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A superamphiphobic (both superhydrophobic and superoleophobic) CaLi-based bulk metallic glass (BMG) surface was con-
structed by etching the surface with water and modifying the etched surface with fluoroalkylsilane coating. The modified surface
exhibits high corrosion resistance and stable superamphiphobicity with a high static contact angle of more than 150°; these prop-
erties could extend the practical applications of BMGs. The superamphiphobicity mechanism of the BMG is discussed. The facile
method can be used to form other BMG surfaces with special wettability.
© 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Recently, increasing numbers of metallic glasses
in bulky form have been fabricated [1-4]. These bulk
metallic glasses (BMGs) exhibit outstanding physical,
mechanical and chemical properties, which make them
attractive for engineering applications [5-11]. However,
attention has mainly been focussed on the fabrication of
BMGs and the investigation of their mechanical and
magnetic properties, and little work has been devoted
to studying the surface behavior of BMGs. In fact, the
surface of a material, including traditional glasses, plays
an important role in the performance of the entire sys-
tem in practical application. The atomic structure and
bonding of glassy alloys are completely different from
those of crystalline alloys, which could result in different
surface behaviors [5,6]. Generally speaking, the glassy
alloys have better corrosion resistance compared to their
crystalline counterparts, while some BMGs based on ac-
tive elements such as Mg, Ca and rare earth elements
have unique properties but poor corrosion resistance
[6,8]. Therefore, to maximize the utility of the BMGs,
it is essential to develop simple and effective methods
to improve their corrosion resistance.

Wettability is an important property of a solid sur-
face and plays an important role in daily life, industry,
agriculture and biological processes, such as the preven-
tion of the adhesion of snow to antennas and windows,
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self-cleaning traffic indicators, the reduction of frictional
drag on ship hulls, metal refining, stain-resistant textiles
and cell motility [12]. In nature, the surface of lotus
leaves are covered with a simple epicuticular wax and
have a special surface morphology, resulting in superhy-
drophobic properties: the contact angle of water beads
on lotus leaves is as large as about 160°. Particles of dirt
can be removed by water droplets that roll off the sur-
faces independent of the chemical nature or size of these
particles. This is the so-called “lotus effect”.'® Because
they are important in a range of applications, superhy-
drophobic or superoleophobic surfaces have attracted
much attention recently, and attempts to mimick these
behaviors have been exploited [13-18]. Generally, the
wettability of solid substrates is governed by their sur-
face free energy and surface geometrical structure.
Therefore, dynamically changing one of these two fac-
tors can modulate surface wettability [19-25].

In this paper, we present a simple and feasible meth-
od for the construction of stable superhydrophobic and
superoleophobic BMG surfaces. Inspired by biomateri-
als, the synthetic strategy consists of forming micro-
nano-scale hierarchical surface structures and then mod-
ifying the surface using ultrathin fluoroalkylsilane (FAS)
with low surface energy. The obtained BMG surface
presents dramatically improved corrosion resistance
and highly stable superamphiphobic properties.

The newly discovered CagsLijoMgg sZn;¢s BMG was
chosen as our samples. This BMG has good glass-
forming ability and unique properties (such as ultralow
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elastic moduli (Young’s modulus is about 23.0 GPa),
low glass transition temperature (44 °C), lowest density
(1.956 g cm ) of all BMGs, ultrahigh specific strength
and polymer-like thermoplastic formability near room
temperature), has potential for practical applications,
and facilitates studies of the nature of glasses [§8]. How-
ever, BMGs with active elements Ca and Li as dominant
components have poor oxidation and corrosion resis-
tances. To prepare the superhydrophobic surface, the
CaLi-based BMG sheets were firstly ultrasonically
cleaned in acetone. After drying in air, the sheets were
soaked in double-distilled water for several minutes.
The BMGs was etched by water as this can dissolve
the glass. The sample surface was then rinsed with ace-
tone, dried in air, modified with a 1.0% ethanol solution
of FAS (CF3(CF,);CH,CH,Si(OCHj3)3) for 12 h, and
subsequently dried in air. The contact angle was mea-
sured using a Dataphysics OCA20 contact angle system.

The shape of a water droplet on the untreated BMG
surface is shown in Figure la, which demonstrates the
hydrophilic property of the untreated BMG sample.
Figure 1b and c present a water droplet and an oil drop-
let, respectively, on the BMG surface modified with
FAS: the water droplet and the oil droplet are perfectly
spherical in shape, riding on top of the BMG surfaces,
indicating the superhydrophobic and superoleophobic
properties. The water and oil contact angles are

Figure 1. Droplets shapes on the surfaces of CaLi-based BMGs. (a)
Water droplet shape on the untreated BMG surface. (b) Water droplet
shape on the treated BMG surface. (c) Oil droplet shape on the treated
BMG surfaces. (d) Photographic image of a water droplet on the
treated BMG surface after exposure to air for three months.

162 + 2° and 156 + 3°, respectively. Furthermore, the
water droplets are hardly able to stick to the modified
BMGs surfaces, and rolled off quite easily. We scattered
some metallic powder on the BMG surface, and the roll-
ing water droplets were able to pick these up easily: the
BMG surface thus exhibits a self-cleaning effect, resem-
bling the lotus effect. Meanwhile, the modified BMG
presents long-term stable corrosion resistance. Even
after exposure to ambient atmospheric conditions for
more than three months, the surface of the BMG mod-
ified with FAS still maintains its original color supe-
ramphiphobicity. Figure 1d shows a photograph of a
water droplet (about 7 mg) sitting on a treated BMG
surface that had been exposed to air for more than three
months. This water droplet is spherical in shape, which
indicates that the BMG modified with FAS possesses
stable superhydrophobicity and good corrosion resis-
tance. It should be noted that, under the same experi-
mental condition, the untreated surfaces of BMG are
severely oxygenated within 1-2 weeks and their surface
color becomes black.

The composition of the CaLi-based BMG surface
after FAS modification was characterized by X-ray pho-
toelectron spectroscopy (XPS) and the result is shown in
Figure 2. The XPS spectrum clearly shows C, O, F and
Si components on the surfaces, indicating that the sur-
face of the glass has been fully covered by the FAS film.
The FAS coatings can serve as a barrier against a hostile
environment. For instance, Cali-based BMGs are
highly susceptible to attack by water and other chemi-
cals and to oxidation. For unmodified BMGs, droplets
of water or dilute HCI aqueous solution on their sur-
faces can cause drastic oxidation and severe corrosion.
However, modified BMGs, in contrast to untreated
ones, are well preserved under ambient conditions even
for long periods. The corrosion resistance of the BMG is
significantly improved after surface treatment with FAS
film. The FAS film, which has a low surface energy, can
also lead to hydrophobic or oleophobic surfaces. In or-
der to explain the superamphiphobicity displayed by the
BMG surface, its surface morphology must be
considered.

Surface roughness plays an important role in deter-
mining the wetting behavior of a solid surface, and an
appropriate increase in the surface roughness of hydro-
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Figure 2. XPS (Al K,) spectra of the superamphiphobic CaLi-based
BMG surface.
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phobic materials can dramatically enhance surface water
repellency [13-18]. Scanning electron microscopy (SEM)
images at different magnifications of the BMG surfaces
before and after treatment are shown in Figure 3. Before
treatment, the BMG surface is flat with only a few impu-
rities (smaller than 1 pm) scattered on it (Figure 3a and
b). After treatment, the BMG surface becomes mis-
shapen. The SEM image (Figure 3c) shows rugged sur-
faces with irregular grooves on the micron scale. The
SEM picture at high resolution shows a coral-like pat-
tern on the BMG surface (Figure 3d). It can be seen that
small protrusions aggregate on the micrometer-level
configurations with some rod-like outshoots on top.
The densely packed protrusions have a wide diameter
distribution, with an average size of about 100 nm.
The treated BMG surface actually has micro-nano-scale
hierarchical structures, which dramatically increase the
surface roughness.

The wettability of solid surfaces is influenced by both
the surface morphology (surface roughness) and the
chemical composition [18-26]. To explain the mecha-
nism, we introduce the Cassie-Baxter equation [17,18]:
cos = —1 + ¢ (cos 0+ 1), where 0" and 0 represent
the water contact angles on rough and smooth surfaces,
respectively; ¢, is the fraction of the surface that is in
contact with liquid, and the remaining fraction, 1-¢,,
is in contact with air. Low surface energy (correspond-
ing to large 0) and rough surface (corresponding to
small ¢,) would give a large 0%, which corresponds to
hydrophobicity. On the BMG surface, small ¢, values
are achieved by introducing air cavities on the surface
via etching. The presence of the binary micro-nano-scale
hierarchical structure dramatically increases the surface
roughness of the BMG surface, which greatly minimizes
the contact area between water droplets and the BMG
surface. On the other hand, large 0 values are achieved
via low surface energy FAS coating. Both the micro-
nano-scale hierarchical structures and FAS coating re-
sult in the stable superhydrophobic and superoleopho-
bic states.

Figure 3. SEM image of the CaLi-based BMG surface. (a) Low-
magnification SEM image of the surface before treatment. (b) High-
resolution SEM image of the surface before treatment. (c) Low-
magnification SEM image of the surface after treatment. (b) High-
resolution SEM image of the surface after treatment.

In summary, by using a facile water etching and
chemical coating method, BMG surfaces with binary
micro-nano-scale hierarchical structures coated with
FAS film have been constructed. Due to the combina-
tion of the surface roughness and the low surface free
energy FAS, the resultant BMG surface exhibited stable
superhydrophobic and superoleophobic properties and
improved corrosion resistance, which may extend the
practical applications of BMG material. We expect this
facile method can be widely used for the construction of
other BMG surfaces with special wettability through
selection of suitable solvents.
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