed of a large
quantity of well-distributed wormlike structure. The higher
magnification micrograph (see Fig. 7b) shows that the
aluminum alloy surface consists of lots of 3D flowerlike
microstructure, while the flowerlike structure is linked and
divided into micro- and nano-porous structure by a number
of ridges. Meanwhile, the size of the pore is between 100
and 260 nm in diameter and the lamellar thickness is
40-70 nm. Thus, after STA modification, the flowerlike
heterogeneous rough structure with numbers of ridges and
pores forms at the aluminum alloy surface, which indicates
that the resultant superhydrophobic surface takes on the
micro- and nano-dual scales’ structure.

Just grounded on the micro- and nano-dual scales’
heterogeneous structure and the grafted long C;;H;5COO-
alkyl chains, the resultant aluminum alloy plate exhibits
excellent superhydrophobic property. Therefore, the water

v

X50,000 WD 84mm  100nm
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X50,000 WD84mm  100nm 6701 S 5.0kV

X50,000 WD83mm 100nm

droplet placed on the as-prepared aluminum alloy surface
presents with the perfect spherical shape (as shown in
Fig. 7c). Additionally, a great quantity of air is trapped in
the pores among linked and divided ridges. Consequently,
the resultant aluminum alloy surface takes on strong water
repellence with both high CA and low SA.

3.5 Corrosion resistance of the superhydrophobic
aluminum alloy surface

In order to investigate the corrosion-resistant property of
the as-prepared superhydrophobic Al alloy, both the
immersion experiment and electrochemical measurement
were taken at room temperature.

Figure 8 shows the potentiodynamic polarization curves
of the Al alloys with different water contact angles (CA) in
3.5 wt% of NaCl solution, and the corrosion potential
(Ecorr) and corrosion current density (I.o) obtained using
the Tafel extrapolation method are listed in Table 1.

It can be clearly seen from Fig. 8 and Table 1 that the
corrosion potential (E..) of the aluminum alloy positively
increases, while the corrosion current density (l.on)
decreases with the increase in the CA. Generally, a higher
corrosion potential or a lower corrosion current density
corresponds to a lower corrosion rate and a better corrosion
resistance. Therefore, the shift of the E,,, in the positive
direction and the decrease in I ., could be associated with
the protective property of the water-repellent coating
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Fig. 7 a, b SEM micrographs
of the superhydrophobic
aluminum alloy surface with
different magnifications,

¢ image of water droplets on the
substrate, and insets show the
photograph of contact angle and
sliding angle of a water droplet
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Fig. 8 Polarization curves of the aluminum alloy samples with
different water contact angles: a 78.2°, b 113.3°, and ¢ 156.6°

Table 1 Corrosion potential (E..,) and corrosion current density
(I.or) Of the aluminum alloy samples in 3.5 wt% NaCl solutions

Sample and its CA E o (V) Teor (A cm™?
Untreated (78.2°) —1.18 £ 0.02 1.541 x 107°
Hydrophobic (113.3°) —0.87 £ 0.02 4227 x 107°
Superhydrophobic (156.6°) —0.49 £+ 0.02 2.009 x 1077

formed by both the micro- and nanoscale hierarchical
structure and the chemically grafted hydrophobic alkyl
chains, just as shown in Fig. 14, which is well related to the
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interfacial air cushion formed between the solid and liquid
interfaces as well. When the water contact angle becomes
higher, more air will be trapped between the interfaces of
solid/liquid. For the aluminum alloy with the largest water
contact angle, the maximum amount of air will be trapped
between the solid and liquid interfaces. Therefore, the
corrosive medium (such as Cl1~ dissolved in water) can be
hindered to penetrate into and reach the Al substrate. Thus,
the lower corrosion rate is resulted. Thereupon, it can be
concluded that the aluminum alloy with higher water
contact angle has better corrosion resistance, and the
superhydrophobic Al alloy sample (with a CA of 156.6°)
exhibits the best corrosion resistance.

Additionally, the aluminum alloys are immersed in 3.5
wt% of NaCl solution for different time, and then the
surface morphology, microstructure, wettability, phase
structure, and chemical composition are investigated. By
comparing and analyzing the difference and change of the
structure and composition, the corrosion-resistant behavior
of the resultant superhydrophobic aluminum alloy can be
further evaluated. In our research, the samples are
immersed in 3.5 wt% of NaCl aqueous solution at room
temperature for 0, 2, 10, 30, 60, and 90 days, respectively.
After that, the samples are rinsed with deionized water and
subsequently dried at room temperature.

Digital pictures for the untreated and superhydrophobic
aluminum alloy after immersed in 3.5 wt% of NaCl solu-
tion for different time are shown in Fig. 9. It can be clearly
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Fig. 9 Digital picture for untreated a and superhydrophobic b sam-
ples after immersed in 3.5 wt% of NaCl solution for different time

seen from Fig. 9 that as compared to the surfaces that
without immersed in NaCl solution (i.e., 0 days), some so-
called white corrosive products appear on the aluminum
alloy surfaces. Moreover, the amount of the white corro-
sive products gradually increases with the immersion time
extending from 0 to 90 days. More importantly, it can be
found that the amount of the white corrosive products that
appears on the superhydrophobic aluminum alloy surface
(see Fig. 9b) is small than that on the untreated aluminum
alloy surface (as shown in Fig. 9a) for the same immersion
time, indicating that the corrosive degree of the untreated
aluminum alloy samples is severer than that of the super-
hydrophobic ones.

Figure 10 exhibits the water contact angle of the
superhydrophobic samples after immersed in 3.5 wt% of
NaCl solution for different time. It can be found that the
CA gradually decreases with the increase in the immersion
time. The CA remains around 154.2° after the superhy-
drophobic aluminum alloy is immersed for 2 days, which
indicates that the superhydrophobic aluminum alloy sur-
face exhibits good superhydrophobicity and corrosion
resistance at this corrosion condition. Furthermore, the CA
at the superhydrophobic surface immersed for 90 days still
remains ca. 130.6°, which just manifests that the resultant
superhydrophobic aluminum alloy is hopeful for its prac-
tical application as an engineering material in seawater
conditions.

In order to further explore the microstructure and
chemical structure of the superhydrophobic aluminum
alloy samples after immersion in 3.5 wt% of NaCl solution,
the SEM and EDS techniques are used.

Typical SEM images for the untreated and superhy-
drophobic aluminum alloy samples before and after 90-day
immersion in 3.5 wt% of NaCl solution are shown in
Fig. 11. For the untreated Al alloy sample, the surface
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Fig. 10 Water contact angle of the superhydrophobic sample after
immersed in 3.5 wt% of NaCl solution for different time

shows an quite plain structure before immersion in 3.5 wt%
of NaCl solution (as shown in Fig. 11a). However, a great
deal of loose new substance appears and pile up together on
the surface after the sample is immersed in 3.5 wt% of
NaCl solution for 90 days (Fig. 11c). For the superhy-
drophobic Al alloy sample, the 3D flowerlike surface with
micro- and nano-pores and ridges presents before immer-
sion in 3.5 wt% of NaCl solution (Fig. 11b). By contrast,
many loose nubbly particles appear on the surface after the
sample is immersed in 3.5 wt% of NaCl solution for
90 days (Fig. 11d). Meanwhile, part of 3D flowerlike
structure remains all the same. However, the amount of the
loose substance on the superhydrophobic aluminum alloy
surfaces is less than that on the untreated ones.

Then EDS is used to estimate the chemical composition
at the aluminum surface before and after immersed in 3.5
wt% of NaCl solution. Figure 12a, b shows the EDS
spectra of the untreated and superhydrophobic aluminum
alloy surfaces, respectively. The EDS spectrum of the
untreated aluminum alloy surface in Fig. 12a shows the
appearance of Al, C, O, Si, and Fe elements, while the
elemental weight ratio is given in Table 2. Results indicate
that the Al element holds the most part of the aluminum
surface, while the elemental C might be from some
methoxy groups grafted onto the aluminum alloy surface
when cleaned by ultrasonication [8]. Meanwhile, it can be
found from Fig. 12b and Table 2 that the Al, C, O, Si, and
Fe present at the superhydrophobic aluminum alloy surface
as well. As compared to the surface composition of the
untreated aluminum alloy (Fig. 12a), it reveals that con-
tents of C and O elements increase markedly, while Al
content decreases remarkably, indicating that the surface
composition at the aluminum alloy has taken considerable
changes upon superhydrophobicity. The increase in the C
and O and the decrease in the Al should result from the
grafting of the STA molecules. Thereupon, it can be
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Fig. 11 SEM images for
untreated (a, ¢) and
superhydrophobic aluminum
alloy samples (b, d) before (a,
b) and after (c, d) 90 days
immersed in 3.5 wt% of NaCl
solution
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Fig. 12 EDS spectra for the
untreated (a, ¢) and
superhydrophobic aluminum
alloy samples (b, d) before (a,
b) and after (c, d) 90 days
immersed in 3.5 wt% of NaCl
solution
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Table 2 The element weight

ratio of the untreated and Sample Element (wt%)
superhydrophobic aluminum Al C (0] Si Na Cl Fe
alloy samples before and after
90-day immersion in 3.5 wt% of Untreated 0 days 83.72 10.11 4.16 1.49 0 0 0.52
NaCl solution 90 days  33.14 522 6064 006 032 049  0.13
Superhydrophobic 0 days 41.25 40.69 16.77 0.81 0 0 0.48
90 days 43.42 23.23 30.80 1.93 0.02 0.01 0.59

deduced that the long alkyl chains of STA have been
anchored onto the aluminum alloy surface successfully.

Great changes take place for the aluminum alloy surface
after immersion in 3.5 wt% of NaCl solution for 90 days.
Figure 12c, d shows the EDS spectra for the untreated and
superhydrophobic Al alloy samples after 90-day immersion
in NaCl solution. As compared to the surface composition
of the untreated aluminum alloy surface before immersion
in NaCl solution (see Fig. 12a), the contents of Al, C, Si,
and Fe elements decrease, while the content of O element
increases observably for the untreated aluminum alloy
surface after immersion in NaCl solution for 90 days, as
shown in Fig. 12c and Table 2. Meanwhile, Cl and Na
elements appear. At the same time, by comparing the
surface composition of the superhydrophobic aluminum
alloy before (see Fig. 12b) and after (see Fig. 12d)
immersion in NaCl solution for 90 days, it can be found
that the content of Al element keeps unchanged on the
whole, while the content of C element decreases and the
content of O element increases.

Moreover, by comparing the surface composition of
both untreated and superhydrophobic Al alloy after
immersion in NaCl solution (Fig. 12¢, d, respectively), it
can be found that there are more amount of Al and C
elements and less amount of O element at the superhy-
drophobic aluminum alloy surface as compared to those at
the untreated aluminum alloy surface. More importantly,
there are a lot of amounts of ClI and Na elements at the
untreated aluminum alloy surface, namely 0.49 and 0.32
wt%, respectively. By contrast, the contents of Cl and Na
elements at the superhydrophobic aluminum alloy surface
are only 0.01 and 0.02 wt%, respectively, indicating that
very litter amount of Cl and Na elements presents.

In order to further validate the protection effect of the
strong water-repellent coating and the difference in corro-
sion resistance between the untreated and superhydropho-
bic aluminum alloys, the corrosive products is investigated
with XRD analysis. The phase structure of both the
untreated and superhydrophobic aluminum alloys corroded
for 0 and 90 days was analyzed by XRD technique, and the
investigated XRD patterns are shown in Fig. 13. It can be
seen from the XRD pattern of the untreated Al alloy plate
corroded for O days (see Fig. 13a) that four main diffrac-
tion peaks present at 26 of 38.5°, 44.7°, 65.1°, and 78.2°.

These crystal peaks are ascribed to the Al phase with ori-
entation planes of (111), (200), (220), and (311), respec-
tively, just as similar to what in JCPDS file No. 85-1327 of
the metallic aluminum. Additionally, there are two very
low peaks presented at 20 of 27.1° and 42.6°, which are
corresponding to the phase of Al,O5 (the JCPDS file No.
73-1199) with orientation planes of (102), (202). Likely,
four main diffraction peaks ascribed to the aluminum phase
also present at the XRD patterns of both the untreated
(Fig. 13b) and superhydrophobic aluminum alloys
(Fig. 13c) corroded for 90 days. More importantly, three
new sharp and intensive diffraction peaks at 20 of 18.6°,
20.5°, and 40.7° present in the XRD pattern of the
untreated aluminum alloys after corrosion (see Fig. 13b),
which are affirmed to be the corresponding crystal planes
of Al(OH); with orientation planes of (001), (020), (131),
just as indexed in the JCPDS file No. 77-0117. By contrast,
the intensity of these three diffraction peaks is quite weak
so that nearly no corresponding peaks appear for the
superhydrophobic Al alloy corroded for 90 days (see
Fig. 13c). These results indicate that very litter amount of
AI(OH); crystals forms on the superhydrophobic surface,
which is quite in accordance with the loose nubbly particles
appeared on the superhydrophobic surface shown in
Fig. 11d.

In summary, it can be inferred that the aforementioned
corrosive products deposited on the aluminum alloy sur-
faces after immersed in NaCl solution are A1(OH)3, and the
deposited AI(OH); on the superhydrophobic aluminum
alloy surfaces is much less than that deposited on the
untreated aluminum alloys.

The difference of the microstructure and chemical
composition between the untreated and superhydrophobic
aluminum alloy surfaces as well as before and after
immersion in NaCl solution must be related to the surface
morphology, composition, wettability, etc. Moreover, it
related to the formation of corrosive products. Such vari-
ation is probably because of the following electrochemical
reactions [31, 32]:

First, the oxidized layer hydrates in the NaCl solution:

ALOs + 3H,0 — 2A1(OH), (3)

Then, the resultant AI(OH); can be dissolved further by
aggressive Cl:
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Fig. 13 XRD patterns of the .
aluminum alloy plates after % Al TLE v A L o B
immersed in 3.5 wt% of NaCl ® Al(OH)3
solution for different time: B ALO3
a untreated—0 days, 2 B ©
b untreated—90 days, and i “;:
¢ superhydrophobic—90 days % Nl o o . % %
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AI(OH),+ CI- — AI(OH),Cl + OH"
AI(OH),Cl + CI” — AI(OH)Cl, + OH"
AI(OH)CL, + CI” — AICl; + OH™

Meanwhile, the electrochemical reaction of the exposed Al
occurs:

Al — APY 4+ 3e”
0, + H,O + 4e” — 40H™

(7)
(3)

Particularly, once the oxidized layer exposed to NaCl
solution, it can reacts with the water and Al(OH); is
resulted, as shown in Eq. (3). Then, the AI(OH); layer
would be dissolved by degrees upon the attack of the
aggressive Cl7, [see Egs. (4)-(6)]. Meanwhile, the exposed
Al would be further converted into AI(OH); by the elec-
trochemical reactions [see Eqs. (7)—(8)] when the barrier of
Al,O5 and Al1(OH); dissolved. The changes of O, Al, and C
content in EDS results just show exactly that the corrosion
reactions have occurred. Additionally, the Cl and Na ele-
ments mentioned above should be the little residual of
chloride [can be inferred from Eqgs. (4)—(6)] when corroded
in NaCl solution. As compared to the untreated aluminum,
a strong water-repellent coating exists on the superhy-
drophobic aluminum alloy surface. Just based on the pro-
tection of the strong water-repellent coating, the corrosive
ion, such as CI~, cannot close and penetrate into the
superhydrophobic aluminum alloy surface when the sam-
ples are immersed in NaCl solution. As a result, the elec-
trochemical reactions mentioned above will be cut down
greatly for the superhydrophobic aluminum alloy than
those of the untreated aluminum. Consequently, the cor-
rosive probability is reduced for the superhydrophobic
aluminum alloys as compared to the untreated ones.
Therefore, the corrosive residual is less for the superhy-
drophobic aluminum alloy as compared to that of the
untreated aluminum alloy.

Both the electrochemical experiments and long-term
immersion experiments indicate that the superhydrophobic
surface exhibits excellent corrosion resistance. This
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phenomenon can be well explained by ‘Cushion Effect’
and ‘Capillarity’ [3, 27]. Figure 14 shows the interface
model for anticorrosion mechanism of the superhy-
drophobic Al alloy surface in contact with 3.5 wt% of NaCl
aqueous solution. The superhydrophobic surface takes on
the micro- and nano-dual scales’ structure (as shown in
Fig. 7) grafted with the long hydrophobic alkyl chains. The
hierarchical surface can easily capture great deals of air at
the interface, and the long hydrophobic alkyl chains can
exclude the hydrophilic media from close. Therefore, an
effective barrier obtains so that the water and the corrosive
CI™ cannot enter and contact with the aluminum surface
directly, which further hinders the superhydrophobic Al
surface from corrosion. However, with the immersion time
in 3.5 wt% of NaCl aqueous solution gradually extending,
the aggressive Cl~ maybe penetrate into the superhy-
drophobic surface depends on its priority from the vul-
nerable and weakest places and the corrosive reaction
occurs from now on. So that the wettability of the super-
hydrophobic Al alloy surface with excellent corrosion
resistance decreases, which is consistent with the results of
the long-term corrosion resistance experiments, just as
affirmed by the equations [Eqgs. (3)—(8)] that the exposed
Al contacted with 3.5 wt% of NaCl aqueous solution is
finally converted to AI(OH); through the electrochemical
reactions as well. More importantly, the untreated alu-
minum alloy surface mainly complies with the above cor-
rosive reactions [31], while the corrosion rate is far larger
than that of the superhydrophobic ones. This conclusion
can also be demonstrated by the corrosion products
deposited on the surface from Figs. 9 and 11. Besides,
these reactions are responsible for the pitting [33-35]
generated on the untreated and superhydrophobic samples.
For the superhydrophobic surface, pitting can further peel
off the water-repellent film and speeds up the corrosion
rate, and this is one of the reasons why the corrosion
resistance gradually decreases with the extension of the
immersion time in NaCl solution. In conclusion, the
superhydrophobic film can greatly improve the corrosion
resistance of the aluminum alloy, and the aluminum alloy
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Fig. 14 Interface model for
anticorrosion mechanism of the

superhydrophobic surface in vDetail view
corrosive NaCl aqueous
solution
NaCl aqueous solution
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