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ABSTRACT: After hydrothermally treated in H,O (for Mg
alloy and Al alloy) or H,O, (for Ti alloy), microstructured
oxide or hydroxide layers were formed on light alloy substrates,
which further served as the active layers to boost the self-
assembling of 1H,1H,2H,2H-perfluorooctyltriethoxysilane
(PFOTES) and finally endowed the substrates with unique
wettability, that is, superhydrophobicity. For convenience, the
so-fabricated superhyrdophobic surfaces (SHS) were abridged
as HT-SHS. For comparison, SHS coded as CE-SHS were also
prepared based on chemical etching in acid and succedent
surface passivation with PFOTES. To reveal the corrosion
protection of these SHS, potentiodynamic polarization
measurements in NaCl solution (3.5 wt %) were performed.
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Moreover, to reflect the long-term stability of these SHS, SHS samples were immersed into NaCl solution and the surface
wettability was monitored. Experimental results indicated that HT-SHS was much more stable and effective in corrosion
protection as compared with CE-SHS. The enhancement was most likely due to the hydrothermally generated oxide layer by the
following tow aspects: on one hand, oxide layer itself can lower the corrosion due to its barrier effect; on the other hand, stronger
interfacial bonding is expected between oxide layer and PFOTES molecules.
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1. INTRODUCTION

Light alloys (i.e., magnesium, aluminum, and titanium alloy) are
widely used in aerospace, automobiles, and mechanical
apparatus due to their characteristics of low weight, high
specific intensity, and good thermal/electrical conductivity.'™>
However, the inherent poor corrosion resistance has limited
their further potential application. Therefore, it is quite
necessary to take measures to improve their corrosion
resistance.

It is known that the naturally formed oxide layer on light
alloy substrate can serve as a corrosion barrier. So, techniques,
such as microarc oxidation (MAQ), have been developed to
generate such passive oxide layer."”® However, the apparatus
required by MAO is expensive and the procedure is
complicated. Herein, by a simple and versatile hydrothermal
process, hydroxide or oxide layers with rough microstructures
were prepared on light alloy substrates. The corrosion of the
light alloy substrate can be relieved to a certain extent due to
the barrier effect of the so-generated oxide layer. To further
boost the corrosion protection, the surface was passivated with
molecules of 1H,1H,2H,2H-perfluorooctyltriethoxysilane
(PFOTES). Correspondingly, the surface energy was lowered
and a unique surface wettability, that is, superhydrophobicity,
was obtained.

Superhydrophobicity, a special case of wettability with a
water static contact angle (SCA) greater than 150° and sliding
angle (SA) less than 10° has aroused considerable interest
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mainly in two aspects: the fabrication and potential application
of superhydrophobic surfaces (SHS).”'® As to fabrication,
heretofore, many methods including anodization,"""'? electro-
deposition," laser treating,'* electrospinning,">'® chemical
vapor deposition,'” and sol—gel processing'® have been
reported. However, studies about the versatile techniques
suitable for a wide range of materials are relatively scarce. A
profound example is a simple and versatile chemical etching
process to fabricate SHS on a wide range of metal substrates
including aluminum, zinc, copper, steel, and titanium alloy.lg’20
Learning from these pioneer research works, it is obvious that
such a chemical etching process is suitable for light alloys of
aluminum and titanium; however, from the viewpoint of
corrosion resistance, SHS obtained by such a chemical etching
method is not an ideal choice due to the absence of hydroxide
or oxide barrier layer. Thus, it is quite essential to develop
another simple and versatile process to prepare SHS with better
corrosion protection.21

In this paper, a simple and versatile procedure combining the
hydrothermal generation of a hydroxide or oxide barrier layer
and further passivated with low-surface-energy molecules has
been proposed to fabricate SHS on light alloy substrates. The
procedure is very impressive for its universality, novelty, and
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Figure 1. Schematic illustration for the preparation process of SHS on light alloy substrates based on hydrothermal or chemical etching treatments.
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Figure 2. FESEM images of different samples.
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simplicity; moreover, the chemical used for hydrothermal
treatment is H,O or dilute H,O,, which has no or low impact
on environment. The outstanding corrosion protection of the
so-obtained SHS has also been confirmed by electrochemical
corrosion tests. So, it is hoped that this facile technique will
accelerate the production of SHS on light alloys with corrosion
resistance applications.

2. EXPERIMENTAL SECTION

2.1. Materials and Reagents. Mg alloy (AZ91D), Al alloy
(5083), Ti alloy and (TC4) were obtained from Northwest Institute of
Nonferrous Metal Company, China. 1H,1H,2H,2H-perfluorooctyltrie-
thoxysilane (PFOTES) was purchased from Sigma-Aldrich. Other
reagents are analytical grade and used as received. Ultrapure water with
a resistivity great than 18.0 MQ-cm was used.

2.2. Preparation of SHS. A schematic view is depicted in Figure 1
to illustrate the fabrication process of SHS on light alloy substrates.
First, to get rid of surface contamination, the samples were ground
with abrasive paper (600 Cw and 1200 Cw) and ultrasonicated in

acetone, ethanol, as well as ultrapure water for 10 min each. Then, the
alloy substrates were introduced into a Teflon vessel with a 100 mL
capacity. For Mg alloy and Al alloy samples, the vessel was filled with
ultrapure water; for Ti alloy, the vessel was filled with H,0, (10%)
solution. The vessel was sealed with a lid and maintained at a
temperature of 120 °C for 6 h. After this, the samples were taken out
and cleaned in ultrapure water for 5 min and dried with N, gas. Then,
the samples were immersed in a methanol solution (1.0 wt %) of
PFOTES at room temperature for 1 h followed by heat treatment at
140 °C for 1 h. Finally, the samples were ultrasonically cleaned in
acetone and ethanol. For convenience, the so-fabricated super-
hyrdophobic surfaces (SHS) were abridged as HT-SHS.

Control SHS abridged as CE-SHS were also prepared by a similar
process by replacing the hydrothermal treatment with chemical
etching process. The details of chemical etching are as follows: the Al/
Mg/Ti alloy substrates were immersed into HCI (3.7 wt %), HNO,
(6.8 wt %), and HF (4.0 wt %) solution, respectively, for 5 min at
ambient temperature.

2.3. Characterizations. An optical contact angle meter (Easydrop,
Kriiss, Germany) with a computer-controlled liquid dispensing system
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Figure 3. XRD patterns of the chemically etched (i) and hydrothermally treated (i) samples (a—c). (d) Ti 2p XPS of the chemically etched (dashed

line) and hydrothermally treated (solid line) Ti alloys.

and a motorized tilting stage was used to measure water static contact
angle (SCA) and sliding angle (SA) at ambient temperature (24 °C).
A voume of 7 uL of ultrapure water was dropped onto the samples,
and the SCAs were determined by different positions (>5) of the same
samples. To estimate the long-term durability of superhydrophobic
properties under continuous contact with seawater, the samples were
soaked in NaCl (wt. 3.5%) solution for a long time. After a definite
time of immersion, the sample was taken off the water, dried under a
nitrogen stream, and retained in a vacuum oven at 30 °C for 60
min.**">* Then, the wettability of the samples was measured by the
method mentioned above.

The morphological microstructures were observed on a field
emission scanning electron microscope (FE-SEM, JEOL, JSM-6701F,
Japan) under vacaum environment, and the samples were presputtered
with a thin palladium/gold film. The chemical compositions of the
samples were studied by X-ray photoelectron spectroscopy (XPS,
Physical Electronics, PHI-5702). The measurements were performed
using a monochromated Al Ke irradiation and the chamber pressure
was about 3 X 107 Torr under testing condition. The binding energy
of adventitious carbon (Cls: 284.8 eV) was used as a basic reference.

Electrochemical corrosion test was performed on an electro-
chemistry workstation (CS350, Wuhan Corrtest Instrument Co.,
Ltd, China) by potentiodynamic polarization in a three-electrode
system: a working electrode (WE), a platinum stick counter electrode,
and a saturated calomel reference electrode (SCE). NaCl solution of
3.5 wt % was used as the electrolyte. Dynamic measurement of
polarization curves in a Tafel model was acquired at a scan rate of 1
mV/s at room temperature.
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Figure 4. SCA images for water droplets on SHS and related data.
SCA/SA value of the depicted image is marked beside the droplet with
red and the average data of each sample is marked above the droplet in
blue.

3. RESULTS AND DISCUSSION

3.1. Surface Topographies and Species. To characterize
the surface features of various samples, FESEM images are
provided in Figure 2. For bare substrates, abrasive grooves are
observed [Figure 2 (a), (f), and (k)]. After hydrothermal
treatment, for Al (Figure 2b, ¢) and Mg alloy (Figure 2g, h)
substrates, the surfaces are composed of petal-shaped nano-
sheets with a typical thickness of ~100 nm; moreover, the
“petals” on Al alloy surface seem to be smaller and packed more
closely. For hydrothermally treated Ti alloy substrate (Figure
21, m), the surface is composed of nanoparticles with diameter
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Figure S. Tafel plots of different samples. Corrosion potential (E,,,) and corrosion current density (I,,) derived from the curves were denoted in
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of ~100 nm. The surface topographies of the chemically etched
samples are quite different as compared with the hydro-
thermally treated ones. Figure 2d and e shows that the fractal
morphology in 3-D is formed with numerous facets that form a
large number of cavities deep in the chemically etched Al alloy
substrate surface, just as reported by Wu et al,, and Qian et
al.'"*® For Mg alloy substrate (Figure 2i, j), cracks with
wideness ranging from ~200 nm to ~1 pm are formed;
moreover, it is observed that the surface is covered by
nanoparticles with a typical diameter of ~100 nm (Figure 2j).
For Tij alloy substrate (Figure 2n), microstructures with cavities
as well as islands are distributed uniformly across the surface.
Under larger magnification (Figure 20), it is clearly observed
that the surface of cavities or islands is covered with
nanopapillae with a typical scale of several tens of nanometers.
The formation of such surface microstructures on the etched
samples is because that the alloy is made of different elements
(such as Tj, Al, V for TC4 Ti alloy; Mg, Al, Zn for AZ91D Mg
alloy; Al, Mg for 5083 Al alloy), the etching rate at different
positions of the surface is unequal.*® The special topographies
of the hydrothermally treated samples are originated from the
newly formed surface species, such as hydroxide and oxide, due
to the reactivity of Al/Mg/Ti with water or H,O,.

To discover the surface species, XRD patterns of different
samples were given in Figure 3. It is apparent that the
chemically etched samples show strong signals of the major
composition of light alloys (Figure 3a, Al; Figure 3b, Mg;
Figure 3c, Ti]. While, for the hydrothermally treated samples of
Al and Mg alloys, some new peaks attributed to hydroxide
[AIO(OH) or Mg(OH),] appear. It is supposed that such
species are generated by the reaction equations of eqs 1 and 2.

Mg + 2H,0 = Mg(OH), + H, (1)
2Al + 4H,0 = 2AI0(OH) + 3H, (2)
Ti + 2H,0, = TiO, + 2H,0 (3)

However, for Ti alloy, there is no new peak. This may result
from the following two aspects: no species are formed by
hydrothermal treatment or the formed species are amorphous
and cannot be detected by XRD. To get further information,
XPS of Ti alloys treated by chemical etching or hydrothermal is
also provided. It is observed that the Ti 2p;,, for chemical
etching sample is located 454.1 eV, which is a typical value of
Ti(0) metal.>**® For hydrothermally treated samples, Ti 2p, 2
shifts to a higher binding energy of 458.8 eV, implying that the
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Ti atoms are positively charged. Moreover, this value is very
similar to the reported ones of TiO,.””">* So, it is deduced that
a layer of TiO, has been generated under the oxidation of H,O,
(eq 3).

3.2. Wettability. The surface wettability is evaluated by an
optical contact angle meter. It is observed that, for the grinding
and degreasing treated bare substrates, SCAs are dispersed in
wide ranges (Al, 11°~22° Mg, 10°~20°; Ti, 10°~25°). Such
wide dispersions may be partly due to the grooved surface
structures (Figure 2a, f, and k), which are expected to break the
axial symmetry of the water droplet and finally result in the
phenomenon that SCA will depend on drop orientation with
respect to image plane. After CE or HT treatment, grooved
structures disappeared and such orientation-SCA dependence is
alleviated. Correspondingly, the SCA dispersion range becomes
narrower (HT-Al, <10°% HT-Mg, <10°; HT-Ti, <10°% CE-A],
10°~16°; CE-Mg, <10°; CE-Tj, 15°~25°). The low SCA of the
chemically etched samples is probably due to the high activity
of the freshly prepared alloy surfaces and capillarity of the
special microstructures. For the hydrothermally treated
samples, the superhydrophilicity is mainly supposed to be
related not only with the microstructures but also the generated
hydrophilic hydroxide [Mg(OH),, AIO(OH)] or oxide (TiO,)
layer.

After modified with PFOTES, SCA increases sharply: for
bare substrates (Al, Mg, and Ti alloy) modified with PEOTES,
SCAs increase to 112.5° (£2.6°), 115.4° (£3.2°), and 114.8°
(£2.8°), respectively; for HT and CE treated samples, SCAs
are greater than 150° and SA less than 10° (as shown in Figure
4), suggesting that SHS are obtained. The origin of this special
wettability, that is, superhydrophobicity, is generally believed to
be related with two important parameters of low surface energy
and rough surface microstructures. Herein, the former
parameter is realized by surface passivation with low-surface-
energy molecules of PFOTES; the latter one is realized by HT
or CE treatment (as seeing from Figure 2, rough micro-
structures are formed after HT or CE treatment).

3.3. Corrosion Protection. In order to estimate the
corrosion protection of the generated hydroxide or oxide layer
and SHS, Tafel plots were measured (Figure S) when stable
open circuit potential (OCP) was obtained after the samples
being exposed to NaCl solution for a certain period. Important
parameters, such as corrosion potential (E,,) and corrosion
current density (I.,) can be derived from the curves. It is
generally believed that lower I, value denotes lower corrosion
dynamic rate and positive E_,, represents lower corrosion

corr
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Figure 6. Surface wettability variation as a function of immersion time.
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thermodynamlcal tendency. The highest I, and most negative

E .. of black plots in Figure S suggests that the chemically
etched light alloy substrates are easiest to be corroded. This is
mainly because that, after being chemically etched, fresh and
active surface is obtained and the corrosion chemical reactions
are easy to occur. For the hydrothermally treated samples,
protective layers [such as AIO(OH), Mg(OH), and TiO,] are
formed, so the I,
in Figure S. After modified with low-surface-energy molecules
of PFOTES, SHS is obtained and the corrosion protection is

enhanced greatly. Moreover, SHS based on hydrothermal

decreases and E,

orr Shift positively, as shown

treatment is more effective in corrosion protection, this is
mainly because that the generated hydroxide or oxide layer can
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serve as a barrier layer to obstruct the diffusion of water and
other corrosive species (such as Cl™ and O,) dissolved in water.

The above-mentioned corrosion behaviors were based on a
short-term immersion process (about 30 min). To further
characterize the long-term stability of SHS under the attack of
corrosive species (such as water, oxygen, and chloride ions), the
so-fabricated SHS were immersed into NaCl solution for a
much longer period (tens to hundreds of hours) and the
surface wettability, including SCA and SA, of these samples was
measured (Figure 6). It is obvious that SCA decreases gradually
from >150° to about 10° and SA increases from <10° to 90°.
This wettability variation suggests that the low-surface-energy
molecules on SHS are deteriorated as the immersion time
prolonging. Moreover, it is observed that the deterioration rate,

dx.doi.org/10.1021/am4000134 | ACS Appl. Mater. Interfaces 2013, 5, 3101-3107
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which can be reflected by the slope of the fitted lines in Figure
6, was much lower for SHS-HT as compared with SHS-CE.
This is probably because that the interfacial interaction between
the substrate and PFOTES molecules is quite different for the
samples of SHS-HT and SHS-CE. Specifically, for SHS-HT,
reactive substrate surfaces with hydroxyl groups were generated
and PFOTES molecules were expected to be self-assembled
thereon;?*3%3! therefore, there may exist covalent interfacial
bonding of =Si—O—Me (Me denotes metal substrate of light
alloy, =Si is the silicon atom on the hydrolyzed PFOTES
molecules). For SHS-CE, by a chemical etching process, there
generate no functional surface groups which can react with
PFOTES or its hydrolysates; so, weak interfacial interaction
such as physical adsorption is expected. In the literature,>>>>
the wettability evolution and mechanism analysis of various
SHS on substrates has been discussed in detail. It is concluded
that there are two common reasons for the deterioration of
SHS under continuous contact with water. On one hand, at the
SHS/liquid interface, the hydrophobic molecules are exposed
to liquid directly; under the attack of water or other
components, some hydrophobic molecules tend to desorbed
from the substrate through certain reactions, such as hydrolysis
of chemical interfacial bonding =Si—O—Me

=S§i—0—Me + H,0 = =Si—OH + Me—OH

On the other hand, it is detected that water molecules can be
adsorbed at the SHS/vapor interface. Under the above
situations, water molecules are confirmed to penetrate the
SHS to reach the substrate. This may also trigger the
desorption of hydrophobic molecules. From these discussions,
it can be seen that the deterioration of superhydrophobicity is
greatly governed by the desorption of hydrophobic molecules,
which is much difficult to occur for chemisorbed ones. So, it
can be well understood that the SHS with chemical interfacial
bonding***>can endure much longer immersion period as
compared with ones with weak physical adsorption.

It is also observed that there exists a kink in the SCA—
immersion time curve. Before the kink, SCA decreases slowly;
after it, SCA decreases more rapidly. This might be because
that, at the earlier stage, PFOTES molecules are packed closely
and the corrosion is suppressed. However, under the persistent
attack of corrosive species, PFOTES layers will finally be
deteriorated and some defects (such as micro- or nanoholes)
formed, which conversely facilitate more severe corrosion and
result in faster deterioration.

4. CONCLUSIONS

Two kinds of SHS (i.e., CE-SHS and HT-SHS) were fabricated
on light alloy substrates and their corrosion protection was
investigated. Experimental results indicate that HT-SHS is a
much better choice for corrosion protection due to the
following two aspects: on one hand, the so-generated hydroxide
or oxide can serve as a barrier la,yer to obstruct the diffusion of
water and other corrosive species (such as CI~ and O,)
dissolved in water; on the other hand, the so-generated
hydroxide or oxide layer is expected to be abundant with active
surface hydroxyl groups, which may further induce the chemical
anchoring of perfluoroalkylsilane and finally impart SHS with
much better tolerance to corrosion medium such as NaCl
solution. In one word, HT-SHS is an ideal candidate for
corrosion protection for its simple preparation process, low or
no impact on environment, and effectiveness.
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