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Superhydrophobic surface with mechanical stability and corrosion resistance is long expected due

to its practical applications. We show that a micro-nano scale hierarchical structured Pd-based

metallic glass surface with superhydrophobic effect can be prepared by the thermoplastic forming,

which is a unique and facile synthesis strategy for metallic glasses. The superhydrophobic metallic

glass surface without modification of low surface energy chemical layer also exhibits superior

mechanical stability and corrosion resistance compared with conventional superhydrophobic

materials. Our results indicate that the metallic glass is a promising candidate superhydrophobic

material for applications. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4874275]

Recently, superhydrophobic surfaces have been exten-

sively studied due to their importance in fundamental

research and practical applications.1–6 In nature, many bio-

logical materials exhibit excellent surface superhydrophobic-

ity, such as lotus leaves, rice leaves, butterfly wings,

mosquito compound eyes, etc.2,7,8 However, few related

products were launched using such surfaces due to their sus-

ceptibility to mechanical contact and corrosion during normal

uses, such as finger contact, abrasive wear, and acid-base

chemical solutions.5,6,9–12 And the limited mechanical dura-

bility and corrosion resistance have been identified as the

main barriers to practical application of superhydrophobic

materials, because the mechanical wear or corrosion applied

on the superhydrophobic surfaces could destroy the surface

roughness features that are essential for superhydrophobic-

ity.5,10,13,14 Actually, quite a large proportion of existing

superhydrophobic surfaces are obtained by being modified

with a low surface energy layer (e.g., fluoroalkylsilane) on

them,15,16 and the mechanical contact or chemical corrosion

could be a disaster to the contributing modified layer or even

the substrate, and cause a decline in their non-wetting prop-

erty. Although a great number of superhydrophobic metallic

surfaces have been successfully fabricated,17–19 these artifi-

cial superhydrophobic metallic surface structures usually can

be easily destroyed, resulting in the disappearance of the

superhydrophobicity due to the their poor mechanical proper-

ties, which is severe obstacle for the practical applications of

superhydrophobic metallic surfaces.20 Therefore, seeking a

proper material with superior properties to mitigate the me-

chanical and corrosion damage is urgent and crucial for the

practical use of superhydrophobic surface.

Metallic glasses (MGs) are a class of metallic materials

without long-range ordering structures, which endows them

with unique properties such as ultrahigh strength and hard-

ness, high wear and corrosion resistances, etc.17–21 More

amazingly, MGs can be thermoplastically formed like plas-

tics because their viscosity drops dramatically with the

increase of temperature in their supercooled liquid region

(SLR), which is a temperature window between glass transi-

tion temperature Tg and crystallization temperature Tx.
22–26

A number of processing methods have been developed to

process MGs for the preparation of complex surface struc-

tures with well-defined geometry and shape on length scales

ranging from nano, micro, to macro.22,23,27–29 Benefiting

from such advantages, MGs are regarded as the desirable

materials for miniature-fabrication and such precise, conven-

ient, and low-cost approach could significantly extend their

practical applications.22,23,29–35 However, some MGs such as

Ce-based MG are readily oxidizable material, which are very

unstable in environment and needed surface modification by

low surface energy layer;15,23 some MGs have poor mechan-

ical stability and corrosion resistance, and their superhydro-

phobic surfaces36,37 cannot be applied in practical. In the

present work, we report the design and fabrication of multi-

scale structures for inducing a superhydrophobic behavior on

the intrinsically hydrophilic Pd-based MG surface through

the thermoplastic forming approach. These superhydropho-

bic MG surfaces exhibited superior mechanical stability and

corrosion resistance, which could extend the practical appli-

cations of MG materials.

The PdNiCuP bulk glassy alloy has good flow properties

and be thermal stable in its SLR, which meet the require-

ments for thermoplastic forming.36 The PdNiCuP MG rod

with a diameter of 5 mm was prepared from a master alloy

with nominal composition of Pd 40 at. %, Ni 10 at. %, Cu

30 at. %, and P 20 at. % by conventional water cooled copper

mould casting. The rod was cut into a thickness of 1 mm and

then the surface was polished by the abrasive paper and pol-

ishing machine for the thermoplastic forming. It needs two

steps to fabricate the micro-nano hierarchical structures on

the surface of MGs, as illustrated in Fig. 1. Step one

[Figure 1(a)] is the nano-scale surface structure fabrication,

and the MG plate was first stacked with an anodic aluminum

oxide (AAO) template that has a nano-scale structures on the

surface and heated into its SLR (¼620 K),28 then a 60 MPa

force was provided. After removing the AAO template, we

got Pd-based MG surface with nano-scale structure. Step two
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[Figure 1(b)] is the micro-scale fabrication process, the same

process in step one was repeated, but the used silicon mold

has micro-scale patterns and the applied force was 10 MPa.

Thus, the Pd-based MG surface with micro-nano hierarchical

structures was obtained. The scanning electron microscopy

(SEM) images of the as-fabricated MG surface are presented

in Fig. 1(c). We can see the uniformly distributed periodic

pore patterns [the left image in Fig. 1(c)] on the surface of

the MG, and the diameter and periodicity of these pores are

about 12 lm and 14 lm, respectively. The highlighted

dashed rectangular in left image in Fig. 1(c) shows that the

nano-scale structures with a mean diameter of �80–100 nm

decorating on the micro pore patterns [in the right image of

Fig. 1(c)]. This two step fabrication method can effectively

and controllably prepare the hierarchical structure patterns

over two orders of magnitude on the MG surface.

The water contact angles (CAs) were measured by a

contact angle system (DataPhysics OCA20) and a charge-

coupled device camera system at room temperature.

Figure 2(a) shows an image of a water drop (2 ll in volume)

on the original polished MG wafer, and the CA is about 52�,
indicating the intrinsic hydrophilicity of the original Pd-

based MG surface. However, the case significantly changes

when the MG surface was decorated with the micro-nano

hierarchical structure. The CA increases sharply to 156�

[Figure 2(b)], and the water droplet deposited on the surface

forms almost perfect sphere. The drastic change of CAs indi-

cates that the formed micro-nano scale hierarchical struc-

tures by thermoplastic forming play a critical role in the

resultant superhydrophobicity. Interestingly, the superhydro-

phobic surface also shows high adhesive force to the liquid

drop. It can be seen from Figs. 2(c) and 2(d) that the water

drop adheres to the MG surface firmly even it is tilted for

90� and 180�. Figure 2(e) gives the comparison photos of

water drops (about 50 ll in volume) on the polished and

structured surfaces of MG. We can see that the water droplet

collapses on the polished surface, while the structured one

exhibits the superhydrophobic effect.

The wettability of a solid surface is usually governed by

its surface free energy and surface geometrical structures.

Recently, it has been demonstrated that superhydrophobic

surfaces can be fabricated using intrinsically hydrophilic

through the construction of multi-scale roughness.36–40 The

hierarchical structures, such as the overhang structures can

prevent water from penetrating the texture arising from the

capillary force. Therefore, water is in contact with a compos-

ite surface of air and solid, exhibiting apparent superhydro-

phobicity. In this case, the hierarchical structures consisting

of nanoscale protrusions on the microscale textures with

well-defined geometries can be attributed to the superhydro-

phobicity on the intrinsically hydrophilic MG surfaces [as

illustrated in Fig. 2(f)]. Similar phenomenon can also be

found in natural lotus leaves.41 For the superhydrophobic

lotus leaf, the intrinsic water contact angle of the wax on its

surface is about 74�, which is contrary to the expected values

of larger than 90�. The superhydrophobicity of these lotus

leaves may be ascribed to the hierarchical structures on the

surface of the lotus leaves consisting of randomly distributed

micropapillae covered by branch-like nanostructures, similar

to the overhang structures-induced superhydrophobicity.

The mechanical stability of the resulting superhydropho-

bic MG surface was first assessed qualitatively by the finger

pressing. Actually, most of the natural and artificial superhy-

drophobic surfaces such as lotus leaf and modified low

energy layer are fragile to hand touch.10 The force exerted

by touching would damage the fragile surface textures, mak-

ing the touched area reduce or even permanently lose its

superhydrophobicity. Additionally, finger contact could

induce salt and oil contaminations to the surface, which is

also a danger to the superhydrophobic stability. However,

the MG surface remains superhydrophobic after being

pressed by a finger, and the CA (about 154�) has almost no

change and the water drops maintain a spherical shape as

FIG. 1. Schematic diagram of the fabrication of micro-nano scale structured

superhydrophobic metallic glass surface. (a) Step one: nano scale fabrication

with AAO template; (b) step two: micro scale fabrication with silicon mold;

(c) SEM images of the as-fabricated MG surface (left) and the magnified

details (right).

FIG. 2. (a) and (b) The CAs of the polished and micro-nano hierarchical

surfaces of Pd-based MG, respectively. (c) and (d) The shapes of water drop-

let on the MG surface with tilted angles of 90� and 180�. (e) The photo-

graphs of water droplets on the two different surfaces, A: the micro-nano

hierarchical surface and B: the polished one. (f) The wetting regime.

173701-2 Ma et al. Appl. Phys. Lett. 104, 173701 (2014)
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shown in Fig. 3(a). The scratch test was also conducted to

study the mechanical durability of the superhydrophobic MG

surface. The methodology of scratch test is illustrated in

Fig. 3(b), and the MG surface was moved back and forth

with a speed of 5 cm/s on the sandpaper (2000 mesh) under a

constant pressure of 13 KPa. From the left in Fig. 3(c), one

can see that the hierarchical structure obtained by hot-

embossing still be kept after being abraded repeatedly for

100 cycles, and the water droplets still displayed special

shape with a CA of 151�, which indicating the superhydro-

phobicity remains. However, when the applied force was

increased to �300 KPa, the hierarchical structure was dam-

aged and lose its superhydrophobicity. The right in Fig. 3(c)

shows the morphology after 10 abrasion cycle under

370 kPa, and the CA of the damaged MG surface reduces to

106�. Therefore, the hierarchical structure on the MG surface

is crucial for the superhydrophobicity. Generally speaking,

the abrasion resistance which gives the mechanical stability

of superhydrophobic surface is regarded as having a strong

relationship with the hardness of a material.42 Owing to the

unique amorphous structure, MGs have much higher hard-

ness and strength than that of the corresponding crystal

alloys,20 indicating a higher abrasion resistance and mechan-

ical stability. The histogram in Figure 3(d) compares the

hardness of Pd-based MG, polymers, and some commonly

used crystal alloys during the fabrication of superhydropho-

bic surface.43 We can see the MG has a higher hardness pro-

viding a better mechanical stability.

The superhydrophobic surfaces usually involve a series

of chemical solutions such as the acid-base solution, and the

corrosion resistance is of great importance for their practical

applications. To investigate the corrosion behavior of this

superhydrophobic MG at room temperature, eight different

common solutions were used including: 1 mol/l hydrochlo-

ric, nitric, sulfuric, and phosphoric acid (PH< 1), 1 mol/l

potassium and sodium hydroxide (PH> 12), Phosphate

Buffered Saline (PBS) solution, and 10 wt. % highly corro-

sive hydrofluoric acid. For comparison, the corrosion behav-

ior of silicon, which is a common material to fabricate

superhydrophobic surfaces,44–46 is also studied. According to

the weight-loss method, the corrosion rate v in certain chemi-

cal solution can be expressed as v ¼ m0�m0

S�t , where m0 is the

initial mass of a sample, m0 is the mass after a corrosion time

t, and S is the area that is exposed in the corrosion environ-

ment. Figure 4(a) presents the mass loss of MG and silicon

on per unit area (i.e., m0�m0

S ) with the increase of soaking time

t in the aforementioned corrosion solutions. We can see both

MG and silicon exhibit excellent corrosion resistance in the

acid, and PBS solutions and the mass losses of MG and sili-

con are almost within the limits of experimental error in

these solutions. However, for the strong alkaline liquids, sili-

con is not as stable as it is in other ones, the v reaches about

0.00342 mg (h mm2)�1 in NaOH solution, which is much

faster than the MG in the same condition. Figures 4(b) and

4(c) show the CAs of the hierarchical MG surfaces after

being soaked in the HCl (1 mol/l) and NaOH (1 mol/l) solu-

tions for about 120 h, respectively. We can see that the CAs

and the shape of the water drops have nearly no difference

compared with the untreated one, which should be ascribed

to the super corrosion resistance. This indicates that MG

may be an excellent promising candidate material for the

fabrication of superhydrophobic surfaces used in the harsh

environment. What is more, the hierarchical structure also

has superior weatherability and long term environmental du-

rability, which ensures the superhydrophobic effect would

not degrade with time, temperature, humidity and so on.

In summary, Pd-based MG surfaces with micro-nano

hierarchical structures are fabricated by thermoplastic form-

ing. The resultant MG surface with well-defined hierarchical

structures consisting of nanoscale protrusions on the micro-

scale textures showed superhydrophobicity without low sur-

face energy modification. These superhydrophobic MG

surfaces have superior mechanical stability and corrosion

FIG. 3. Mechanical stability of the hierarchical MG surface. (a) The CA of

micro-nano hierarchical Pd-based MG surface after finger press. (b)

Illustration of the scratch test on sandpaper (2000 mesh). (c) The SEM imag-

ines and CAs before and after the damage of the hierarchical structure by

sandpaper abrasion test. (d) Hardness comparison of Pd-based MG, poly-

mers and some crystal alloys.

FIG. 4. (a) Mass loss of silicon and MG on per unit area in different corro-

sion solutions with the increase of time. (b) and (c) The CAs of micro-nano

hierarchical Pd-based MG surface after soaked in the NaOH solution

(1 mol/l) and the HCl solution (1 mol/l) for about 120 h.
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resistance. This work might be helpful for the fabrication of

super stable superhydrophobic materials and extending the

application fields of MGs.
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