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Abstract:

anticorrosion mechanism in the corrosive media.

Metals and their alloys are irreplaceable engineered materials showing great importance in our society. Light alloy materials (i.e.,
Mg, Al, Ti, and their alloys) have tremendous application potential in the aerospace, automotive industries, and biomedical fields
for they are lighter and have excellent mechanical properties. The corrosion of light alloys is ubiquitous and greatly restricts their
utilization. Inspired by the natural anti-water systems, many new designs and conceptions have recently emerged to create artificial
superhydrophobic surfaces with great potential for corrosion resistant of light alloy. This review firstly introduces the concept of
superhydrophobicity and strategies of producing superhydrophobic surfaces to inhibit the corrosion of light alloys. In addition,
we elaborate the durability of superhydrophobic light alloy materials for commercial and industrial applications, and present their
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1. Introduction

Mg, Al, and Ti based alloys are light alloys materials,
showing tremendous application potential for the
aerospace, automotive industries, and biomedical
engineering owing to their light weight, good ductility, and
favorable specific strength . However, the corrosion of
light alloy is ubiquitous and imposes negative effect on the
global economy and environment, which greatly restricts
their utilization™ °. Constructing a protective coating on
the alloy surface is a common anti-corrosion strategy to
isolate the substrate from corrosive liquids. There are so
many techniques to prepare corrosion resistant coating
for protecting the alloy materials from corrosion factors
in the environment, such as organic coating'®, inorganic
coating”), and other composite coating’®. However, most
of the coatings are permeable in the corrosion media
containing Cl leading to the corrosion failure of the
substrate. Therefore, developing the robust waterproof
coatings on light alloy surfaces can be a more effective
mothed to protect the light alloy materials from corrosion.

Inspired by the superhydrophobic surfaces in nature,
artificial superhydrophobic coatings have been extensively
developed due to its unusual properties including self-

cleaning, anti-fogging, anti-icing, and anti-biofilm®.
Superhydrophobic surface with hierarchical structure and
low surface energy significantly reduce the contact area
between water and substrate showing little proneness to
water. As such, constructing superhydrophobic metallic
surfaces has been an effective strategy to prevent the alloys
from being corroded"”.Unlike traditional corrosion-
resistant coating, superhydrophobic coatings not only
provide a barrier between water and alloy material surfaces,
but also reduce the residence of excess corrosion solution
on the alloy surfaces greatly enhancing capabilities of
corrosion protection!. Superhydrophobic coatings have
been successfully developed as protective films on the
surfaces of light alloy materials.

This review briefly introduces the superhydrophobic
surfaces in nature and presents the fundamental theories
on superhydrophobicity and adhesion behavior. Then, we
summarize the strategies for preparing superhydrophobic
surfaces on light alloys, and suggest the corrosion
protection mechanism for superhydrophobic metallic
surfaces in corrosive solution and humid environment.
Finally, we elaborate the durability of superhydrophobic
corrosion-resistant light alloy materials.
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2. Superhydrophobicity

The wettability of solid surface is important in many fields,
which is governed by surface chemistry as well as surface
architecture. In general, the superhydrophobicity as one of
the special wetting phenomena on a certain solid surface, is
characterized by apparent water contact angle (CA) greater
than 150°12, The artificial superhydrophobic surface is
attractive and has been applied in various fields. Bio-
inspired approaches are necessary to well understand and
create superhydrophobic surfaces!* 4.

2.1 Natural Superhydrophobicity

There are lots of insects, plants, and animals with
superhydrophobic and the
superhydrophobicity is a remarkable superiority for these

species to survive and evolve in their surroundings!*'7..

surfaces in  nature,

Superhydrophobic surfaces in nature can be divided into two
types. One is a self-cleaning superhydrophobic surface with
ultralow water adhesion such as lotus leaf. In 1997, Barthlott
and Neinhuis discovered the superhydrophobic self-
cleaning property of the lotus attributed to the microscale
papillae incorporated into hydrophobic epicuticular wax'®l
(figure 1a). Subsequently, many scientists deeply studied
the self-cleaning superhydrophobic phenomenon of lotus
leaf, and found that the micro/nanoscale hierarchical
structure and hydrophobic epicuticular wax responsible for
the self-cleaning property!™.

The other is the high-adhesion superhydrophobic
surface represented by rose petal (figure 1b). Compared to
the self-cleaning lotus leaves, rose petals usually keep the
spherical water droplet sticking on their surfaces. As such,
the small water droplets are prone to pinning on the surface,
while the larger ones roll off like raindrops. To reveal the
origin of this strong adhesion on the superhydrophobic
surface, Feng et al. studied the microstructure of the rose
petal®!. They found that the rose petal surface consists
of many micro-papillae with a sea of nanoscale creases
at the top of each micro-papilla. This superhydrophobic
surface with high CA hysteresis could be illuminated by
a impregnating Cassie state: water penetrating into the
micro-papillae, and air gaps retaining in the nanoscale
folds.

2.2 Wetting and superhydrophobic

Over the last few decades, scientists and engineers have
intensely studied the wettability of solid surfaces and
physical interactions between the solid and liquid. Young
equation, Wenzel equation, and Cassie-Baxter equation
are the principal equations in this field?". Young equation
is the starting point for wetting state resulting from the
equilibrium of interface tension along solid-liquid-vapor
interfaces®?. In this context, when the surface tension of
water and its environments (usually air) are not changed,
decreasing the surface tension of a solid material leads
to increasing the static CA. Based on Wenzel equation,

making roughness will increase both the hydrophobicity
and hydrophilicity®). If the CA of the surface is greater
than 90°, hydrophobicity is improved by roughness. As
such, the surface structure is a critical factor for fabricating
superhydrophobicity . In 1944, Cassie modified the theory
of wetting by introducing the concept of area fraction and
explain the effect of surface roughness on the apparent CA
and the improved hydrophobicity and hydrophilicity®®”. In
the Cassie state, as the surface roughness is increased, the
amount of air trapped in the grooves underneath the liquid
is increased and thus the liquid cannot penetrate into the
pores due to the trapped air.

Based on the existing wetting theory
superhydrophobic =~ phenomena in nature, several
superhydrophobic models have been proposed, which
provide theoretical support for the preparation of
superhydrophobic materials with specific functions. As
to the superhydrophobic surface with strong adhesion to

and

water, the surface wetting state is Wenzel state. In Wenzel
state (figure 1c), water droplets and substrates are wet-
contacted and the water droplet is sticking on the substrate
surface, causing a high CA hysteresis. In this context, when
the surface is turned upside down, the water droplet can
not drop down from the surface, but adhere to the surface,
like a water droplet on a rose petal, this unique wetting
state is called the “petal” state. Measuring the difference
between the advancing CA and the receding CA or directly
measuring the sliding angle (SA) can illustrate the CA
hysteresis, which is the reflection on the water adhere to
the solid surface. Additionally, as shown in figure 1d, as the
water droplets contact part of the rough structure, but not
contact the substrate, this is considered as a transitional
state between Wenzel and Cassie state.

However, the wetting state of superhydrophobic
surface with low adhesion force to water is different and
has two main types. In Cassie state (figure le), the water
droplets hardly wet contact on solid surfaces and can roll
well off substrates resulting from air trapped underneath
the water droplets. In the case, the small SA greater than
10° can illuminate the wetting functional in Cassie state but
not Wenzel state. In addition, the “lotus” state is a special
wetting example in Cassie state, for a lotus leaf has the
self-cleaning property with micro/nanoscaled hierarchical
structures (figure 1f).

According to and the
previous wetting theory, there are two ways to prepare
superhydrophobic surfaces: one is to roughen the surface of

biological inspiration

low-surface-energy materials (hydrophobic materials), and
the other is to modify the rough surface with low-surface-
energy materials. While chemical composition and surface
roughness are both two main factors to govern surface
wettability, the most importance is making rough surface
with micro-nano hierarchical structure for constructing
the artificial superhydrophobic surface with low adhesion
to water.
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Figure 1. Natural superhydrophobic surfaces and their microstructures. (a) Lotus leaf show the superhydrophobic
surface with ultralow adhesion due to randomly distributed micro-papillae covered by nanostructures®l. Copyright 2008
Royal Society of Chemistry. (b) Red rose petals exhibit superhydrophobicity with strong adhesion and structural color
resulting from periodic arrays of micro-papillae covered by nanofolds®”. Copyright 2008 American Chemical Society. Dif-
ferent states of superhydrophobic surfaces: (c) Wenzel state, (d) the transitional superhydrophobic state between Wenzel
and Cassie state, (e) Cassie superhydrophobic state, (f) the “lotus” state (a special case of Cassie superhydrophobic state)!'?..

2.3 Fabrication of superhydrophobic surfaces on light
alloy

For hydrophilic surface of light alloys, the strategy of
constructing superhydrophobic surface is to construct a
roughness with micro-nano hierarchical structure on the
surface of light alloys (There are two main ways to construct
roughness, one is bottom-up, that is to prepare a rough
coating on the light alloy surface; the other is top-down
by making rough structure by physicochemical method
on light alloy), and then to reduce the surface energy to
achieve superhydrophobic by chemical modification (long
alkyl chain thiols, alkyl or fluorinated organic silanes,
perfluorinated alkyl agents, long alkyl chain fatty acids,
PDMS based polymers, or their combinations) (figure 2). Of
course, these two steps can also be synthesized in one step.
As such, various fabrication methods including physical,
chemical, and combination of physical and chemical
methods have been utilized to obtain superhydrophobic
light alloy materials. Here, in this section, we will summarize
the progress in the preparation of superhydrophobic light
alloy materials and their corrosion resistant applications.

Light alloy
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| Reducing surface energy |

O
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Figure 2. The strategies of producing superhydropho-
bic light alloy materials.

2.3.1 Etching
Etching is the most simple way to prepare rough surfaces
on light alloys®!. Etching method includes wet chemical
etching, ion etching, plasma etching, and photolithography.
Wet chemical etching is very common method for light
alloys by immersing in chemical etchants and forms the
micro/nanostructure surface with high roughness®”.
Then, the superhydrophobic light alloy material can be
obtained by low surface energy film self-assemblied on
the etching surface. Zang et al. etched Al sheets to achieve
the high roughness by using HCI and then modified with
stearic acid in N,N’-dimethylformamide (DMF)/water
mixture®. The obtained Al alloy surface exhibited an
excellent superhydrophobicity with high water CA 167.3°
and corrosion resistant property. However, the chemical
etching was carried out by using of various corrosive acids,
which is dangerous and not environmentally-friendly®* I,
Recently, Photolithography is considered to be one
of the most effective methods to fabricate a controllable
surface roughness on the light alloy surface. Boinovich et al.
reported a new efficient method based on nanosecond laser
treatment for fabricating a superhydrophobic surface on Al
alloyst®!. The results indicated that the surface roughness of
Al alloy can be significantly increased and the morphology
can be controlled. After laser etching, the surface of
corrugations and grooves is a kind of fibrous and spherical
oxide composed of nanoparticles. In addition, a thick oxide
film with high roughness covered by nanoparticles will
be formed after several stages of melting and solidifying
(figure 3). The etched surface can chemically absorb a
hydrophobic agent to obtain the superhydrophobic Al
alloy surface with corrosion resistance. Moreover, there
are reported strategy to fabricate superhydrophobic Al-Mg
alloys with excellent mechanical and chemical properties by
combining of functional nanoengineering and nanosecond
laser texturing®®?.
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Figure 3. The superhydrophobic oxidized surface fabricated by photolithography on Al alloy®". The SEM images of
the surface texture obtained by many-fold laser treatment (a, b) top view, (c, d) Side view. Scale bars are (a, d) 30 um, (b, ¢)

10 pm. Copyright 2015 American Chemical Society.

2.3.2 Solution immersion

The solution immersion method is a convenient method
for the growth of inorganic coating with rough micro-
nanostructures on the surface of metal materials, which is
inexpensive, environmentally-friendly, and easy to carry
out® 3. Qu et al. reported a solution immersion method
for fabricating the superhydrophobic surfaces on different
metals in a mixed-solution system’. The as-fabricated
solution immersion superhydrophobic surfaces have
long-time stability in corrosive liquids and can withstand
various concentrations of salt solution. The excellent
superhydrophobic surface is mainly attributed to the
micro-nanometer structure made by solution immersion
method. Furthermore, a superhydrophobic Fe(OH),
surface on Mg alloy made by solution immersion process
was reported by Zang et al.. And the superhydrophobicity
was obtained by stearic acid modified. The resulting
superhydrophobic surface had largely improved corrosion
resistance of the Mg alloy P¢l. Liang et al. immersed the Mg
alloy into CuCl, solution and stearic acid ethanol solution
to fabrication a superhydrophobic surface with the CA of
154°871, 'The superhydrophobic Mg alloy surface exhibited
excellent durability and corrosion resistance property. The
solution immersion method is versatile since it can be
applied to various metal materials with complex shapes and
different sizes. However, the surface defects and coating
adhesion force of solution immersion coating still need to
addressed™!.

2.3.3 Hydrothermal

Similar to the solutionimmersion method, the hydrothermal
method is another important bottom-up approach for
fabrication of superhydrophobic corrosion proctection
coatings on light alloys®”. Different from the solution

immersion method, the hydrothermal method is used to
synthesize the coatings with micro-/nanostructure on the
alloy surface under high temperature and/or pressure.
In previous literatures, the superhydrophobic light alloy
materials with micro-structured oxide or hydroxide layers
was obtained by using hydrothermally treated and self-
assembly of 1H,1H,2H,2H-perfluorooctyltriethoxysilane
(PFOTES)™.  As such, Feng et al. fabricated the
superhydrophobic Mg alloy surface using an environment-
friendly, facile, and cost-effective one-step hydrothermal
processi . The as-prepared superhydrophobic Mg alloy
surface with rough and hierarchical micro-/nanostructure
exhibits excellent corrosion resistance and self-cleaning
performance (figure 4).

2.3.4 Electrochemical

The electrochemical process can be employed to control
surfacemorphologyoflightalloys,evenonverylargesurfaces
with various surface morphologies*?. In this context, there
are two strategies to fabricate superhydrophobic surface
by electrochemical process. The first is the anodization
processes, the anodizing method is one of the well-
established electrochemistry to form the oxide layer with
micro-nanoscale roughness on the metal surface, which
is used for the preparation of superhydrophobic surface.
The obtained anodization superhydrophobic surfaces have
strong adhesion between the coating and the substrate
and have wide applications™*’!. Vengatesh et al. reported a
superhydrophobic anodic aluminum oxide surface by using
anodization process for corrosion protection of Al alloy™!
(figure 5a). The prepared aluminum anodizing film not
only has strong surface adhesion to the substrate, but also
is important to fatty acids grafting ensuring the stability of
superhydrophobic surface with good corrosion resistance.



Secondly, the electrodeposition is a bottom-up
approach for depositing the metal and/or metal oxide
onto various conductive substrates*> 1, It is an effective
technique for fabricating high roughness coatings on various
substrates, for it can easily form micro-nanostructures
by adjusting the electrodeposition parameters. He et al.
fabricated the superhydrophobic surfaces with dendritic

structures on Ti6Al4V surface by using electrodeposition*”
(figure 5b). The superhydrophobic coating with dendritic
hierarchical structure was constructed by electrodepositing
and annealing and displaying superhydrophobicity
and low adhesion to water because of complex micro/
nanostructures.
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Figure 4. The superhydrophobic surface prepared by hydrothermal process on Mg alloy™!l. (a) Schematic of the fab-
rication of superhydrophobic surface on Mg alloy with one-step hydrothermal process. (b) The SEM images of one-step
hydrothermal coatings. (c) Corrosion behaviors of untreated and superhydrophobic surface fabricated by hydrothermal.

Copyright 2017 Elsevier.

Figure 5. The surface morphologies and wetting behaviors of electrochemical superhydrophobic surface. (a) The SEM
image and water CA of anodization superhydrophobic nanoporous AL O, surface*. Copyright 2015 American Chemical
Society. (b) SEM images of electrodeposition superhydrophobic Zn/ZnO/TiO, surface on surface of Ti6Al4V. The inset is
the water CA of corresponding surfaces!”. Copyright 2017 Elsevier.

3. Durable Superhydrophobic Light Alloy Ma-
terials

3.1 Robust superhydrophobic light alloy materials

A myriad of reports have been published on fabricating
superhydrophobic light alloy materials with corrosion
resistant performance. However, the poor mechanical
stability of microscopic surface structure has negative
effect on the durability of superhydrophobic surface .
Mechanical wear on superhydrophobic light alloy materials
usually leads to loss of water repellency property and makes
the corrosion of the substrate more easily occur. In this
context, the importance of superhydrophobic mechanical
durability in applications should be addressed "> ],

As we all know, the stability of hierarchical structure
on superhydrophobic surface is critically important to

the robustness of superhydrophobic. Such hierarchical
structure (submicron-sized nanobumps superimposed
over microscale roughness) more durable than
nanostructure surfacel®'. Therefore, it is worth to note
that the roughness of superhydrophobic surface should be
optimized in the process of preparing superhydrophobic
surface to improve its mechanical robustness. Luo et al.
reported a superhydrophobic surface which has the robust
mechanical durability because of the flexible coral-reef-
like hierarchical structure® (figure 6). The durability of
hierarchical architectures is attributed to the flexible coral-
reef-like structure constructed by kinetic spray process. And
the self-similar manner of the fluorinated wear-resistant
porous oxide layer makes the obtained superhydrophobic
coating has good water repellency. Based on combination
of the above two strategies, the Cu-based superhydrophobic



coating maintains its superhydrophobicity after various
harsh mechanical testings. Particularly, the cushion effect
of the coral-reef-like hierarchical structure could greatly
minimize the mechanical damage from the environment to
prevent the loss of superhydrophobic.

Most of the materials are conventionally
hydrophilic, so a hydrophobic coating is required to
make a superhydrophobic surface. However, the obtained
traditional superhydrophobic surface has a disadvantage
that the hydrophobic film has poor interface bonding
force and rough structure is unstable, which results in
the exposure of hydrophilic material after mechanical
abration!*®!. Then the water sticks to the tops of the abraded
surface and the superhydrophobicity islost. An effective way
to deal with the above problem is to prepare the roughness
on light alloys by using robust hydrophobic materials. Peng
et al. presented all-organic, flexible, and multi-fluorination
superhydrophobic nanocomposite coatings, which has
strong substrate adhesion and excellent mechanical and
chemical robustness®® (figure 7). The robustness of the
superhydrophobic nanocomposite coatings was resultant
from a namely multi-fluorination strategy. The epoxy
resin, perfluoropolyether, and fluoropolymer nanoparticles
give rise to the stable hierarchical hydrophobic structure
and help the surface energy, flexibility, and robustness to
remain. As such, multi-fluorination coatings can retain
superhydrophobicity even subjected to mechanical

abrasion.
3.2 Self-healing superhydrophobic light alloy materials

Natural superhydrophobic surface can sustain their
permanent water repellency and withstand damage
because of their continuous repairing ability. Therefore,
the self-healing superhydrophobic coatings have gained
widespread interest, which can self-repair the damage
caused by external factors and increase the durability of
artificial superhydrophobic surface’®”. In addition, the self-
healing superhydrophobic coating can ensure the durability
of the hydrophobic property of the coating and protect the
light alloy substrate from corrosion. Zhang et al. fabricated
a self-healing superhydrophobic coating on Mg alloy from
a eutectic solvent containing Cr (III)®* (figure 8). The self-
healing superhydrophobic coating was composed of Cr,0O,
hierarchical microstructure and stearic acid modified layer.
The smart superhydrophobic coating had shown excellent
corrosion resistance in the NaCl aqueous solution due
to the dual corrosion protect function. Compared with
the traditional superhydrophobic coating, the second
corrosion barrier of self-healing superhydrophobic coating
is impressive. When the superhydrophobic coating is
destroyed in the corrosion medium, the activated self-
healing ability can repair the damage and maintain the
durable corrosion resistance.
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Figure 6. Superhydrophobic surface with a flexible hierarchical rough structure®?: The surface topography of the
flame-oxidized coating (a) and enlarged(b). (c) Superhydrophobicity on various substrates. (d) Mechanical robustness
of the Cu-based superhydrophobic coating with flexible hierarchical rough structure. (e) Corrosion resistance test of Cu-
based superhydrophobic coating. (f) Schematics showing the responses of flexible microstructure on Cu-based superhy-
drophobic coating to abration and impact. Copyright 2019 Wiley.
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4. Application of Superhydrophobic Surfaces
for Corrosion Protection

Metal corrosion is the depletion or destruction caused by the
interaction between metal materials and the environment,
which changes the original properties and resulting in the
loss of its function as engineering materials’®®. Humidity,
salt, acids, bases, and solvent are all factors causing corrosion
of metal and/or its alloys in real environment. When the
metal materials are exposed to corrosion environment and
contact with those corrosion media, corrosion will take
place on the surface and continues to spread rapidly in the
materials.

Various surfaces and coating technologies have been
proposed to achieve the corrosion resistance on the light
alloy surfaces. Superhydrophobic surfaces on light alloy
materials have shown remarkable corrosion-resistance in
corrosive solution media during the past two decades’\.
Superhydrophobic coatings, like other coatings, provide a
barrier on the surface of light alloys to effectively isolate
the corrosion solution from the substrate. It is noted that

a- cr G
(o]

o
k E E'E
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superhydrophobic light alloy materials with hierarchical
structure surface can trapped more air when immersed in
the corrosive liquid, thus reducing the contact area between
the corrosive solution and the materials surface and greatly
reducing the corrosive media attacked to the substrate.
The new effective mechanism for corrosion protection is
provided® *! (figure 9a). In addition, the self-cleaning
properties of the superhydrophobic light alloy materials
can also remove the corrosive medium on the surface and
further reduce corrosion!®. The superhydrophobic surface
with low surface energy played irreplaceable roles in this
process. Onthe other hand, the nanostructure of hierarchical
rough structure on superhydrophobic light alloy materials
is very important for preventing nanodroplets from
pinning when exposed to humid environment. As can be
seen in figure 9b, the condensed droplets are isolated from
each other on the hierarchical structure and the electron
transfer in the corrosion medium could be impeded, which
inhibiting the electrochemical reaction and reducing the
possibility of corrosion!©! 62,
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Figure 9. Illustration for corrosion protection of superhydrophobic light alloy materials in a corrosive solution medi-

um (a) and humid environment (b). Copyright 2014 Elsevier.

In addition, different alloys have their own corrosion
behaviors because of chemical and electrochemical
properties. Mg based material is an active engineering
material and has an aggressive driving force for corrosion.
In a nature environment, the Mg(OH), films on the surface
of Mg and its alloys was formed, but they are poorly
protective®®. As such, it is necessary to fabricate a corrosion
resistance coating for Mg and its alloys without sacrificing
the favorable physical and mechanical properties. There
are, however, many pores and cracks on the coated Mg
alloy surface, which are difficult to avoid®!. These defects
provide a path for the penetration of corrosive medium and
accelerate the corrosion of Mg alloys. Therefore, fabricating
water-repellent coatings on Mg alloys has superiority to
other systems for corrosion protection.

In the case of Al, the inherent corrosion resistance
of Al and its alloy is attributed to its continuous surface
oxide layer surface, which can significantly prevent
internal corrosion of materials. However, the stable oxide
layer on Al can be destroyed and made it extremely
vulnerable to corrosion when exposed to strong acid,
strong alkaline solutions or solution with aggressive
anions. To compensate for the deficiency, preparation of
ultralow adhesion superhydrophobic coatings on Al alloy
is a promising technique to prevent the damage of oxide

layer and materials corrosion 1. Similarly, Ti and its alloy
also have unusual corrosion resistant to alkali, chloride
and some strong acids because of the compact oxide film
formed spontaneously on surfaces. However, when Ti and
its alloy encounter reductive oxygen and HF medium,
the corrosion behavior are also arise. Superhydrophobic
surfaces on titanium and its alloys can protect the metal
materials from corrosion in harsh environment®l.

5. Summary

Making bioinspired superhydrophobic coating is an
important method to protect light alloy materials from
corrosion in previous studies. In this review, we have
shown the researching progress in superhydrophobic
light alloy materials with corrosion-resistant surfaces.
We summarize the strategies of preparing bioinspired
superhydrophobic light alloy materials based on the
wetting theory. Superhydrophobic coating and air film
trapped in hierarchical structure form double anti-
corrosive barrier, which can greatly reduce the possibility
of alloy substrate contacting with corrosive liquid and
display superior corrosion resistance performances.
Furthermore, mechanical durability is a central concern
for superhydrophobic light alloy materials. Several studies



have addressed this issue by improving the durability and/
or possessing self-healing capability for superhydrophobic
materials, which contribute to reduce the surface damage
and prolong the lifetime of superhydrophobic surfaces.
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