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Water-repellent surfaces based on advanced materials have broad applications in various fields. The
amorphous structure and flexible element compositions make metallic glasses (MGs) suitable for
multifunctional surfaces’ design. Recent progresses in the fabrication and application of MG water-
repellent surfaces are comprehensively reviewed. A variety of fabrication approaches are presented
including thin film MG coating and bulk MG surface patterning as well as other potential methods based
on manipulation of one-dimensional MGs. Considering the surface wetting kinetics and the metastable
atomic structure, the evaluations on stability and durability of MG surfaces in real environment are
discussed. Several critical evaluations of MG functional surfaces have been proposed for the design and
fabrication, focusing on the size effect and external stimuli influence on the surface wettability and
amorphous structure evolutions. On the basis of the systematic evaluations, the cutting-edge and po-
tential applications of MG water-repellent surfaces are then discussed. Current challenges faced in
practical applications and the prospects on the future developments are addressed to facilitate further
research/investigations on MG functional surfaces.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The water-repellent (hydrophobic or superhydrophobic) sur-
faces have been widely found in nature including the lotus leaves
[1,2], flower petals [3,4], nepenthes [5,6], butterfly wings [7,8], in-
sects compound eyes [9,10], water-strider legs [11,12], etc. These
functional surfaces have recently drawn great attention owing to
the potential utility in the emerging fields including anti-icing
[13,14], drag reduction [15,16], self-cleaning [17,18], fluid trans-
portation [19,20], battery and fuel cell applications [21,22]. As one
of the most important aspects in the surface and interface science,
the water-repellent property has a significant influence on some
other crucial surface functions like corrosion inhibition [23], anti-
bacteria [24], catalytic activity [25], biocompatibility [26], etc.
Therefore, the research efforts for the fabrication and application of
water-repellent surfaces have always been carried on for obtaining
the fundamental understanding of functional surfaces [27e29]. It
was found that the natural water-repellent surfaces have two basic
r Ltd. This is an open access article
features: low surface free energy and special surface geometrical
structures. The classical theories of surface wettability have been
developed by researchers to describe the contact conditions and
tensions between interfacial surfaces (solideliquid, liquidevapor,
and vaporesolid). Young's model [30], Wenzel model [31], and
Cassie-Baxter model [32] were established respectively to ratio-
nalize the different wetting states considering the influence of
surface morphology on contact modes, including the perfectly
smooth surface contact, the rough surface with complete liquid
penetration, and the rough surface with air trapped in solideliquid
interface. On the basis of these theories, to achieve enhanced
water-repellent behavior, the micro-/nanostructures on the surface
must keep air layer betweenwater droplet and solid surface, so that
they are partially contacted to provide a compound interface of
material surface and air for water droplet. Inspired by nature, a
variety of fabrication approaches have been proposed to prepare
the artificial water-repellent surfaces with special structures on
different substrate materials like ceramics, silicon, polymers, and
metals [33]. To fabricate robust functional surfaces, the mechanical
properties, chemical properties, corrosion resistance as well as the
formability of the substrate materials should be fully taken into
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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account. Considerable efforts have been made to utilize the
advanced materials as functional surface substrates in recent years.

Metallic glasses (MGs) known as amorphous alloys are usually
fabricated by extremely fast quenching of melted metal at a suffi-
ciently rapid cooling rate such as 103e106 K/s to bypass the regimes
of nucleation and crystallization, so that the metals with vitrified
state can be obtained [34e37]. In contrast to the crystalline metals,
the MGs have an amorphous structure of the atomic arrangement
and no crystal defects like dislocations and grain boundaries, which
is beneficial to achieve higher strength, larger elasticity and better
corrosion resistance [38e40]. In addition, a wonderful property is
that the metallic glasses (MGs) show superplastic behavior with a
low viscosity in the supercooled liquid regions (SCLRs), e.g. 103 Pa$s
for zircon (Zr)-based MGs [41], this unique feature indicates that
the material can be shaped into the micro-/nanostructures down to
sub-10 nm levels under relatively moderate temperature and
pressure [42e46]. The excellent formability of MGs provides access
to plenty of approaches for fabricating structures in different scales
for functional surfaces [47e50]. Various kinds of MGs have been
developed on the basis of the compositions of zircon (Zr), iron (Fe),
lanthanum (La), titanium (Ti), magnesium (Mg), cobalt (Co), copper
(Cu), cerium (Ce), palladium (Pd), platinum (Pt), silver (Ag), etc.
[38,40] As multicomponent alloys, the material compositions can
be tuned in a broad range under the synthesis rules of MGs [51,52]
to acquire different intrinsic characteristics, like the antibiosis with
Ag and Cu [53,54], and the catalysis or degradation with Pt, Pd, and
Fe [55e60]. Some of the MGs have a much lower surface free en-
ergy than the conventional metals, for example the water contact
angle (CA) of the smooth surface of Pd40Cu30Ni10P20 MG has been
detected as 98.8 degrees [61], which means the original surface of
this kind of MG is hydrophobic, while most of the crystalline metals
are inherently hydrophilic [62]. Therefore, MGs have advantages
both in structure formability and composition flexibility to be
substrate materials with superior mechanical properties for the
fabrication of water-repellent surfaces.

This article focuses on the recent progresses in the fabrication
and application for water-repellent surfaces of MGs. The bottom-up
fabrication routes on the basis of the coating of thin film metallic
glasses (TFMGs), and the top-down routes on the basis of surface
patterning of bulk metallic glasses (BMGs) including thermoplastic
forming, subtractive machining, chemical etching and dealloying,
are systematically reviewed and discussed to give an overview of
the present situations of fabrication processes. In addition to the
approaches on the basis of TFMGs (2D) and BMGs (3D), the po-
tential fabrication methods bymanipulation of 1DMGs like micro-/
nanoparticles and rods are also suggested. The critical evaluations
of MG functional surfaces concerning the stability and durability,
including the wetting kinetics, amorphous structure evolutions,
mechanical properties, wear and corrosion resistance are proposed,
hoping to promote the application of MG functional surfaces in the
real environments, such as the cutting-edge fields presented in this
paper. On the basis of this comprehensive review, the current
challenges and future research focus of the design, fabrication and
practical application for the water-repellent surfaces of MGs are
further addressed.

2. Fabrication approaches of water-repellent surfaces

From the biological inspirations and wettability theories, the
construction of specific surface micro-/nanostructures and surface
modification by low-surface-energy materials are generally
involved in the fabrication of the artificial water-repellent surfaces.
For the MGs substrate with tunable composition and excellent
formability, the principal existing forms prepared by different
processes are the thin films and bulk counterparts.
2

Correspondingly, the coating of thin film MGs and surface
patterning of bulk MGs combined with surface modification are
currently the main implementing approaches for water-repellent
surfaces. Various fabrication methods have been carried out to
obtain the thin films and specific surface textures of MGs with
hydrophobic or superhydrophobic properties.

2.1. Coating of thin film metallic glasses

Thin film metallic glasses (TFMGs), as the 2D-MGs, were the
earliest form of amorphous alloy fabricated by vapor deposition
[34,63] and electrodeposition [64]. Because of the different for-
mation processes, the local atomic structures of TFMGs is quite
distinct with that of the rapid quenched bulk metallic glasses
(BMG) [65], and the TFMGs with high level of disorder and excess
free volume retain the superior mechanical properties of MGs and
exhibit ultrastable amorphous atomic structure [66], meanwhile
tending to be more ductile at room temperature and more flexible
in the elemental compositions than their 3D counterparts [67e70].
A variety of fabrication routes for TFMGs have been conducted to
extend their potential functional applications including water-
repellent surfaces in diverse fields.

2.1.1. Sputtering
Sputtering process currently has become the most widely

adopted approach to fabricate TFMGs with special micro/nano
morphology and properties like biocompatibility [71], antibiosis
[72], optical reflectivity [73] and excellent mechanical behaviors
[74,75]. The principal fabrication process is using the argon ion
accelerated by electric field to bombard the single alloy or multiple
elemental targets, causing the sputtering of target material parti-
cles on the substrate, and then forming thin films. The high cooling
rate (e.g. 109 K/s) of vapor-solid quenching ensures the formation of
amorphous TFMGs with a large range of compositions [76,77]. Chu
et al. [78,79] prepared a series of Zr-based thin films with the
thickness less than 500 nm on stainless substrates by pulse
magnetron sputtering. The smooth TFMGs with a surface rough-
ness of 1 nm exhibited hydrophobicity as the water contact angle
(CA) was above 90 degrees, indicating that the inherent low surface
free energy of the fabricated TFMGs was achieved. In addition, the
microhardness and corrosion resistance of the films were found
both higher than the conventional metals. Zeman et al. [80] fabri-
cated a binary amorphous thin film by co sputtering of Zr and Cu
targets within a wide tunable composition range. The TFMGs were
smoother and denser without columnar microstructures in the
cross-section comparing to the pure elemental films. This can be a
reason enhancing the hydrophobicity of the TFMGs (CA ¼ 108 de-
grees), since the wettability is significantly affected by surface
structures. The influence of the extra elements’ addition in the
ZreCu TFMGs on the surface properties has also been studied. It
was found that with the increase of hafnium (Hf) fraction in the
ternary amorphous films, thewater contact angle slightly increased
while the surface roughness decreased down to an extremely low
value of 0.2 nm [81]. A further addition of Al or Si by co sputtering
resulted into the quaternary TFMGs with hydrophobic surface as
well as enhanced mechanical properties and thermal stability [82].
These improvements may be attributed to the fact that the added
elements increased the covalent component and the average bond
energy, indicating that thewettability of TFMGs can be regulated by
the addition of mixed compositions.

The water-repellent TFMGs have always been concerned with
and pursued in the biomedical applications in recent years. Chiang
et al. [83] adopted the sputtering process to transform the Zr-based
BMG target to TFMGs and the obtained films exhibited a good
antimicrobial effect. In spite of these surface physical properties,
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the metal ions release of TFMGs also plays an important role in the
antimicrobial abilities. The Cu-bearing TFMGs coated on derma-
tome demonstrated distinct hydrophobic and antibacterial prop-
erties along with a considerable improvement of blade sharpness
[84,85]. And the co sputtering of ZreCu and AleAg targets resulted
in a kind of multicomponent TFMGs with ions such as Cu2þ, Al3þ,
Agþ [72], exhibiting good hydrophobicity and excellent antibacte-
rial property. The excellent antibiosis of these TFMGs can be
rationalized by that the combination of water-repellent surfaces
and chemical ionization substantially reduce the bacterial adher-
ence and lead to the bacterial cell membranes damage or enzyme
function alteration [86,87]. A titanium (Ti)-based TFMGs with no
cytotoxicity was sputtered on bio-implantable substrates, it was
found that hydrophobic surface with lower surface energy of the
films correlated to the higher electrochemical corrosion resistance
[88]. The hydrophobicity of the contact interfaces also has an
important influence on the adhesive capacity and tribological
property between the biological tissues and TFMG biomaterials.
Chu et al. [89,90] employed magnetron sputtering depositing the
Zr-based TFMGs with thickness of 80 nm on the syringe needles,
and the TFMGs coating reduced insertion and retraction forces by
over 60%, which can be attributed to the smooth surface
morphology and low surface free energy as well as water-
repellency (CA over 100 degrees). The cells adhesion tests were
subsequently conducted on the glass substrate sputtered with hy-
drophobic TFMGs [91], showing that the attachment of platelet and
cancer cell was dramatically suppressed.

The sputtering process has also been adopted to deposit TFMGs
into nanostructures to obtain water-repellent properties and other
Fig. 1. (a) The fabrication process of the TFMG nanotube arrays. (b) AFM and SEM image nano
the plate TFMGs along with the heating voltages (Reproduced from ref. [93]).
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functions. Chen et al. [92e94] fabricated ordered nanotube arrays
of Zr-based TFMGs by magnetron sputtering using a photoresist
template as the mask with well-defined contact hole arrays, as
shown in Fig. 1a and b. The air trapped in the nanochamber be-
tween water droplet and nanotubes formed the liquid-
evaporesolid interfaces to support the water droplet, this contact
states significantly improve the surface hydrophobicity with a
higher contact angle (CA) than that of the flat thin film metallic
glasses (TFMGs) according to the Cassie-Baxter model [32]. The 3D
nanostructures also provide a new way to switch the surface
wettability by various external stimuli. For instance, surface heat-
ing can produce air thermal expansion and positive pressurewithin
the nanochambers of the TFMGs, lifting the droplets and prevent-
ing water intrusion into the nanotubes. Thus, the CA was sensitive
to pressure change of the nanochambers, and the wettability of the
nanotube arrays surface can be thermally regulated by the applied
voltage positively correlated with surface temperature. The CA first
increases as the applied voltage is increased, which can be ratio-
nalized on the premise that higher air fraction can be occupied in
the contact interfaces, while the CA then decreases due to the air
leakage in the nanochamber. The maximum CA was achieved as
about 150 degrees on the TFMG surface with a nanotube diameter
of 500 nm under a medium voltage as shown in Fig. 1c. The
thermal-response behavior of the array TFMGs extends the po-
tential applications in bionic instruments, such as biosensors [92]
and nanosucker devices [93]. Chu et al. [95] used magnetron
sputtering to coat Zr-based TFMGs on the polyacrylonitrile (PAN)
nanofibers to gain high hydrophobicity for the oil/water separation
membrane. The CA of the TFMG-coated membrane increased with
tube arrays with different diameters. (c) Variation of the CA of the nanotube arrays and



Fig. 2. Water contact angle of bare and coated membrane with various coating thickness of TFMGs (Reproduced from ref. [95]).
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the coating thickness and smoothness due to the lower surface free
energy, as shown in Fig. 2, by increasing the sputtering time from 10
to 35 min, the TFMG thickness increased to 61.9 nm, while the
roughness decreased to Ra 1.1 mm, resulting to a high hydrophobic
surface with awater contact angle of 136 degrees, so it is feasible to
further improve the water-repellency of the fibers by optimizing
the sputtering parameters.

A kind of flexible and stretchable TFMGs has been fabricated by
utilizing the ductility of TFMGs [96,97]. The Cu-based amorphous
coatings were deposited by ion beam sputtering on the poly-
dimethylsiloxane (PDMS) substrates that had been stretched
Fig. 3. (a) The folding approach for TFMGs structures fabrication. (b) Variation of the form
biaxial stretching strain for the wrinkled films with initial thickness of 4 nm (Reproduced

4

beforehand with a certain uniaxial or biaxial strain, as shown in
Fig. 3a, after the TFMG layers were formed and bonded with the
substrates, the stress of PDMS (before being subjected to tension)
was then released to the initially unstrained state, resulting the
compressive strain and the periodic wrinkles nanostructures on the
TFMGs. Due to the structural flexibility, the film textures can be
regulated reversibly by exerting different stretching stress along
the directions of the substrates predisposed to straining (Fig. 3b),
thus the corresponding surface wettability can be readily tuned in a
quite wide range as shown in Fig. 3c, the hydrophobic and hydro-
philic surface were switched along with the pre-applied strains,
ed structures with different strains beforehand. (c) Water contact angle changes with
from ref. [97]).
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which is very promising in the application of electronic skin.
Another strategy to regulate the TFMGs structures during sputter-
ing processes is to control the growth and evolution of films by
adjusting different sputtering conditions. The nitrogen was gener-
ally introduced in the sputtering to enhance the mechanical and
thermal properties of TFMGs [98,99]. The TFMGs struc-
tures exhibited a columnar morphology at low nitrogen contents,
while the high nitrogen contents resulted in a compact and fully
dense coating structure [100], which may change the sur-
face wettability. The treatment of TFMGs after annealing in
supercooled liquid region (SCLR) after sputtering has always
been used to eliminate the columnar structures by increasing
the atoms’ mobility [101,102], achieving more uniform structures
and smoother surfaces.

A novel coating approach combined co sputtering and oblique
angle deposition was proposed to regulate the structures and
compositions of TFMGs [103]. As shown in Fig. 4a, the gold nano-
particles arranged on substrate were used as seeds to tune the
distribution of the deposited TFMGs, meanwhile the sputtering rate
of multiple targets were independently regulated to adjust the
TFMGs compositions. Therefore, it can realize the control of
morphology, structure size and compositions of TFMGs at the
nanoscale. The zigzag nanorods films with the hybrid compositions
of Zr- and Ni-based MGs were fabricated by periodically changing
the template orientation around its normal and altering glancing
angle (Fig. 4b), and the nanoporous TFMGs with a mean pore size of
~100 nm (Fig. 4c) were fabricated using AAO template, respectively,
demonstrating the versatility of this fabrication approach. A lot of
experimental observations [104,105] shown that the TFMGs during
sputtering generally exhibited dense columnar structures in the
initial stages of film growth, while with the increase of deposition
Fig. 4. (a) Multitarget carousel oblique angle deposition. (b) Hybrid nanostructures comprisi
from ref. [103]).
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thickness, the film morphology evolved gradually to be rough
surface with deeply grooved networks or nanogranular structures,
inducing a hierarchical and fractal surface morphology. Though
these studies have not concerned about the surface wettability,
they provide potential approaches to fabricate structural water-
repellent TFMGs by sputtering processes.

2.1.2. Spraying
The thermal spraying of TFMGs is to heat the MGs powders or

wires to be melted or partly melted by oxy/air fuel flame, electric
arc or plasma plume [106,107], and then the feedstocks are accel-
erated at high speed and propelled onto the substrate by com-
pressed gas to obtain amorphous films. Miura et al. [108] firstly
utilized the flame spraying approach to synthesize FeeNi based
coatings with primarily amorphous structure. According to the
thermal spraying principles and experiments, it has been found
that the morphology and porosity of sprayed coatings are signifi-
cantly influenced by melting state of powders and the heat radia-
tion from the thermal resource [109e111]. In the high velocity oxy/
air fuel spray (HVOF/HVAF), the porosity of the TFMGs was found
decreased with increase of the spraying power referring to higher
temperature flame [112e114], which can enhance the molten de-
gree of MGs powders resulting in denser coatings with less pores.
Meanwhile, the amorphous phase content in the sprayed films was
remarkably influenced by the interaction between heat transfer
and the melting state of powders. Under the low spraying power,
the inadequately melted MGs powders tend to undergo the non-
uniform heat distribution in the interfaces of the melted and un-
melted zones, which may result in extensive crystallization. As
spraying power increased, the melting degree of the powders will
be improved, so the crystallization of the TFMGs can be suppressed.
ng two kinds of metallic glasses. (c) Nanoporous metallic glass membrane (Reproduced
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However, when the spraying power or temperature is over high, the
local reheating effect mentioned above and the oxidation may
reduce the amorphous phase, therefore, the high proportion of
amorphous phase can be obtained at a moderate temperature
owing to the uniform heat distribution [115e117]. Due to the same
formation mechanisms, similar experimental results have been
obtained in other thermal spraying approaches for TFMGs
including plasma spray [118,119], arc spray [120,121], and laser
cladding [122,123].

In addition, the treatments before and after including high en-
ergy beam treatment [124,125], treatment after annealing
[126,127], porosity sealing treatment [128,129], and adding com-
positions [130,131] were also carried out in spraying to improve the
amorphous content and tune the properties of the TFMGs. These
morphology and structure changes may influence the surface free
energy and thewettability of the TFMGs. Zhang et al. conducted the
HOVF spraying of Fe-based TFMGs with MGs powders in different
sizes [117], finding that more porous TFMGs formed from coarser
powders exhibited a better corrosion resistance rather than the
compact films, due to the higher hydrophobicity of the porous
surface. The surface roughness, which can be tailored by using
various sizes of MG feedstock powders and different spraying en-
ergy, was also found to be critical in the transition between hy-
drophilicity and hydrophobicity of the TFMGs [132]. The CA of the
sprayed films varied from 71 degrees to 136 degrees as the surface
Fig. 5. (a), (b), (c) The typical morphology and surface roughness of the as-sprayed TFMGs. (
and without modification. (e), (f) The superhydrophobicity of the modified TFMGs with a
cleaning ability of the modified TFMGs (Reproduced from ref. [132]).
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roughness increased in the range of Ra 5.4e9.4 mm, as shown in
Fig. 5aed, this indicates that the wettability of the TFMGs can be
regulated by the surface roughness control. The super-
hydrophobicity then can be obtained by the low energy surface
modification of the sprayed TFMGs with originally high hydro-
phobicity (Fig. 5e and f), resulting in a CA of 160 degrees and a
sliding angle of around 9 degrees, thus the clearly self-cleaning
effect of the modified TEMGs can be obtained (Fig. 5g and h).

The sealing treatment with different sealants was performed on
the Al-based amorphous coating sprayed by HVAF, the stearic acid
exhibited the best sealing effect due to its good impermeability and
hydrophobicity, achieving a higher CA of 130 degrees for the
treated coating compared to the as-sprayed coating with a CA of 70
degrees [133]. Qiao et al. [134] prepared a superhydrophobic Fe-
based amorphous film by the combination processes of plasma
spray and surface modification with fluoroalkylsilane (FAS) 17. By
controlling the spraying power, a series of hierarchical features
were obtained on the coating surface, as shown in Fig. 6aef, the
complexity of the surface monograph increased with the plasma
power. A triple-level structure was observed at the spraying power
of 30 kW consisting of no-flattening particles with tens microns,
adherent splashing particles with several microns and oxides with
nano size (Fig. 6c,f). As the spraying power increase, more small
oxide structures were formed on the MG film, and this hierarchical
surface with multi-scale structures can effectively trap air so that
d) The relation between surface roughness and water contact angle of the TFMGs with
contact angle of 160 degrees and a sliding angle of nearly 9 degrees. (g), (h) The self-
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the liquid-air contact interface replaces the liquid-solid contact
area, leading the water contact conditions to transform from the
Wenzel state to the Cassie-Baxter state, which will slightly increase
the contact angle and significantly decrease the surface adhesion.
Correspondingly, the highest water contact angle and lowest water
sliding angle (WSA) was achieved on the triple-level features sur-
face of TFMGs (Fig. 6g). The subsequently abrasion tests demon-
strated the good durability of the water-repellent surfaces (Fig. 6h).
Further research/investigations are essentially required for the
correlation between surface wettability and chemical compositions
as well as morphology of the sprayed TFMGs.

2.1.3. Deposition
Electrodeposition without vacuum requirements is a relatively

low-cost technique to scale up TFMGs to large areas. The principle
of amorphous films formation in electrodeposition is distinct with
the fast-cooling processes in the sputtering and thermal spraying.
The formation mechanisms of TFMGs from electrolyte is due to the
higher nucleation rate than growth rate of the reduced ions under
high potential, resulting in nanocrystalline or amorphous structure
[135e138]. It was found that the size of the amorphous clusters was
decreased with the increase of applied voltage/current density, this
may be because the higher clusters formation rate suppressed the
size growth. However, with the increasing of electroplating power,
the elements segregation may occur inducing the proportional
imbalance of the compositions in the deposited films, which may
cause the crystallization of the TFMGs. Meanwhile, the specific
ranges and proportions of chemical compositions that are reduced
and co deposited during electrodeposition are also crucial for the
formation of amorphous structure [139e147]. On the basis of these
mechanisms, the surface micro-/nanostructures of the deposited
Fig. 6. Surface morphology of TFMGs (a, d), (b, e), and (c, f) at spraying power of 15, 22.5, a
power. (h) The abrasion tests of the hydrophobic surface of TFMGs (Reproduced from ref. [
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TFMGs can be regulated by appropriate control of the formation
and growth rates of clusters in short-range order.

The flexible manipulations of surface structures and composi-
tions open a way to produce water-repellent TFMGs by electrode-
position.Wang et al. [148,149] prepared the amorphous FeeWalloy
films with good hydrophobicity by the combination of electro-
plating, post-annealing and surface modification. A kind of nubby
clusters with cavities were observed on the as-deposited surface,
and then evolved into hierarchical structures with micro-/nano-
wires and protuberances due to the slightly oxidization and crys-
tallization after heat treatment, as shown in Fig. 7aec, these surface
morphologies are crucial to form a thin air cushion between the
water and the TFMGs, as implied by thewettability theory. Through
the annealing at 600 �C, the deposited TFMGs achieved highly
water-repellency (CA ¼ 134 degrees), due to the increase of surface
roughness under high temperature (Fig. 7def). Other researchers
fabricated metallic nanofiber networks [150] and nanowires
[151,152] with flexible dimensions by the selective electrodeposi-
tion using pre-patterned templates. The crystalline and amorphous
cobalt-nickel-rhenium-phosphorus [CoNi(Re)P] multicomponent
nanowires with a diameter of about 100 nm and a thickness of 3 mm
were electrodeposited on the surface through the porous anode
aluminum oxide (AAO) templates [152], which is a potential
approach to scale up TFMGs to large areas with regular surface
structures, and also applicable to design and fabricate structural
surface with different functions including water-repellency.

Some other deposition approaches have been also employed to
form TFMGs with various surface structures, showing very prom-
ising availability for the water-repellent surface fabrication. Elec-
troless plating were conducted to prepare uniform TFMGs with few
voids and defects on conductive or non-conductive substrates
nd 30 kW respectively. (g) The wettability changes of TFMGs along with the spraying
134]).
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[153e155]. By adjusting the mixture ratio of ionic solutions and the
plating temperature as well as the resist masks or templates, a
variety of amorphous films structures can be obtained including
patterned surfaces [156] and hollow microlattices [157]. It is noted
that a superhydrophobic nanosized copper films was fabricated by
electroless plating [158], indicating that the water-repellent
amorphous metal films may also be achieved by the regulation of
reaction conditions. Pulsed laser deposition (PLD) of TFMGs is to
induce plasma plume from the target surface by pulse laser due to
the instant high temperature, and then the plasma deposited on
substrate accompanied with rapid cooling. This approach, involving
no additional elements during the process, can precisely keep the
stoichiometric ratio of multicomponents in films consistent with
that of the target materials [159,160], which is suitable for the
fabrication of high purity TFMGs and can provide a potential so-
lution for the fabrication of TFMGs with different wettability.

2.2. Surface patterning on bulk metallic glasses

Bulk metallic glasses (BMGs), as the 3D form of amorphous al-
loys beyond the 2D TFMGs, are commonly fabricated by rapid
quenching techniques, such as liquid forging [161], fluxing melting
[162] andmold casting [163], inwhich the BMGs are solidified from
the molten state. The excellent glass forming ability (GFA) is crucial
for the MGs with various compositions to be fabricated into the
bulk size scale. It is considered that the structural disorder of MGs
can be enhanced by the multiplicity of elements, which is condu-
cive to the formation of amorphous alloys [164], thus most of the
BMGs fabricated presently are multicomponent alloys. Due to the
exceptional physical and chemical properties as mentioned in
Section 1, BMGs have aroused wide interests to be utilized as a
universal platform with patterned surfaces for structural and
functional applications. Various surface patterning approaches for
BMGs, including thermoplastic forming and subtractive process,
have been developed to achieve water-repellent surfaces because
Fig. 7. Surface morphology of the TFMGs, (a) as-deposited surface, (b), (c) hierarchical surfa
TFMGs (Reproduced from ref. [149]).
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of the intrinsic properties of BMGs and the formation principles of
micro-/nanostructures.

2.2.1. Thermoplastic forming
BMGs generally tend to exhibit low plasticity at ambient tem-

perature, owing to the formation of the localized sharp shear bands
during deformation [165,166]. However, when the temperature is
elevated to the range between the glass-transition point (Tg) and
the crystallization point (Tx), they relax into the supercooled and
metastable liquid with relatively low viscosity, and thus exhibiting
superplastic flow behaviors, which fits the requirements of thermo-
mechanically processes that generally conducted on glass and
plastic, such as hot embossing [167], extrusion [168], rolling [169],
injection [170], blow molding [171], and plastic bonding [172], etc.
Meanwhile, BMGs are more homogeneous and isotropic compared
to conventional metals due to the lack of grain structures, which
can extend the net-shape forming limit to 10 nm scale [48].
Therefore, to achieve lower forming pressure and retain the
amorphous properties [173], the key process of surface patterning
for BMGs by thermoplastic forming (TPF) is to shape the micro-/
nanostructures within the window of SCLR between Tg and Tx.

Since TPF of BMGs is a complex process involving micro-/
nanostructures formation and material properties transition, a lot
of studies have been conducted on some fundamental issues to give
in-depth understanding on this top-down fabrication approach.
One of the conspicuous concerns is the undesired crystallization
kinetics of BMGs during TPF. However, the low viscosity induced by
high temperature and the long processing time are always
prompted to diminish capillary effect and enhance the filling ability
of the supercooled MG liquid, when replicating the micro-/nano-
structures from the mold [42,43], which may increase the risk of
crystallization. A generally handling strategy for the contradiction
between improving formability and avoiding crystallization is to
construct a specific time-temperature-transformation (TTT) curve
for the MGs with different thermodynamic properties [174,175],
ce annealed at 500 �C and 600 �C respectively. (d), (e), (f) The CA of the corresponding
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which can guide to select matched processing time and tempera-
ture for TPF in the SCLR and amorphous regime of the MGs. A TPF
map of flow characteristics of MG supercooled liquid demonstrates
that the high temperature and low processing strain rate tend to
induce the Newtonian flow behavior of MGs [176], which can
enhance the fully filling ability and guarantee the forming of
complex microstructures with high fidelity. In addition, in the
smaller scale TPF (e.g. structure size below 100 nm), the wettability
of MGs flow on molds material will significantly influence the
formability. For the antiwetting supercooled MGs liquid (CA > 90
degrees), the required forming pressure may dramatically increase
to an infeasible level to overcome the significant capillary forces
[45,47], thus, it is suggested that the supercooledMGs liquid should
partially wet the molds to achieve controllable and precise forming
of nanostructures. To facilitate the TPF processes, a various of fac-
tors have been proposed to evaluate the thermal formability of
MGs, including the proportion of filled area in V-grooves (Rf) [42],
fragility coefficient reflecting the intrinsic viscosity (m) [177],
ranges of the supercooled liquid region (DTx), and the maximum
diameter of disc prepared by TPF (d) [178]. In addition, it has been
found that high heating rate (e.g. 106 K/s) can dramatically decrease
the viscosity of MGs and broaden the range of the SCLR [179,180],
providing a wider processing window for TPF [181].

Based on these comprehensive studies on the fundamental
mechanisms, a variety of geometries ranging from 10 nm to
several centimeters were fabricated from BMGs by net-shaping
TPF including nanowires [182,183], microchannels [184], micro-
arrays [185], microgratings [186,187], cellular networks [188,189]
and other 3D miniature parts [190]. The correlation between
surface structures layout and wettability of BMGs have been
generally explored. Li et al. fabricated the honeycomb structures
consisting of different pitches between the adjacent cells on Pd-
based BMGs by hot embossing [61,191], as shown in Fig. 8aec,
the patterned surface exhibited superhydrophobic behavior
Fig. 8. The SEM images of honeycomb structures with different pitches hot-embossed on Pd-
Comparing of the measured CA-pitch data to the values calculated from the original Cassie-B
liquid-vapor interfaces in closed cellular structures. (f) The shape and CA of the water dro
(Reproduced from ref. [61]).
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without any surface modification or post treatments when the
pitch is greater than the critical size of 115.5 mm, and the corre-
sponding CA reached up to 151.6 degrees (Fig. 8d), which is more
consistent with the revised Cassie-Baxter model, this can be
explained by the surface energy gradient effect in the horizontal
direction caused by the tension of solid/liquid and liquid/vapor
interfaces (Fig. 8e). The sealed air in the enclosed cellular struc-
tures can serve as a cushion layer buffering the diffusion and
penetration of the water droplet, thus the CA only changed
slightly after 30 min (Fig. 8f), achieving stable superhydrophobic
surface of the patterned BMG.

However, the result may be disturbed by the undesired oxida-
tion of MGs especially due to the chemical etching for demolding
during the TPF process. To decouple the effects of surface textures
and residual chemicals on the wettability of BMGs, the mechanical
demolding method without introducing additional chemicals was
developed to significantly reduce the oxidation and obtain pristine
MG structures [192]. The plastic forming of the BMGs is performed
in the Newtonian regime at a low strain rate, as shown in Fig. 9a,
while the demolding is conducted at a high strain rate to achieve
the non-Newtonian flowor even the shear-localized deformation of
the supercooled MGs, thus the flow stress can increase to exceed
the adhesive strength of the MG-mold interface, resulting in the
effectively mechanical demolding. This process can avoid the
exposure of the surface structures in etching solution such as KOH
and retain the hydrophobicity of the patterned BMG surface (Fig. 9d
and e). Taking this into account, the honeycomb, pillars and tubes
structures in microscale were shaped on the surface of Pt- and Pd-
based BMGs to study the textures influence on wettability [193]. It
was revealed that oxides formation tended to increase the hydro-
philicity regardless of surface topographies. By eliminating this
interference, the larger aspect-ratio and pitch size of the micro-/
nanofeatures were found critical to improve the hydrophobicity of
BMGs surfaces, though the variation tendency may be not
based BMG, (a) a pitch of 35.5 mm, (b) a pitch of 75.5 mm, and (c) a pitch of 115.5 mm. (d)
axter model and the improved model. (e) Schematics of a droplet with liquid-solid and
plet with a volume of 5 ml on the patterned surface of BMG after 0 min and 30 min



Fig. 9. (a) Forming and demolding of MG supercooled liquids at different strain rates corresponding to different flow regimes. (b), (c), (d), (e) Effect of surface structures and
chemistry on the wetting behavior of the Pt-based MG, the wettability of the mechanically demolded surface evolves to hydrophobicity as the change of surface topography, while
the KOH exposure obscures the topographic effects and induces hydrophilic surfaces (Reproduced from ref. [192]).
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monotonic due to the wetting behaviors transition from Cassie to
Wenzel state.

Micro-/nanowires or rods are extensively formed on the BMGs
surfaces to achieve multiple functions recently. The smaller feature
size, greater aspect ratio and controllable distribution of themicro-/
nanowires patterned on the BMGs are the key factors to improve
the functional surface performance. A main barrier of the wires
formation into a fine scale is the high capillary resistance as well as
the significantly increased forming pressure. Therefore, to facilitate
the thermoplastic forming (TPF) process, the optimal contact angle
of MGs in SCLR on mold materials should be slightly less than 90
10
degrees to achieve partially wetting behavior and precise replica-
tion of nanostructures [45,47] (Fig. 10a). A series of experiments
have been conducted to determine the interface wetting angles
between BMGs and potential mold materials to find the matched
pairs such as Pt- and Au-based BMGs [194]. on the basis of these
characteristics, the high-aspect-ratio (exceeding 50) wires with a
diameter of 13 nmwere prepared on the BMG surface, as shown in
Fig. 10bee, demonstrating that the nanowires with a broad range of
forming sizes can be achieved by TPF. In addition, the surface
patterned BMGs may also be utilized as molds to replicate surface
structures on the identical materials or other BMGs with a lower Tg
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(Fig. 10fei), which can generally ensure the proper wetting
behavior between the supercooled MGs and the molds. A more
universal strategy to ameliorate the wetting behavior between
BMGs and molds is to introduce an oil layer wetting well in the
interface [195], which can effectively reduce the capillary force and
flowing resistance in TPF and make it more readily to break the
rigid oxide films. By these benefits, the nanowire structures with a
diameter of 200 nm were firstly formed on a kind of Zr-BMGs.
However, the high aspect ratio nanowires on BMGs fabricated by
hot embossing tend to settle into bundles and form oblique array
structures after released from molds, as shown in Fig. 10b and c,
which will lose the structure fidelity and significantly influence the
surface wettability. This phenomenon mainly results from the
interaction of the Laplacian capillary force and the elastic restoring
force of the nanowires during the demolding etching [196]. Thus, it
was suggested to use the etching solvents with lower surface ten-
sion for demolding to reduce the capillary force and the size of
bundles.

A co-embossing approach was developed for the synthesis of
micro/nanorods with Janus compositions and functionalities [197],
as shown in Fig. 11, two distinct thermoplastic materials including
polymers and BMGs were simultaneously filled and bonded in the
template cavities following by planarization to form the hybrid
structures, such as core-shell structures (Fig. 11a) and microrod
arrays (Fig. 11b), the obtained surface may exhibit to be both
Fig. 10. (a) Forming pressure of the supercooled MGs that is required to fill the nano channel
(q > 90) behaviors. SEM images of nanorods formed on Pt-BMG by TPF, (b) and (c) are respec
over 50, (d) and (e) are respectively the glassy rods of different diameters with an aspect r
surface textures on various BMGs (Reproduced from ref. [45]).
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hydrophobicity and hydrophilicity due to the distinct material
properties of BMGs. In addition, to bypass the filling challenges in
embossing, the reversed process called thermoplastic drawing was
conducted to fabricate the BMGs nanowires with high throughput
in SCLR [198]. As shown in Fig. 12a, the wires were elongated and
necked up to different degrees in distinct flow behaviors with
varying pulling speed or stain rate. By regulating the supercooled
MGs into the non-Newtonian flow at high pulling speed, the
nanowires with extremely high aspect ratio up to 1,000 was ob-
tained (Fig. 12b). A similar process was adopted to thermoplastic
drawing MGs nanowires with spiral shapes by the combination of
pulling and spinning [199], which is promising to tailor surface
wettability of BMGs.

More sophisticated micro/nano structures have been thermo-
plastically formed on the BMGs to enhance various surface func-
tions including water-repellent properties. Li et al. constructed the
microscale honeycomb textures on the Zr-based BMGs by silicon
thermo-molding, and subsequently roughen the surface by chem-
ical etching to form nanoscale protrusions with a feature size
varying from 10 to 30 nm [200] as shown in Fig. 13a. It was found
that these micro-/nanohierarchical patterns can prominently in-
crease the water contact angle (over 150 degrees) on the BMGs
surfaces (Fig. 13b), exhibiting superhydrophobicity as well as high
adhesion towards water droplet. It can be seen that the water
droplet was tightly fixed on the hierarchically patterned surface
s with a diameter d and an aspect ratio of 3 under both wetting (q < 90) and antiwetting
tively the amorphous nanorods of diameters 13 nm and 35 nmwith a high aspect ratio
atio of 5. (f)e(i) The TPF process utilizing the patterned Pt-BMG as mold to fabricated
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even when the BMG was turned upside down (Fig. 13c), and the
adhesive force was also higher than that of the single scale
patterned surfaces (Fig. 13g and h). This may be due to the
improvement of sealed-air fraction in the contact interface and the
capillary effect of the micro-/nanocavities. But the high adhesion of
the surface may hinder the self-cleaning function. Inspired by the
water-repellent lotus leaf with excellent self-cleaning properties,
the micropillars with hemispherical topwere shaped on the cerium
(Ce)-based BMGs by TPF and then decorated by the deposited nano
SiO2/soot (Fig. 14aed), mimicking the microscale papillae covered
by branch-like nanostructures on the lotus leaf [201]. The original
patterned surface exhibited superhydrophilicity (CA was about
Fig. 11. (a) Fabrication of the core-shell Janus structures and interfaces through co-emboss
chanical bonding and forming of two sets of MGs (Reproduced from ref. [197]).
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0 degree) as shown in Fig. 14e, while, after deposition, the inte-
gration of the multiscale structures endowed the patterned BMGs
surface with superhydrophobicity (CAwas larger than 155 degrees)
and self-cleaning behaviors with a sliding angle less than 5 degrees
(Fig. 14feh). However, the nanofeatures prepared by these forego-
ing approaches in the hierarchical structures on BMGs were
randomly distributed, resulting in limited controllability of water-
repellent properties.

Therefore, a more versatile synthesis approach for micro-/
nanoscale integrated structures on BMGs were developed on the
basis of multistage TPF processes. Ma et al. fabricated the hierar-
chical surface on Pd-BMGs by sequentially forming the nano and
ing of Ni- and Pd-based MGs. (b) Fabrication of the Janus rod arrays by thermal me-



Fig. 12. (a) Regulation of the elongation behaviors of supercooled MG liquid in different flow regimes by changing the pulling speed. (b) Thermoplastic drawing processes of
nanowires with various aspect ratios on BMGs (Reproduced from ref. [198]).
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micropatterns respectively in two steps [202], as shown in Fig. 15a,
the nanorods were firstly formed using the anodic aluminum oxide
(AAO) template with nanopores array (a diameter of 80e100 nm),
and a silicon mold with periodic micropores (a diameter of
12e14 mm) was then thermally printed on the nanopatterned sur-
face. The hierarchical surface structures with well-defined geom-
etries integrating the nanopillars on the micro-arrays exhibit
superhydrophobicity and high adhesion (Fig. 15c), in contrast, the
original polished BMG surface is hydrophilic (Fig. 15b). The sec-
ondary structures increased the fraction of air cushion between the
liquid-solid interface, thus leading to obvious transition of the
surface wettability. This hierarchical surface with controllable
structures exhibited good mechanical stability, as shown in Fig. 15d
and e, the patterned surface still retained the hydrophobic behavior
after severe damage by abrasion. The multiscale features have also
been built on the intrinsically hydrophilic Pt-based BMGs surfaces
by the multistage TPF processes [203], as shown in Fig. 16aed, the
surface hydrophobicity was significantly decreased by the addition
of single micro/nano patterns such as microholes and nanorods,
while, a hybrid surface superposed with secondary nanostructures
exhibited opposite wettability in different areas (Fig. 16gef). This
sequential TPF process of BMGs can be also combined with the
blow molding and net-shaping to fabricate non-planar surface and
3D objects decorated with micro/nano hierarchical structures
(Fig. 16hen). The key requirement of this multi-embossing
approach is to set the replication processes in the order from
small to large in size, thus retaining the more sophisticated struc-
tures formed by the preceding operations, which can achieve an
exquisite regulation of surface structures and wetting properties by
the superposition of nano-, micro- as well as macrosized features
on BMG surfaces.
13
To further improve the forming quality and extend the size
limit, various of novel approaches for BMGs surface patterning
have been carried out because of thermoplastic forming (TPF). A
mechanical distortion method was employed to reduce the lateral
size of BMGs’ surface structures formed by TPF [48]. By adjusting
the temperature and pulling velocity, the nanopillars can be
elongated and necked from a diameter of 150 nme40 nm during
the demolding after TPF, while, exerting a uniaxial compression
on the patterned BMGs, the nanopores can be shrunk to a diam-
eter 10 times smaller than that of the original pores by regulating
the pressure and MGs viscosity. This size-reduction method by-
passes the high pressure needed in the conventional TPF, while
maintaining the overall periodicity of surface patterns, which is
applicable for smaller structures patterning of BMGs. In addition,
an angstrom level smoothness for surface of Pt-BMGwas achieved
by controlling the metal flow to remove the rough surface oxides
during TPF [204], and this process has been recently generalized
to be atomic imprinting to replicate terrace flatness with a step
height of 0.39 nm on platinum bulk metallic glasses (Pt-BMGs)
[205], which opens up the possibilities to manipulate surface
patterning of BMGs on the atomic scale.

Based on the intensive study of the forming mechanisms of
BMGs, other effective thermal patterning approaches have also
been proposed. To regulate the microfilling kinetics [206] and
interfacial properties [207], the periodically vibrational loading was
introduced in the in TPF to achieve a more homogeneous distri-
bution of supercooled MG flow and facilitate the thermoplastic
formability of higher aspect-ratio structures [208]. A series of
amorphous metallic foams (AMFs) with high porosity (up to 80%)
have been synthesized by liquid expansion combined with selec-
tive dissolution [209,210], and the as-prepared surface with



Fig. 13. SEM images of the Zr-MG surfaces with microhoneycomb structures, (a) before and (b) after etching, (c) and (d) are the corresponding images of magnified regions. (e) The
CA of the hierarchically patterned MG surface. (f) The geometrical shape of water droplet on the fabricated surface at a tilt angle of 180� . (g), (h) The adhesion force of the micro/
nano hierarchical surface and the surface with only microstructures, respectively (Reproduced from ref. [200]).
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micropores or bubble structures may exhibit unique wettability,
which can be a potential approach for the functional surface
fabrication by manipulating the supercooled MGs. In spite of
improving the formability, the avoidance of crystallization and
oxidization of MGs is also crucial for the surface patterning with
14
high fidelity. The solutions are generally to lower the forming
temperature or reduce the processing time as much as possible. By
performing a very low strain rate (1.5 � 10�5/s) of uniaxial
compression, the grids with a depth of 22 mm was patterned on
hafnium (Hf)-based BMG at room temperature [211]. Although the
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BMGs exhibits inherently brittle behavior, the features were
transferred from a tungsten mold to the amorphous alloy without
shear localization or fracture by controlling the homogenous flow.
This cold plastic forming method extends new routes for the sur-
face patterning of a variety of BMGs, despite the long loading cycles
(21 h). A novel forming approach of MGs assisted by ultrasonic
vibration under ambient temperature has been proposed
[212e214], which is very promising to bypass the thermal effects
that generally existed in the thermoplastic forming (TPF) of MGs
[215,216]. Activated by the ultrasonic vibration, the liquid-like
regions in bulk metallic glasses (BMGs) with low stiffness tend
to absorb the input energy and increase the atoms’ mobility,
Fig. 14. (a) The top view of a regular array of square micropillars formed on the Ce-based BM
hierarchical surface structures after the SiO2/soot deposit at different magnification. (e), (f)
respectively. (g), (h) The contact process of a water droplet on the hierarchical surface of B
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inducing the extension and connection of the liquid-like regions.
Thus, the activated BMGs would exhibit viscous flow behavior
and dramatical decrease in strength, due to the variation in the
amorphous atomic structure, which facilitates the rapid forming
of BMGs at room temperature [217]. Due to the softening and
rejuvenation effect activated by high frequency vibration, various
structures from nanoscale to macroscale can be formed on BMGs
within 0.5 s [218], as shown in Fig. 17, demonstrating a facile
method for the rapid forming of fine structures. These ap-
proaches offer a universal toolbox for the micro-/nanostructures
fabrication to achieve various surface patterns and tunable
wettability of BMGs.
Gs. (b) The cross-sectional image of the patterned surface. (c), (d) ESEM images of the
The CA of the as-patterned BMG surface and the hierarchical surface after deposition,
MGs with a small sliding angle (Reproduced from ref. [201]).



Fig. 15. (a) Formation of hierarchical features on Pd-BMG surface by the multistep TPF. (b), (c) The CA of the polished BMG surface and hierarchical BMG surface, respectively. (d), (e)
The surface morphology and corresponding CA before and after sandpaper abrasion of the hierarchical structures (Reproduced from ref. [202]).
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2.2.2. Subtractive machining

� Microcutting

The cutting processes are effective ways to generate micro-
structured surfaces on workpieces, for example, the fast tool servo
Fig. 16. Influence of the surface patterning on wetting behavior of Pt-BMG. (a) The flat sam
features remain the hydrophilicity. (g)e(e) Addition of a secondary nanostructure turn th
decorated with hierarchical structures fabricated by TPF and subsequent thermal blow mol
from ref. [203]).
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(FTS) diamond turning [219] and elliptical vibration cutting ap-
proaches [220] have been generally employed to producemicrolens
arrays, gratings, sinusoidal grids and other complex structures on
metal and brittle materials, achieving various functional surfaces
for optical and biomedical applications. The principle of these
processes is to selectively remove materials and form geometry
ple is hydrophilic, CA ¼ 58 degrees. (b)e(d) The patterned surfaces with single scale
e surface to be hydrophobic with CA above 130 degrees. (h)e(j). Non-planar surface
ding. (k)e(n) 3D objects decorated with hierarchically patterned surface (Reproduced
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structures by adjusting the cutting parameters and tool paths. And
the regulation of material removal and chip formation mechanisms
are crucial to obtain stable processes and controllable surface
structures, which are quite mature processes for the crystalline
metals. However, due to no grains and dislocations inside the
amorphous structure, the ductile deformation of BMGs in the
cutting area cannot be explained by the conventional metal cut-
ting theory, especially the generation mechanisms of surface
morphology and the control of MGs oxidation and crystallization
still need be further studied. Therefore, the cutting processes have
not been widely used for the surface structures fabrication of
BMGs, and most of the studies focused on the cutting mecha-
nisms. It has been found that the inhomogeneous deformation
with the occurrence of localized shear bands during the cutting of
BMGs induced the void formation and viscous flow of chips
[221e223]. The scratching tests [224], theoretical modeling
[225,226] and molecular dynamics simulations [227] were
generally carried out to explore the cutting force and thermal
characteristics in the machining of BMGs. On the basis of these
fundamental studies, researchers recently attempted to fabricated
microstructures on BMGs. The FTS diamond turning was firstly
conducted on Zr-BMG to produce a typical sinusoidal grid surface
[228], and a series of microgrooves with minimized burrs and
chippings were fabricated on NieP BMG by ultra-precision cutting
[229]. In addition, some non-conventional cutting methods were
also introduced in the processes. Ultrasonic vibration cutting has
been applied to drill microholes [230] and texture dimples array
[231] on BMGs, which can improve the structures qualities. The
direct laser assisted cutting were performed on Zr-BMG [232],
Fig. 17. Surface structures from nano- to macroscale on the Zr-based BMG fabricated by the u
shaped hole. (c), (d), (e) scanning electron microscopy (SEM) images of the silicon molds an
aluminum oxide (AAO) template and the formed surface with nanowires (Reproduced from
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achieving better surface finish than the conventional machining.
Although the understanding of the deformation mechanism of
BMGs in cutting area is still far from complete, the micro cut-
ting processes are promising for the fabrication of structural
BMG surfaces with different functions including the wettability
properties.

� High energy beam processing

Laser ablation process has been used for micro- or nanoscale
surface patterning on various materials to achieve hydrophobic and
super-hydrophobic properties [233]. Recently, lasers texturing on
BMGs surfaces received significant attention because the process is
scalable and solvent-free [234]. Due to the amorphous structure
without grain boundaries, the thermomechanical response of
BMGs to laser ablation is distinct with the crystalline metals. The
material removal by laser is generally lower for the crystallized
sample than its amorphous counterpart, which can be attributed to
the presence of grain boundaries resulting in energy loss from
electron during the laser processing. The interactions between
workpiece and laser are complex during the energy absorption,
inducing a series of physical phenomena such as melting, vapor-
ization, sublimation, splashing and re-solidification under different
processing conditions, and correspondingly generating different
surface structures. Therefore, the optimal parametric combination
with a critical energy density is critical to retain the initial amor-
phous structure in the heat affected zone and producing a clear
surface pattern at an acceptable removal rate. By adjusting the laser
processing parameters, a variety of textures fabricated on BMGs
ltrasonic assisted forming. (a), (b) BMGs fill into the rectangular hole and the dog-bone
d the microhole arrays patterned on the BMG surface. (f), (g), (h) SEM images of anode
ref. [218]).
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like concentric rings [235], ripples [236,237], craters [238] and
porous structures [239] by laser point shot as well as the periodic
surface microstructures [240,241] by laser scanning. Though the
underlying mechanism of laser ablation on BMGs still need further
studies, some research efforts have been shown that the surface
structures and the wettability of BMGs can be tuned by laser pro-
cessing [242]. A pattern of hierarchical surface structures composed
of nanoparticles, microgrooves, and cross-shaped protrusions, as
shown in Fig. 18a, were generated on Zr-BMGs by nanosecond
pulsed laser ablation in nitrogen gas [243,244], through regulating
the specific laser scanning speeds, laser power intensities and pulse
overlap rates. Thus, a highly hydrophobic BMG hierarchical surface
with CA over 140� was obtained (Fig. 18b). In addition to the laser
processing, the focused ion beam (FIB) [245,246] and abrasive
waterjet (AWJ) [247,248] machining of BMGs have been also carried
out. These high energy beam processes without tool wear are
effective approaches to fabricated consistent structures with
different wettability on BMGs.

� Electromachining

Utilizing the discharge corrosion or electrochemical effect,
electromachining can remove workpiece materials in a micro-
cosmic form and achieve various surface micro/nano structures
with good water-repellency properties [249]. Surface patterns
including microgrooves [250,251], holes [252], craters [253,254]
and 3D structures [255] were fabricated on BMGs by micro-
electrical discharge machining (EDM). The sizes and morphol-
ogies like burrs and debris of the structures can be regulated by
Fig. 18. (a) Surface morphology of the Zr-based BMG generated by laser processing with v
archical surfaces (Reproduced from ref. [244]).
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selecting proper machining parameters such as discharge voltages
and capacitances. However, since the target material was removed
by sparking in the dielectric medium, the machined surfaces had
undergone an electrothermal process [256], leading to the heat-
affected zone and recast layer on the generated BMGs surface
structures. In addition to oxidization and crystallization, the sur-
face carbonization of BMGs due to the decomposition of dielectric
oil is also a common issue in the electromachining process [257].
A hybrid process of micro-EDM and subsequently grinding has
been proposed to remove the recast or carbonization layer and
obtain an amorphous BMG surface [258]. Therefore, to achieve the
effective surface patterning for BMGs, the understanding of
electromachining mechanisms and parameter optimization are
essential to retain the amorphous property and controllable sur-
face structures. Besides, microwire electrochemical machining
has been also conducted on Fe- [259] and Ni-BMG [260] to
fabricate a series of complex structures, showing that electro-
machining can be one of the feasible ways for the BMGs functional
surface fabrication.
2.2.3. Chemical etching and dealloying
Chemical etching and selective dealloying show very good

feasibility tomanipulate the wettability by the regulation of surface
chemistry and morphology [261,262], and this approach has also
been performed on BMGs in recent years. A rapid nanoscale surface
patterning method is proposed on the Zr-BMG using FIB irradiation
followed by wet etching [263]. By selectively removing oxide layer
and implanting Gaþ ions, the irradiated area of the workpiece
arious pulse overlap rates r. (b) Corresponding wettability and contact status of hier-
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surface was then preferentially dissolved in HN solution, and
consequently the concave structures with a depth of several tens to
hundreds of nanometers were formed on the surface, which is a
very flexible fabrication method for various surface patterns on
BMGs. Liu et al. constructed a superamphiphobic pattern on the
CaLi-BMG by surface etching with water and the subsequent sur-
face modification with fluoroalkylsilane (FAS) coating [264]. As
shown in Fig. 19, the coral-like patterns composed of micro/nano
hierarchical structures on the processed surface exhibited both
superhydrophobic (CA ¼ 162 degrees) and superoleophobic
(CA ¼ 156 degrees) properties with low adhesion to the liquids,
resulting in excellent self-cleaning surface function. The water-
repellent surface obtained by this method also showed a good
stability after the exposure to air for 3 months (Fig. 19h). By
selecting suitable etching solvents, the combination of chemical
etching and surface modification processes can be further con-
ducted on other BMGs. For example, the water contact angle of Ce-
BMG surfaces was found changing from nearly 0 degree to about
157 degrees with different combinations of HCl treatment and FAS
modification [265]. And the surface wettability of Ca-BMG was
tuned from hydrophilic to hydrophobic by different water etching
time and surface coatings [266], as shown in Fig. 20, the combi-
nation of Fe and FAS coating obtained the hydrophobic surface with
a CA of 133 degrees. A superhydrophobic and superlipophilic sur-
face has been fabricated on Zr-BMGs by electrochemical corrosion
and surface modification with stearic acid, the water contact angle
of the obtained micro-/nanohierarchical surface reached to near
170 degrees, while the contact angle of oil on the surface was 5
degrees [267], which is very promising in the application of non-
destructive liquid transportation and oilewater separation, though
the geometries of generated surface structures cannot be precisely
controlled [268].

More intertwined surface structures with different elements
enrichment were fabricated by the electrochemical dealloying
process, synthesizing anisotropic nanostructures from homoge-
neous BMGs for various applications, especially in catalysis to
facilitate the reaction kinetics [269,270]. The porous MGs can be
obtained from the processes by selectively dissolving the target
elements of the BMG sample using chemical or electrochemical
treatments [271,272], for instance, the average size of the pores on
Fig. 19. (a), (b) The original surface of CaLi-based BMG surface. (c), (d) Hierarchical surface g
surface. (f) Water droplet on the etched and modified surface with a CA of 162 degrees. (g)
treated BMG surface after exposure to air for three months (Reproduced from ref. [264]).
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Pd-BMG obtained by dealloying can reach to 10 nm [273]. To
regulate the structures formed on the BMG surfaces in the deal-
loying process, the important factors need be controlled are the
alloy compositions, electrolyte, and electrochemical potential. The
evolutions of the surface morphology under different processing
conditions were generally studied on the amorphous precursor
structures like nanorods fabricated by TPF (Fig. 21a). It has been
found that the enhanced diffusion of the more electrochemically
active atoms at the alloy-electrolyte interface resulted in nano-
porous networks when the dealloying potentials less than a critical
value [274e276], as shown in Fig. 21b, while when the dealloying
potentials increased to a certain extent, the dissolution and rede-
position of metal atoms would induce highly branched dendrites
with nanoscale substructures [277,278] (Fig. 21c). The nanorods
surface subjected to dealloying process eventually turned to be
palladium (Pd)-rich nanodendritic structures as the increase of
potentials, and the surface wettability also changed accordingly
[279] (Fig. 21deg). The underlying mechanism of BMGmorphology
evolution during electrochemical dealloying still need further
research, and this surface modification approach may extend to a
wide range of BMGs possessing different compositions, achieving a
desired wettability paired with catalysis functions.

2.3. Potential approaches on the basis of 1D metallic glasses

The fabrication approaches mentioned above for the water-
repellent surfaces are mainly because of the 2D (TFMG) and 3D
(BMG) forms of amorphous alloys respectively, which have been
achieved great effectiveness in the integration of surface structures
and functions for BMGs. However, the functional surface fabrication
on the basis of one-dimensional (1D) MG structures, such as mi-
cro-/nanopowders, particles, wires or fibers, has not yet been
largely applied in BMGs in the previous research efforts. The inert
gas condensation [280], physical vapor deposition [281] and
chemical reduction [282] processes are generally adopted to syn-
thesize the micro/nano MG powders or particles as well as the
metallic nanoglasses (NGMGs) assembled by MG nanogranules
with a size ranging from a few to 100 nm [283], while the free
standing micro/nanowires with a diameter from 70 nm to 300 mm
are mainly produced by gas atomization [284] or superplastic
enerated by the treatment of etching and FAS coating. (e) Water droplet on the original
Oil droplet on the treated surface with a CA of 156 degrees. (h) A water droplet on the



Fig. 20. Surface topography of the Ca-based BMG after different surface treatment: (a) 15 min water etching; (b) 30 min water etching; (c) 15 min water etchingþ FAS; (d) 30 min
water etchingþ FAS; (e) Fe coating; (f) Feþ FAS coating. (g)e(l) The corresponding CA of the BMG surface after different treatments (Reproduced from ref. [266]).
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deformation of MGs in the SCLR [285,286]. One of the emerging
manipulation methods of these 1D MGs is additive manufacturing,
typically the 3D printing by selective laser melting (SLM), in which
the glassy powders were used as feedstocks to fabricate the com-
plex surface patterns or 3D shapes of MGs, like lattice structures
[287], porous scaffold [288], micro-arrays [289,290], etc. As shown
in Fig. 22, a lattice sample with the amorphous phase fraction of
81% was fabricated from the Zr-based glassy powders by 3D
Fig. 21. Pd-based BMG surface: (a) the nanorod structure patterned by TPF, (b) the nanopo
potential dealloying. Water contact angle on different surfaces: (d) a flat BMG surface, (e)
(Reproduced from ref. [279]).
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printing, and then subjected to chemical dealloying to achieve the
milli-nanohierarchical poriferous structures in the surface areas
with a thickness of 10 mm, which is very promising in the synthesis
of complex geometries of MGs with functional surfaces.

Inspired by the synthesis of water-repellent colloidal surfaces
[291,292], self-assembly, driven by a variety of interactions such as
capillary, microgravity, magnetic, electrostatic, and van der Waals
force [49,293], can also be an effective approach for the
rous morphology after low potential dealloying, (c) the nanodendrites formed by high
a nanorod patterned surface, (f) a nanoporous surface and (g) a nanodendritic surface



Fig. 22. (a) The Zr-based MG lattice fabricated by 3D printing before and after chemical dealloying for 60 h in the acid solution. (b) SEM morphology of the as-prepared lattice
structures. (c) Fabrication of the nanoporous structures on the as-prepared MG lattice by dealloying. (d) Cross-section morphology of the uniform nanoporous layer around 10 mm-
thick (Reproduced from ref. [287]).
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reconfiguration of 1D MGs. An attempt to realize the self-assembly
of MG nanorods on the surfaces has been done [48], as shown in
Fig. 23a, the free nanorods was detached from the surface of TPF
patterned BMGs by sonication, then the nanostructures were
Fig. 23. (a) Fabrication of free nanorods by the sonication processing of patterned MGs. (b)
field, and the nanorods tend to gather in the crystalline regions (dark) rather than the amo
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dispersed in a solvent and settled on a partially crystallized MG
substrate that of the same compositions with the nanorods. It is
interesting to note that the nanorods tended to preferentially
decorate the crystallized regions, which may be due to the crystal-
Self-assembly of the free nanorods of MGs that may be driven by the effect of crystal-
rphous region (light) (Reproduced from ref. [48]).



Z. Li and J. Ma Materials Today Advances 12 (2021) 100164
field interactions between the crystalline regions of MGs and the
surface layers of nanorods. A variety of free Janus structures consist
of polymer and MGs have been synthesized by TPF with sequential
planarization process and etching of template, as shown in Fig. 24a
and b. These structures comprising of distinct materials generally
exhibit dual properties, for instance, the water contact angle of the
Pt-MG and polypropylene are 58 degrees and 104 degrees respec-
tively, leading to the hybrid surface wettability of their Janus
structures. These anisotropic properties can also be employed to
achieve the self-assembly of surface structures, as shown in
Fig. 24c, the ferromagnetic particles preferentially concentrated in
the crystallized Ni-MG in the upper side of the Janus pillars, and the
Fig. 24. Free Janus structures comprising of distinct materials such as polymer-MG and MG
Janus arrays to generate various surface structures, (c) arrangement of ferromagnetic beads
(Reproduced from ref. [197]).
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selective dealloying of the Zr-MG in Janus pillars by KOH solution
resulted in the nucleation of Cu dendrites on the Ni-MG (Fig. 24d).
In addition, it has been demonstrated that the focused ion beam
(FIB) nanomanipulator [294] and centrifuge technique [295] can be
utilized to pick up or collect MG nanostructures in the mechanical
and thermal property tests, which is also possible to be applied in
the flexible arrangement of 1D MGs. More potential approaches
need to be developed for the fabrication of structural and functional
surfaces on the basis of MGs including the extensively required
water-repellent surfaces. The surface wetting behaviors of MGs
with different compositions and surface structures processed by
various approaches are presented in Table 1.
-MG, (a) Janus microrods, (b) Janus microgears. Utilizing the anisotropic properties of
by magnetic effect, (d) formation of dendrite structures by dealloying of Janus MG rods



Table 1
Surface wettability of MGs with different structures fabricated by various methods.

MG Compositions Surface structure Feature size Surface wettability (WCA) Processing methods

Zr61Al7.5Ni10Cu17.5Si4 Smooth surface Surface roughness:
Rmax ~ 1.0 nm

~90.85 degrees Magnetron sputtering [78]

Zr38.79Cu30.98Ni17.47Al25.1V1.54 Smooth surface Surface roughness:
Rmax ~ 1.3 nm

~90.85 degrees Magnetron sputtering [79]

ZreCu Smooth surface Surface roughness:
Ra < 1 nm

98 degreese108 degrees Magnetron sputtering [80]

Zr-Hf-Cu Smooth surface Surface roughness:
Ra ~0.2 nm

~109 degrees Magnetron sputtering [81]

Zr-Hf-Al/SieCu Smooth surface Surface roughness:
Ra 0.3e1.2 nm

97 degreese100 degrees Magnetron sputtering [82]

Zr61Al7.5Ni10Cu17.5Si4 Smooth surface Surface roughness:
Ra ~1 nm

~87.9 degrees Magnetron sputtering [83]

Zr53Cu33Al9Ta5 Smooth surface Surface roughness:
Rq ~ 0.12 nm

~119.5 degrees Magnetron sputtering [84]

Cu48Zr42Ti4Al6 Smooth surface Surface roughness:
Rq ~ 0.14 nm

~106.6 degrees

Zr51.4Cu29.5Ni12.3Al6.8 Smooth surface Surface roughness:
Ra 0.8e1.5 nm

99.5 degreese104 degrees Magnetron sputtering [85]

Ti40Cu36Pd14Zr10 Smooth surface Surface roughness:
Ra 0.3 nm

~116.9 degrees Magnetron sputtering [88]

Zr53Cu33Al9Ta5 Smooth surface Surface roughness:
Rq ~ 10 nm

~104 degrees Magnetron sputtering [89]

Zr53Cu33Al9Ta5 Smooth surface Surface roughness:
Rq ~ 0.19 nm

~97.7 degrees Magnetron sputtering [91]

Zr55Cu30Al10Ni5 Nanotube array Nanotube diameter:
500e800 nm

117 degreese151 degrees Magnetron sputtering on
photoresist template [93]

Zr53Cu26Al16Ni5 Fiber membrane Fiber diameter:
284.2e359.8 nm

106 degreese136 degrees Magnetron sputtering [95]

Zr53Cu26Al16Ni5 Smooth surface / ~96.2 degrees
Ti40Zr10Cu36Nb7Co7 Smooth surface / ~91 degrees
W50Ni25B25 Smooth surface / ~64.3 degrees
Pd71.5Cu12Si6.5 Smooth surface / ~67.5 degrees
Cu47Zr42Al7Ti4 Smooth surface / ~83 degrees
Zr55Cu30Ni5Al10 Smooth surface Surface roughness:

RMS ~ 0.358 nm
~90 degrees Ion beam sputtering [96]

Cu50Zr50 Wrinkle surface Wrinkle amplitude:
250e750 nm

72.3 degreese112.8 degrees Magnetron sputtering [97]

Fe48Mo14Cr15Y2C15B6 Original surface of BMG / ~78 degrees Polishing [132]
Rough surface Surface roughness:

Ra 5.4e13.2 nm
71 degreese140 degrees HVOF spray [132]
101 degreese150 degrees HVOF spray and surface

modification [132]
Al86Ni6Y4.5Co2La1.5 Rough surface / ~70 degrees HVAF spray [133]

~130 degrees HVAF spray and surface
modification [133]

Fe67.19Cr21Mo8.84C2.56Si0.22
Co0.15Al0.02Y0.01

Hierarchical surface Surface roughness:
Rsa 8.7e12.8 mm

~154 degrees Plasma spray and FAS17
modification [134]

FeeW Hierarchical surface Roughness factor:
Rf 82.2e117.5

95 degreese134 degrees Electroplating, post-annealing
and surface modification [149]

Pd40Cu30Ni10P20 Honeycomb patterns Pitch size:
0e600 mm

98.8 degreese152 degrees Hot-embossing [61]

La55Al25Ni5Cu10Co5 Smooth surface / ~82 degree� Polishing [183]
Nanowire surface Nanowire diameter:

170e330 nm
[183]

Pt57.3Cu14.6Ni5.3P22.8 Flat surface / ~55 degrees /
Micropillars array Pillars diameter: ~27 mm ~70 degrees Hot-embossing [192]
Microtubes array Tube diameter:~

50 mm
~103 degrees

Honeycomb Pitch size:~
50 mm

~113�

Zr35Ti30Be26.75Cu8.25 Honeycomb Pitch size:
0e600 mm

82.5 degreese133.8 degrees Hot embossing [200]

Honeycomb with
nanostructure

Pitch size:
0e600 mm
Nanoprotrusion size: 10e30 nm

94.7 degreese151.4 degrees Hot embossing and
chemical etching [200]

Ce65Al10Cu20Co5 Flat surface / ~40 degrees /[201]
Flat surface / ~110 degrees FAS modification [201]
Micropillars array Pillars size: 20 mm, spacing: 9 mm ~0 degrees Hot embossing [201]
Micropillars with
nanostructure

Pillars size: 20 mm, spacing: 9 mm
Soot particle: nanoscale

~150 degrees Hot embossing and SiO2/soot
deposition [201]

(continued on next page)
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Table 1 (continued )

MG Compositions Surface structure Feature size Surface wettability (WCA) Processing methods

Pd40Ni10Cu30P20 Smooth surface / ~52 degrees Polishing [202]
Micropore array with
nanostructure

Pore diameter: 12e14 mm
Nanostructure diameter:
80e100 nm

~156 degrees Multistage thermoplastic
forming [202]

Zr41.2Ti13.8Cu12.5Ni10Be22.5 Smooth surface / ~96� Polishing [244]
Hierarchical surface Microscale ~ Nanoscale 140 degreese144� Laser ablation [244]

Ca65Li10Mg8.5Zn16.5 Hierarchical surface
with coral patterns

Average diameter of:
100 nm

<90 degrees Chemical etching [264]

Hierarchical surface
with coral patterns

Average diameter of:
100 nm

~162 degrees Chemical etching and
FAS modification [264]

Ce65Al10Cu20Co5 Smooth surface Surface roughness:
RMS ~ 15 nm

~37 degrees /[265]

Smooth surface Surface roughness:
RMS ~ 15 nm

~105 degrees FAS modification [265]

Hierarchical surface Surface roughness:
RMS ~ 85 nm

~0 degree Chemical etching [265]

Hierarchical surface Surface roughness:
RMS ~ 85 nm

~157 degrees� Chemical etching and
FAS modification [265]

Ca60Mg15Zn25 Hierarchical surface Microscale ~ Nanoscale 11.5 degreese20.5 degrees Chemical etching [266]
Hierarchical surface Microscale ~ Nanoscale 99.1 degreese118.7 degrees Chemical etching and

FAS modification [266]
Rough surface Microscale ~ Nanoscale ~78.8 degrees Fe coating [266]
Rough surface Microscale ~ Nanoscale ~133.6 degrees FeþFAS coating [266]

Zr55Cu30Ni5Al10 Flat surface Surface roughness:
Ra ~0.07 mm

~67.5 degrees Polishing [267]

Flat surface Surface roughness:
Ra ~0.07 mm

~99.5 degrees Polishing and surface
modification [267]

Rough surface Surface roughness:
Ra 2.54e8.21 mm

131.6 degreese169.6 degrees Electrochemical corrosion
and surface modification [267]

Pd43Ni10Cu27P20 Flat surface Surface roughness:
Ra ~2 nm

~70 degrees Polishing [279]

Nanorod surface Nanorod diameter:
200 nm

~110 degrees Thermoplastic forming [279]

Ni60Pd20P17B3 Nanoporous surface Surface roughness:
Ra ~7.05 nm

~84 degrees Electrochemical dealloying [279]

Nanodendritic surface Nanoscale ~112 degrees Electrochemical dealloying [279]
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3. Properties evaluation and applications

These MG surfaces synthesized in lab generally exhibit excel-
lent hydrophobic or superhydrophobic behavior under the well-
controlled conditions. However, the functional stability and me-
chanical robustness in a real environment have not been suffi-
ciently evaluated [296], which are essential for the practical
applications of functional surfaces. In view of this, the critical
evaluation that needed to be concerned for the MG water-
repellent surfaces are proposed in this section, aiming to further
the process of practicality. Considering the metastable sate of MGs
and the involved surface micro/nanostructures, some special
properties of the MG structural surfaces are emphatically eluci-
dated, such as the wetting kinetics responding to the physical or
chemical factors in the ambient environment as well as the size
effect influencing the amorphous structures and mechanical
properties. On the basis of these systematic evaluations, the
cutting-edge applications of MG water-repellent surfaces are then
discussed.

3.1. Critical evaluation of MG water-repellent surfaces

3.1.1. Wetting kinetics
The general factors to characterize the water-repellency of

surfaces are the static water contact angle (WCA) and the
advancing or receding contact angles measured by the specific
instruments [297], which have been developed to be a relatively
standard method and can reflect the surface wetting behavior
24
from macroscopic aspect. However, more sophisticated surface
structures of MGs as shown in the previous Section have been
fabricated by various approaches to enhance the surface func-
tions, thus the contact states on microscopic level between liquid
and surface are more complex beyond the equilibrium conditions
including Wenzel state and Cassie-Baxter state [298]. On this ac-
count, the responses of surface wetting behaviors to the physical
or chemical stimuli in a real environment may be distinct, though
the static contact angle of the surfaces are similar. It has been
found that the contact geometrical shape of the liquid droplet
generally exhibits as a downward curve with air trapped between
the liquid droplet and surface structures because of the Laplace
pressure [299,300]. The liquid bridge formed on low aspect-ratio
pillars tend to more likely to collapse under the inertia forces
[193], such as the acceleration of the workpiece and the
impingement or bouncing of liquid droplet [301], which will
change the surface wetting behavior during the dynamic move-
ment in real environment. While the high aspect-ratio structures
comprising of hierarchical features can help pin the liquid bridge
on the surface and retain a more stable contact state. The wetta-
bility of the side surface of surface structures also has significant
influence on the wetting kinetics, a hydrophobic side surface is
capable of preventing the water infiltration into the surface
structures and retain a stable wetting behavior [193]. In addition,
due to the thermal induced pressure changes and air tightness,
the wetting behavior of MG surface structures with a closed air
trapping space is more sensitive to the temperature variation than
the that of the semiclosed space [92e94].
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Another kind of common stimuli from the external environ-
ment is the chemicals introduced on the surface structures during
the fabrication or utilization period, which may change the sur-
face free energy and structure morphology. Due to the patterned
micro-/nanostructures, the superficial area of the MG surface
exposed to the air or solutions will be dramatically increased,
resulting in a high surface chemical activity. It was found that the
nanotextured Pd-MG adsorbed more carbon than the flat surface,
and thus turning from hydrophilic to superhydrophobic surface
after 10 days in air [193], which may be caused by the decrease of
the surface energy. While the CaLi-BMG surface without FAS
modification were found severely oxygenated after exposure to
ambient atmospheric conditions within 1e2 weeks [264], leading
to the loss of the original wetting behaviors. Besides, the change of
surface chemical compositions may incur a chain effect on the
distribution of surface micro/nanostructures. The BMG nanowires
with high aspect-ratio synthesized by TPF generally appeared
tilted and bundling to varying degree after dissolving the template
in different solvents [45,196], due to the bending and clustering of
the nanowires by the capillary forces caused by the surface ten-
sion of solvents, which will significantly change the surface wet-
ting behaviors. Therefore, on the basis of the foregoing
discussions, to effectively characterize the wetting kinetics of MG
surfaces, it is essential to decouple the effects of surface textures
and chemistries on the wetting behaviors. In addition to the
macroscopic contact angle of patterned surface, the surface free
energy of the original smooth MGs [61,302] as well as the
microcosmic contact geometries between the liquid and surface
structures need to be analyzed, providing a foundation for the
systematic testing of the dynamic responses of surface wettability
to the physical or chemical stimuli that are pervasive in nature and
practical applications.

3.1.2. Amorphous structure evolutions
The amorphous atomic structure with short-range order and

long-range disorder contributes to the unique performance of MG
functional surfaces. However, due to the metastable state of MGs,
the crystallization, relaxation or rejuvenation may appear on the
MG surfaces spontaneously along the time or incurred by the in-
ducements in the real environments such as thermal variation,
strain exertion, ion radiation and chemical reaction, which may
change the original material properties and structures as well as
surface wettability. It is found that the MGs with less free volume
and relatively compact atomic packing possessed lower surface
energy and higher water-repellency [302]. Because of the size ef-
fect, the crystallization kinetics of micro-/nanostructures on the
MG surfaces are quite different with that of the bulk counterpart.
The crystallization temperature of the Pt-MG nanorods with a
diameter of 100 and 200 nm was found lower 6 �C and 24 �C
respectively than the nominal value of BMGs [295]. This non-
monotonic crystallization behavior may be due to the competition
of size-dependent apparent viscosity, nucleation probability and
heterogeneous nucleation [303,304]. In addition to the thermal
stability, the plastic deformation and ion radiation of MGs also have
a significant effect on the evolution of amorphous atomic structures
[305,306]. The plastic strain facilitates the free volume annihilation
and provides excess driving force for atoms diffusion, which may
cause the atomic-scale damage and mechanical relaxation of MGs
[307,308]. While the rejuvenation of MGs can be effectively stim-
ulated under special conditions by increasing the free volume or
liquid-like structure content, such as the severe plastic deformation
[309,310], local heat treatment (re-rising temperature above Tg
followed by rapid quenching) [311,312], alkaline solutions soaking
[313], ion irradiation [314], etc. Therefore, to assess the stability of
MG water-repellent surface in a practical context, the atomistic
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structural evolution of the surface features along with the time and
external stimuli should be taken into consideration in the verifi-
cation of amorphous structure. The kinetics of crystallization,
relaxation and rejuvenation of MGs in a micro-/nanoscale need be
further studied focusing on the size effect and their influence on the
surface wetting behaviors.

3.1.3. Mechanical properties
The functional surfaces may be subjected to various loadings

like tensile and compressive stresses in the applications, thus the
mechanical properties of the structured MGs are generally con-
cerned in the designing and building robust water-repellent sur-
faces. For the TFMGs, several standard mechanical tests have been
conducted including the tensile [315], bending [316] and nano-
indentation tests [317], which are also widely adopted for the other
materials. However, the mechanical properties evaluation for the
BMG surface structures have not yet been amenable for formulation
of a ripe theory andmethod comparingwith that of their crystalline
counterparts, mainly due to the insufficient understanding of the
effect of amorphous atomic structure variation on mechanical
properties. Most of the relevant researches focused on the MG
micro-/nanowires to analyze the deformation behavior by molec-
ular dynamics simulations [318,319] and mechanical tests to obtain
the tensile [320] and compression strength [321,322] as well as the
elastic modulus [323]. It has been found that the unique size effect
exists in the MGs due to the size constraints on shear band for-
mation and propagation, inducing the transition of deformation
mechanisms along with the dimension changes [46,324]. The
ductility of MG structures tends to be significantly enhanced due to
the homogeneous deformation behavior as the dimension
decrease, due to the suppression of shear bands formation
[325,326]. These mechanisms also rationalize the phenomenon
that the tensile strength ofMGmicrowires is nearly twice as high as
that of the bulk counterpart [327].

It should be noted that the processing history [48] and structural
relaxation [328] of the MG micro-/nanostructures have a remark-
able effect on the mechanical properties. For instance, the chemical
segregation was found near the surface zone of MG nanowires
[329], due to the element diffusion driven by both thermal acti-
vation and internal stress during different fabrication processes.
Further studies found that the nanowires also exhibited a near-
surface (~1 nm thick) layer with substantially faster dynamics
than the bulk [330]. These gradient effects of MG structures result
in distinct mechanical responses to the external stimuli. The
nanowires synthesized by casting exhibit excellent ductility with
homogeneous deformation but relatively low strength, while those
fabricated via FIB and TPF show higher strength but localized
plastic deformation [331], which is closely correlated to the distinct
atomic structure and packing density of MGs induced by various
fabrication processes. It has been also demonstrated that the
plasticity of MG micro/nano structures can be regulated by
different intensity of ion irradiation [332,333], due to the
irradiation-induced structural disorder that may increase the free
volume fraction [294,334] and incur the transition of deformation
mechanism from localized shear banding to homogeneous shear
flow [335]. Therefore, in the evaluation of mechanical properties for
MG functional surfaces, the size effect and element segregation as
well as the atomic structure variation induced by the external
stimuli and processing history should be taken into consideration,
and the underlying mechanisms of plastic deformation in amor-
phous structure also need further investigations.

3.1.4. Wear and corrosion resistance
The durability of MG water-repellent surfaces is crucial for the

practical applications in various harsh environments, and
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commonly characterized by the comprehensive indices such as
wear and corrosion resistance. To assess the contact friction
behavior of MG surfaces in the real environments, the sliding or
reciprocating wear tests have been generally carried out for TFMGs
and BMGs in the air and solutions [336,337], especially to simulate
the wearing in physiological environment for the biomedical im-
plants [338,339], which can obtain themacroscopic wear behaviors
of MG surfaces. However, for most of the contact conditions, the
loads sustained by functional surface structures mainly concen-
trated in the micro-/nano areas, thus the analysis of micro-/nano-
scale tribological behavior of MGs is essential in thewear resistance
evaluation of the functional surfaces. The wear resistance of MGs
has been found dominated by the synergistic effects of strength
factors including the hardness, plasticity, etc. [340] Therefore, the
size effect existing in mechanical properties also have a significant
influence on the wearing behaviors in different scales. The typical
abrasion morphology containing shear bands without noticeable
ductile features was found in the macrosliding wear track of BMGs,
while the wear tracks became ductile as the sliding size decreased,
resulting in higher wear resistance and friction for smaller struc-
tures [341]. To get more detailed wear behaviors, the micro-/
nanoscratching tests and theoretical analysis [342] have been
conducted on MGs under different normal loads and scratching
velocities, focusing on the tangential force [343], frictional coeffi-
cient [344], scratching morphology [224], acoustic emission [345]
as well as the effect of oxidation layer [346]. On the basis of these
evaluations, the surface patterns of MGs can be tailored to enhance
the wear resistance of MG surfaces and retain the same wetting
behavior [191,347].

For the corrosion resistance evaluation of MG surfaces, the
oxidation in air, corrosion soaking in solutions or electrochemical
corrosion as well as their influences on surface wetting behaviors
have been commonly concerned in different application environ-
ments. The corrosion test methods of MGs such as anodic polari-
zation and in vivo experiments [348] were quitemature referencing
to the test processes performed on other materials. It was found
that corrosion behaviors are closely correlated to the internal
atomic structure of MGs. The corrosion resistance tends to be
enhanced in the relaxed MGs due to the decrease of free volume
reducing chemical potentials, while the chemical order and clusters
formation caused by relaxation may promote the pit nucleation on
the MG surfaces during electrochemical corrosion [349]. And the
crystallization of the MGs resulting in the grain boundary and
dislocation defects will also undermine the surface corrosion
resistance [350]. Therefore, the thermal stimuli in the real envi-
ronments transforming the internal structure of MGs will further
alter the corrosion behavior of MG surfaces. Annealing near the
glass transition temperature (Tg) was found shifting the corrosion
potential of MGs to the cathodic values, which is conducive to
enhance the pitting corrosion resistance of MGs in the simulated
body fluid [351,352]. This indicating that the corrosion resistance of
MG surfaces can be tuned through regulating the free volume
concentration by thermal or other treatments that affect the atomic
structure, while the detailed relations between atomic structure
and corrosion behavior still need further studies. In addition, the
evaluation for the synergy behaviors of wear and corrosion of MG
surfaces also important under the tribocorrosion conditions [353],
especially in the biomedical applications [354,355], such as the
movable joint implants in the body fluid.

3.2. Cutting-edge applications of MG water-repellent surfaces

MG materials have been exploited as structural and functional
materials, due to its unique amorphous structure and excellent
micro/nano forming ability. As a basic surface function, water-
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repellency may greatly extend the engineering applications of MG
surfaces in the real environments by the multifunctional integra-
tion with catalysis, biocompatibility, optical features, etc. In addi-
tion to the superficial functions, the variation of internal atomic
structure of MGs combined with desired surface wetting behavior
may also create new possibilities in cutting-edge applications. For
instance, inspired by the conventional semiconductor circuit, the
metastable state of MG amorphous structure under phase transi-
tion stimuli has been studied for the design of data storage systems,
which may also have a demand of water-repellent surface to
enhance the durability in practical use. Therefore, some advanced
and potential applications of MG surfaces with multifunction
including water-repellency were discussed as follows on the basis
of the critical evaluations outlined previously.

3.2.1. Micro-/nano-electromechanical system
It has been well known that MGs generally exhibit superplastic

behavior in SCLR and can be formed into net-shaping 3D compo-
nents with versatile geometries [356] as well as various 2D surface
patterns [357,358] on themicro-/nanoscales. Due to the amorphous
structure without crystalline grains, the high precision MG parts
can be fabricated by TPF with negligible volume shrinkage and
extremely good surface finish even reaching to atomic scale
[204,205], which is very suitable for micro-/nano-electromechan-
ical systems (MEMS/NEMS). Meanwhile, utilizing the properties of
high strength and high elastic limit, a series of mechanical-energy-
dissipation structures [359] and compliant mechanisms [360] can
be synthesized based on MGs. However, as the ratio of the surface
area to volume increases with the decrease of part dimensions, the
stictions of micro-/nanostructures with the ambient medium, such
as capillary, electrostatic, van der Waals and Casimir forces, tend to
be increasingly apparent [361], causing the failure of MEMS/NEMS.
Water-repellent surface patterns with low surface energy for the
parts have been found effective to reduce the micro-adhesion and
friction [191], especially can be exploited for reducing drag and
increasing buoyancy in liquid [362], which can significantly
enhance the reliability of MEMS/NEMS. Therefore, the hierarchical
structures of MGs are highly required to achieve the desired surface
wetting behavior while retaining the geometries and functions of
the micro/nano parts in the electromechanical systems. These
special MG parts for MEMS/NEMS can be fabricated by multistage
TPF processes as discussed in Section 2 [202,203].

In addition to the rigid micro-electromechanical system
(MEMS)/ nano-electromechanical system (NEMS), the flexible
electronics on the basis of TFMGs have also received high attentions
in recent years, particularly for stretchable and wearable electronic
systems. The TFMG parts were generally deposited on substrate
and subsequently patterned by etching or imprint lithography,
which can be integratedwith silicon integrated circuit [363]. On the
basis of this process, the Zr-TFMGs have been made as conical
springs and moving torsion bars for the new type electrostatic
micro-actuator [364] and microscanner [365] respectively. Simi-
larly, a kind of stretchable and transparent electrodes as wearable
heaters using copper-zirconium thin film metallic glasses (CuZr-
TFMGs) in the form of nanotrough networks have been fabricated
by co sputtering process [366]. Inspired by the kirigami, the straight
and curved patterns were formed on Fe-MG ribbon by photo-
chemical machining [367], obtaining highly stretchable film with
ultra-small strain energy loss during cyclic loading. However, the
flexible electronic systems with high requirement of safety, such as
the emerging electronic skin and human body sensors, need keep
good electrical conductivity and corrosion resistance even under
wet and humid conditions [368]. Thus, the water-repellent surfaces
are especially desired in the TFMGs electronics. By controlling the
periodic and crumpled surface morphology, TFMGs with tunable



Fig. 25. (a) (b) TFMG skin can be transparent with the decrease of thickness. (c) Relative change of resistance vs. strain after bending 1000 times. (d) TFMG skin for monitoring hand
movements with different bending degrees. (e) E. coli on different surface after antibacterial test. Left: PE control plate. Right: Zr-TFMG skin. (f) The morphology of TFMG (RMS
0.36 nm) and water contact angle (90�) (Reproduced from ref. [96]).
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wetting behaviors were fabricated for strain sensing in wearable
devices [96,97], as shown in Fig. 25aed, the piezoresistance of the
film is sensitive to the applied strains, and the transmittance
spectra of the TFMGs in the wavelength range of 380e760 nm can
be also tuned by different deposition thicknesses. Meanwhile, the
hydrophobic TFMG skin is obtained with good antibacterial prop-
erty (Fig. 25e and f). It is no doubt that MGs in 3D or 2D forms will
further broaden the applications in novel electronics systems,
while the wetting kinetics, thermal stability and mechanical
durability in use environment of the MG parts also should be taken
into account during the design of MEMS/NEMS.
3.2.2. Biomedical engineering
MGs have attracted extensive research interests as promising

biomedical materials with excellent mechanical properties and
corrosion resistance especially in the physiological environment.
Moreover, due to the flexibility in the choice of combinations with
respect to compositions of MGs, the stable or biodegradable ma-
terials [369] can be designed without toxic elements for complete
biocompatibility, such as the biocompatible Ni-free Zr-BMGs [370],
significantly eliminating the potential local immune responses. A
variety of soft or hard tissue implants on the basis of MGs have been
emerging such as the vascular stents [371], orthopedics implants
[372] and in vivo biosensors [373]. However, a common issue in
these biomedical applications involving the contact with blood is
the platelet adhesion on artificial implants, which may cause blood
coagulation and thrombosis. It has been supposed that the water-
repellent surfaces exhibit good anti-adhesion to platelets and
blood compatibility [374], which has been proved in the clinical
testing for platelet and cancer cells adhesion on a hydrophobic Zr-
TFMG surface [91]. Without introducing extra chemical elements,
MGs surface patterning is an effective route to generate functional
surface with desired wetting behaviors. A kind of Pt-BMG electrode
with nanowire patterns for the glucose biosensor has been fabri-
cated to enhance the sensing signal and sensitivity, and the wetting
behavior of the BMG surface has significant influence on the
biosensor performance in the enzyme functionalization process
[375].

Besides, the surface patterns and the corresponding wettability
have been also found directly influencing the cellular interactions
with substrate surfaces, several studies demonstrate that cell
spreading is dramatically enhanced on water-repellent surfaces
[376], through affecting the protein layer adsorption and formation
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[377]. Various cellular behaviors on the micro/nanopatterned MG
surfaces and TFMGs have been studied including macrophage po-
larization [378], bone cell forming [379], vascular cell response
[380], osteoblast [381] and mesenchymal stem cell differentiation
[382]. As shown in Fig. 26, the micropatterned surface induced
greater macrophage fusion and bigger cell areas, while the addition
of nanoscale topography tended to effectively reduce the cell pro-
liferation. Thus, the macrophage growth is significantly affected by
the synergy of surface patterns and wettability, indicating a po-
tential way tomodulate different types of cells behaviors [182,383].
In addition to the in vivo applications, the high-performance MG
biomedical devices in vitro like surgical tools [384] and non-stick
syringe needles [89,90] with water-repellent surfaces have also
been produced and tested, showing the improved sharpness and
antimicrobial property. A series of nanowire arrays were patterned
on Pd-BMG for surface enhanced Raman scattering (SERS) [385],
which can be used for trace amounts of biomarker and antigen
detections, and the superhydrophobic surface can concentrate
molecules by several million-fold significantly augmenting the
SERS sensitivity [386]. Therefore, it is promising to integrate the
water-repellent behavior with SERS substrate on the basis of MGs,
opening new avenue for ultrasensitive biosensing and environ-
mental pollution monitoring.
3.2.3. Solar and fuel cell
MGs can be readily tailored into micro/nanostructures pos-

sessing the desired surface wettability accompanying with the
unique optical property and catalytic performance, especially
suitable for the application in energy conversion and storage cells.
Antireflection is crucial in increasing the efficiency of solar devices
by enhancing light coupling into the photoelectric active region,
which is significantly affected by the surface textures. A nanowire
patterned surface based on Pt-BMG has been fabricated by TPF,
demonstrating a low diffuse reflectance (1.6%) with small angular
and wavelength dependence [387], and the reflectivity can be
tuned in wide range by controlling the surface topography such as
nanowire size, spacing and aspect-ratio. Meanwhile, the nano-
structures of MGs have been verified to increase the absorption and
retention of thermal energy, due to the effective restriction of heat
pathways [388], inducing a rise of the photoinduced temperature
for concentrated solar thermoelectric generators [389]. Besides, MG
films also has been explored to enhance the performance of solar
cells. By forming Al-MG frits into an interlayer between the



Fig. 26. Influence of surface patterns on the water contact angles for Pt-BMG, (a) flat surface, (b) nanopatterned surface, (c) micropatterned surface, (d) micro-/nanohierarchical
surface. The cell responses and immunofluorescence images of macrophage fused on different MG surfaces, (e) low magnification images, (f) high magnification images (Repro-
duced from ref. [383]).
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electrodes and Si layers, a large contact area working as tunneling
barrier can be achieved with low specific contact resistance,
obtaining a conversion efficiency of 19.6% in solar cells [390]. A
70 nm thick Zr-TFMG was used as a barrier for copper indium
gallium selenide (CIGS) solar cells to effectively hindered the
detrimental diffusion from the stainless substrate, obtaining a
higher solar cell efficiency (5.25%) nearly twice as that of the bare
substrate [391]. However, the solar devices, such as solar panels and
perovskite solar cells [392] are generally exposed in ambient air,
thus it is highly desired the water-repellent and self-cleaning [393]
MG surfaces to reduce the liquid or atmospheric dust adhesion that
will undermine the efficiency of solar cells [29].
Fig. 27. (a)e(d) The nanowire electrode of Pt-BMG with gas feeding holes formed by mul
catalytic layers of porous Pt-BMG nanowires, and the flow field/current collector plates of
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Electrocatalysis plays a fundamental role in the energy conver-
sion and storage processes of fuel cells. By employing the remark-
able catalytic properties, particularly the high activities for
methanol/ethanol oxidation [394] and hydrogen evolution [269] of
Pt- and Pd-MGs, amorphous alloys have been used for the critical
parts including the catalyst layers, diffusion layers and flow fields in
fuel cells [371]. To enhance the durability and maintain the reac-
tivity, the MGs as a versatile platform for electrocatalytic surfaces
design were generally patterned into hierarchical structures by TFP
or dealloying [274]. A kind of Pt-BMG electrode comprising of nano
and microsized features has been synthesized by multistage TPF
[55], as shown in Fig. 27, the nanowires uniformly decorated on the
tistage TPF. (e)e(g) Zr-BMG flow fields formed by TPF. (h) (i) Microfuel cell using the
Zr-BMG (Reproduced from ref. [55]).
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surface ensure the high electrochemical activities, while the micro-
through-holes facilitate the reactive gas reaching to the catalytic
interfaces. By assembling the porous nanowires of Pt-BMG as
electrode layers with the Zr-BMG flow fields, a microfuel cell (MFC)
was produced with a peak power density of 9.4 mW/cm2 at room
temperature, providing an economical approach to develop novel
MFCs. To further improve the performance of fuel cells, the influ-
ence of surface patterns and wetting behavior on electrolyte
dispersion in conjunction with catalytic reactions need systematic
studies to integrate the optimized wettability and catalytic prop-
erty on the MG surfaces.
3.2.4. Microfluidic chip and data memory
Microfluidic chip, receiving intensive attentions and researches

in recent years, has been identified as an ideal platform for
biochemical sample processing with high throughput and low
consumption [395], which is especially required in the tests and
analysis of genomics and proteomics [396]. Utilizing droplet as
microreactor and sample carrier, the key issues of the lab on a chip
is how to flexibly manipulate the microdroplets to desired posi-
tions. Generally, the electrowetting on dielectric (EWOD) and die-
lectrophoresis (DEP) force have been adopted [397], inducing the
variation of contact angle and pressure differential on the liquid-
solid and air-liquid interfaces, to actuate the droplets in the elec-
tric field. Thus, the hydrophobic surface as a barrier to confine small
volumes of sample within test zones and the hydrophilic micro-
channels to transport droplets are commonly involved in the
microfluidic chip [398]. On the basis of this principle, MG surfaces
have great potentials to be designed as a substrate with desired
micro/nanostructures and wettability as well as bio/chemical
compatibility for microfluidic chip. By analogizing to CPU of com-
puter, a concept of central fluid processing unit (CFPU) on the basis
of microfluidic chip has been proposed for the sophisticated and
large-scale chemical/biological analysis, which is promising in
biomedical diagnosis and drug development. In addition, MGs such
as ternary compound of germanium, antimony, and tellurium
(Ge2Sb2Te5) [399] and Ge15Sb85 [400] have been used to fabricate
Fig. 28. The principle of PCRAM because of the amorphous phase t
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phase-change random-access memory (PCRAM), as shown in
Fig. 28, the memory cells can be rapidly switched between logic
states ‛0’ (glassy) and ‛1’ (crystalline) with different electrical
resistance, which are programmed through the reversible ultrafast
phase transformation, even in 700 ps using the Sc0.2Sb2Te3 MGs
[401]. Therefore, the PCRAM is regarded as a leading candidate for
the next generation non-volatile electronic hierarchy memory that
may be employed for the neuron computing of artificial intelligence
beyond the standard Von Neumann architecture. In view of this,
MGs multifunctional surfaces with tailored wetting behaviors are
expected to be applied in these cutting-edge fields to enhance
effectiveness and durability of the advanced systems.
4. Summary and future outlook

MGs have been taken as the excellent structural and functional
materials, providing a versatile toolbox for synthesis of multi-
functional surfaces. In the past few years, various fabrication ap-
proaches have been developed for the MG water-repellent surfaces
including TFMG coating and BMG surface patterning as well as the
emerging routes because of the manipulation of 1D MGs. However,
there is still a gap between the MG functional surfaces synthesized
in lab and the practical use in real environments, especially the
stability of the amorphous structures and micro-/nanosurface
patterns may be susceptible to the external stimuli during practical
applications, leading to a decline or even complete loss of their
unique properties and wettability. The prerequisite for the practical
application is to effectively characterize the MG surface properties
for the specific application scenarios. The future research works are
addressed as follows:

(1) A systematic scheme with the feedback and iterative opti-
mization mechanism needs to be built up, covering from the
design stage to fabrication and application of MG water-
repellent surfaces. As shown in the graphical abstract, in
the upper reaches of the scheme, material screening [402]
still needs to be conducted to develop new MGs with higher
ransformation of memory arrays (Reproduced from ref. [400]).



Z. Li and J. Ma Materials Today Advances 12 (2021) 100164
glass forming ability (GFA) and better formability for the
functional surface fabrication and application, particularly,
the coupling effect of the intrinsic surface free energy and
micro-/nanosurface patterns of MGs should be further
studied in the design of water-repellent surfaces. On the
basis of this, the high throughput and precision fabrication
approaches need be developed, synthesizing more sophisti-
cated surface structures in a large scale to enhance the sur-
face functions and practicability by utilizing the unique
properties of MGs such as the superplasticity in SCLR. Then,
more detailed and standard evaluation system should be
proposed for the MG functional surfaces fabricated from
distinct routes to give critical instructions, so that the fabri-
cation approaches can be selected to match the specific ap-
plications in different service environments. Meanwhile, a
feedback loop from the evaluation and application of MG
functional surfaces is crucial to iteratively improve the
fabrication processes as well as the materials screening and
surface structures designing.

(2) The fundamental mechanisms in the design and fabrication
of MG water-repellent surfaces still need in-depth studies.
For the wetting behavior of MG surfaces, the contact states of
the liquid droplet on the hierarchical surface need be
analyzed according to the specific surface structures, and
then subdivided into more detailed conditions beyond the
equilibrium contact states such as the classic Wenzel and
Cassie-Baxter types, providing basic theories to predict the
wetting kinetics under the external stimuli such as thermal
effect, impact and inertia force in real environments. More-
over, the amphiphobic/omniphobic property [403] or
switchable wettability [404] are highly desired to be
explored on MG surfaces to further extend the potential
applications. For the amorphous structure of MG surfaces,
the evolution of atomic structure such as crystallization,
relaxation and rejuvenation induced by the factors in real
service environment, like thermal variation, strain exertion,
ion radiation and chemical reaction, need to be systemati-
cally studied, especially focusing on the free volume chang-
ing mechanisms and the corresponding influences on the
surface properties.

(3) Novel synthesis strategies of MG water-repellent surfaces
suitable for industrial scale production are required to obtain
robust functional surfaces and extend the size limit of the
controllable surface patterns to sub-10 nm. Ultrasonic
assisted forming has been recently proven a rapid forming
route to achieve fast rejuvenation and high plasticity of MGs
at ambient temperature [405,406], which can significantly
reduce thermal defects when fabricating functional surfaces
[407e409]. In addition to developing completely new tech-
nologies, the hybridization/integration of the existing tech-
niques may be an effective strategy to synthesize more
sophisticated surface structures and further enhance the
performance of MG functional surfaces. It is very attractive to
generate functional surface patterns combining with the
strengthening effect because of the improved wear and
corrosion resistance, such as the hydrophobic fractal MG
surface fabricated by bending fracture [410] and texturedMG
surfaces by plastic deformation induced by electropulsing
[411] or the laser shock peening [412]. The fabrication pro-
cesses of the ultrastable MGs are also desired to upgrade
from TFMGs to the bulk counterpart [66,413,414], which can
significantly improve the stability of MG functional surfaces,
though this process will be very challenging. Recently, the
machine learning approach has been employed in the
property prediction and composition screening of MGs
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[52,69,415], and a new strategy of armored super-
hydrophobic surface has been proposed by the arrangement
of micro-/nanostructures [416], these novel concepts can be
adopted in the design and fabrication of MG water-repellent
surfaces. This comprehensive review is aiming to provide
some inspirations to the interdisciplinary research/ in-
vestigations of surface engineering, materials science and
other frontier fields on the basis of the MG functional
surfaces.
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