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• Large-area honeycomb-like Zr-based
metallic glasses were fabricated successfully.
• The porous structure consist of μm-scale
channels and nm-size amorphous sidewalls.
• The amorphous sidewalls is decorated
with Cu nanoparticles.
• A root-shape growing mechanism of the
tunnels in the amorphous matrix is
postulated.
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a b s t r a c t
Pitting corrosion is a common localized corrosion phenomenon, which can lead to cracks and mechanical failure
in structural metal materials. On the contrary, pitting corrosion could be a beneﬁcial tool for generating large-area
porous structures, which holds a great premise in a number of functional services, such as catalysis, sensing,
storage, imprint lithography, and membranes. Herein we presents an electrochemical approach for creating a
large-area honeycomb-like porous structure in Zr-based metallic glasses. A pitting process followed by subsurface tunnel etching in NaCl solution elicits to characteristic micrometer scale channels and nanometer size amorphous sidewalls decorated by Cu nanoparticles on the metallic glass substrate. A root-shape growing mechanism
of tunnels initiated from pits and penetrating into alloy matrix is postulated. In addition, the effect of alloy composition on the microstructure of honeycomb-like porous metallic glasses is also investigated in detail.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction
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Passive-ﬁlm-forming alloys, such as stainless steels, aluminum (Al)
alloys, titanium (Ti) alloys, zirconium (Zr) alloys and their corresponding metallic glasses, have attracted great attention for a large portion of
industrial applications owing to their outstanding corrosion resistance

https://doi.org/10.1016/j.matdes.2020.109109
0264-1275/© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

2

X. Luo et al. / Materials and Design 196 (2020) 109109

and mechanical properties. However, it is well recognized that those
metal materials are prone to severe pitting corrosion in a number of
complex service environments [1–6]. Pitting corrosion in general is initiated at the weak points of a passive ﬁlm upon the surface of metal, and
subsequently proceeds as a result of the accelerated anodic dissolution
of underlying matrix metals. Large cavities or even perforations caused
by pitting corrosion in metal can result in concentrated stress and eventually sudden mechanical failure [1], which should be technically tackled in structural metal materials.
In contrast, pitting corrosion could play a beneﬁcial role in preparing
unique features in metal for a number of functional services, such as a
large-area homogenous porous structure [7]. Though massive efforts
have been devoted to validating such a promising concept, challenges
remain in terms of exploring the optimal processing conditions to synthesize desired architecture. An inspirational electrochemical approach
was reported, termed ‘tunnel etching technology’, to yield large-area
porous structures through deliberately controlled pitting corrosion
[7,8]. A high number density of tunnels (up to 10 [8]/cm2) with a
large length-to-width aspect ratio was established in an Al foil electrode
to build an electrochemical capacitor with enhanced surface area and
consequent excellent performance [7–15]. Those tunnels with a square
cross-section are typically >50 μm in length and ~ 1 μm in width, growing preferentially along the 〈100〉 crystallographic planes of Al grains.
Moreover, the tunnels were originated from half-cubic pits, and then
grew through increasing dissolution of pit bottoms, whilst pit walls
were passivated. Such a pit-tunnel transformation is primarily dependent on particular etching conditions, such as etchant composition,
temperature and surface situation [7–15].
Porous metallic glass (PMG) with low density and promising physical and chemical properties inherited from their glassy parents has
attracted great attention for multifunctional applications, such as ultralight structural materials, catalytic substrates, and biomaterials
[3,16–30]. So far, bulk Zr- and Pd-based PMGs with open-cell or closecell foam architectures in micrometer size and various densities have
been fabricated through a number of melt-forming methods, like salt
replication, blowing agents, and melt inﬁltration [16–21]. However,
the fabrication conditions of PMGs are not mild. High cooling rate and
compatible host alloys are essentially required to suppress crystallization during glass transition from the molten state. Moreover, mean
pore size of PMGs is around 100 μm, which is not suitable for some functional applications where a large surface area is required. It is also not
feasible to form a large-area porous coating on the surface of bulk samples for chemical catalysis and biomedical implants. Electrochemical
etching is deemed a promising option for fabricating PMG with a
large-area structure and small pore size (normally sub-micrometer)
[22–25]. Pores are formed predominantly through selective phase tailoring, i.e. leaching one particular component from a system containing
two discrete phases (e.g. an amorphous-amorphous or amorphouscrystalline composite) by corrosion [22–25]given the signiﬁcant difference in free corrosion potential between the phases. However, only a
few studies focus on handy and universally applicable techniques for
fabrication of PMGs by means of electrochemical etching from singlephase metallic glasses [29,30], like tunneling etching for porous aluminum foil electrode [7–15].
The present study aims to develop a feasible approach, i.e. galvanostatic (GS) etching, differing from selective corrosion by the
above mentioned electrochemical etching, to prepare large-area
honeycomb-like porous structure on single-phase Zr-based metallic
glasses. It is noted that chemical composition of the dissolved components is remained in the porous skeleton leftover that is the basic
unit to construct pore architecture. Inﬂuences of chemical composition of the mother metal materials on tunnel growth and resulting
morphology were explored. The formation mechanism of the porous structure during GS etching process was also investigated. Results indicate that the employment of electrochemical etching
method enriches the diversity of available metal precursors to

yield honeycomb-like porous structure with large surface area.
Furthermore, such a GS etching offers new possibilities for
fabrication of ordered porous surfaces in stiff glassy state or bulk
porous metallic glass with high surface area, which holds a great
promise for applications in energy, biomedical and environmental
industries.

2. Experimental
Alloy ingots with a nominal composition of Zr84-xCuxNi8Al8
(x = 10–40 at.%) and Zr68CuyNi24-yAl8 (y = 0–24 at.%) were prepared
by arc-melting mixtures of the constituent metals with the purity of
above 99.9 wt%. Ribbons with dimensions of 2–5 mm in width and
60–80 μm in thickness were produced by melt spinning on a rotating
copper roller (20 cm in diameter) at 1000 rpm. Bulk Zr68Cu16Ni8Al8
samples, i.e. rectangle plates with dimensions of 10 × 70 × 1 mm3 and
rods of 3 mm in diameter and 50 mm in length, were prepared by copper mold casting.
Ribbon electrodes were synthesized as follows: ribbon surface was
mechanically polished using wet SiC papers progressively up to 2000
grit surface ﬁnish. Ribbon samples of 70 mm in length were electrically
connected with a copper wire (ϕ 2 mm) and coated with insulating
enamel. A constant anodic geometric surface was set as 50 mm2 in a
rectangle shape.
A modiﬁed edge-on foil technique [31] was adopted to monitor the
development of the honeycomb-like porous structure during corrosion.
Working electrode (WE) was produced in a sandwich structure
consisting of two glued edge-polished plates (Fig. S1 in Supporting Information). The fabrication procedures of electrode are as follows:
pieces of plates in dimensions of 10 × 10 × 1 mm3 were cut off from
bulk metallic glass samples. One surface of these glassy plates was selected to mechanically grind with SiC papers and water lubricant progressively to 3000 grit ﬁnish, followed by cloth polishing with 0.5 μm
diamond paste. A cyanoacrylate adhesive ﬁlm (5 μm in thickness) was
placed in between the polished surface of two individual plates to
build a sandwich structure with sufﬁcient insulation. For electrochemical tests, the tested plane perpendicular to the adhesive ﬁlm was also
mechanically ground in the same operations up to 2000 grit and the active anodic geometric surface was ﬁxed as a circle area of 9.6 mm2 (ϕ
3.5 mm).
Electrochemical tests were carried out using a Princeton
VersaSTAT MC electrochemical station in a 250-mL capacity threeelectrode cell deign, where a saturated calomel electrode (SCE) was
used as reference electrode and a Pt plate as counter electrode. Samples, i.e. working electrode, were exposed to the designated electrolyte for 4000 s before potentiodynamic polarization to allow free
stabilization at open circuit potential (OCP). Anodic potentiodynamic
polarization was conducted at a sweeping rate of 50 mV/min. To yield
porous structure, metallic glass electrodes were treated in 3.0 wt.%
NaCl or 0.5 mol/L HCl aqueous solution using the hydrothermalelectrochemical GS etching technique. A constant electric current of
4.5 × 106 mA/m2 was applied.
Surface morphology of the working electrode was examined
using ﬁeld-emission scanning electron microscopy (FE-SEM, Apollo
300) equipped with an energy-dispersive X-ray analyzer (EDX).
Scanning transmission electron microscopy (STEM) images and
nanobeam-EDX (NB-EDX) spectra were obtained using a FEI Tecnai
F20 super-twin microscope under high-angle annular dark ﬁled
(HAADF) mode. For the preparation of STEM samples, molybdenum
TEM-grids were placed upon the surface of honeycomb-like porous
structure region obtained by ultrasonic treatment of an etched electrode, followed by dipping in a glue (M-Bond 610) using a dropper.
After 24 h drying in air at room temperature, the grids were detached
from the layer and thinned using Precision Ion Polishing System
(PIPS) using argon ions at 3 keV.
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3. Results and discussion
3.1. Initiation and evolution of honeycomb-like porous structure at pit
bottom
Electrochemical tests were conducted to identify the suitability for
creating porous structure in Zr68Cu16Ni8Al8 metallic glass through
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galvanostatic etching. Fig. 1a shows a representative potentiodynamic
polarization curve of Zr68Cu16Ni8Al8 metallic glass in 3.0 wt% NaCl solution. Passive domain is very limited and the passive plateau between
EEcorr (−0.375 V) and Ep (−0.239 V) is very short. A low corrosion current density (< 2.0 mA/m2) in this potential range indicating high resistance to corrosion [32]. The slight increase of current density between
Ecorr and Ep is still related to the passive ﬁlm behavior (no major

Fig. 1. (a) Potentiodynamic polarization curve of Zr68Cu16Ni8Al8 metallic glass measured in 3.0 wt% NaCl solution at 293 K. (b) XRD patterns of Zr68Cu16Ni8Al8 metallic glass before and after
GS etching.

Fig. 2. Morphology of Zr68Cu16Ni8Al8 metallic glass after GS etching for 600 s with an electric current density of 4.5 × 106 mA/m2. (a) and (b) are top view of the etched sample surface.
(c) and (d) are cross-sectional view. Inset in Fig. 2d is part of a magniﬁed side wall.
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corrosion) then the sudden increase suggests the pit initiation and
propagation, which is common in a number of Zr-based metallic glasses
[33–35]. The corrosion current density then stabilizes again at a larger
value of 4.1 × 106 mA/m2 as marked with a black arrow in Fig. 1a. A
few slight ﬂuctuations appear in the anodic branch curve accompanied
by the formation of bubbles during the corrosion process. This is commonly seen in this case because the pitting corrosion is a localized corrosion with transient phenomena. It was reported that it is feasible to
yield a honeycomb mesh structure on the bottom of the corrosion pits
of Zr-based glassy alloys containing Cu element as long as anodic corrosion is driven at a potential nobler than Ep [36–38]. In the present study,
the metallic glass contains 16 wt.% Cu and presents obvious pitting corrosion, indicating that the selected material satisﬁes the requirements
for the formation of honeycomb porous structure on the bottom.
Based on such rationale, we anticipated that a honeycomb porous structure could retain, and an ordered porous structure is yielded just like Al
as long as the corrosion current density was maintained at a high value
(higher than 4.1 × 106 mA/m2 shown in Fig. 1a). As such GS etching was
employed in the hope of getting a uniform porous structure on Zr-based
metallic glass on Zr68Cu16Ni8Al8 metallic glass.
To identify the contribution of such GS etching to the variations in
crystallographic phases of Zr68Cu16Ni8Al8 metallic glass, XRD patterns
were provided (Fig. 1b). The applied anodic electric current density is
4.5 × 106 mA/m2, slightly higher than the critical value, i.e.
4.1 × 106 mA/m2. The symbolic halo peak on the curve before corrosion
manifests an amorphous structure of the experimental sample. However, peaks of crystalline phases of characteristic f.c.c. Cu (i.e. 42.9°,
49.8° and 74.2°) emerged after GS etching for 600 s in 3.0 wt.% NaCl

electrolyte, indicating an amorphous-crystal composite structure. The
diffused scattering peak position of the original amorphous structure remains. The XRD study manifests a composite structure of amorphous
and crystal.
Morphology after GS etching for 600 s with current density of
4.5 × 106 mA/m2 on Zr68Cu16Ni8Al8 metallic glass was characterized
with SEM (Fig. 2). It is evident that after 600 s galvanostatic etching, a
uniform honeycomb-like porous structure covers the surface of the
original amorphous matrix. The mean size of those mature pores is
about ~2.2 μm in diameter and the width of the side wall is about
460 nm. Such a porous structure has a certain length (Fig. 2c), and all
the parallel tunnels grow perpendicular to the surface of amorphous
alloy matrix. There are many ripples on the side wall of the tunnels
with matching contours (Fig. 2d), which resembles the pure Al tunnels
that originate from half-cubic pits, and then grow through increasing
dissolution of pit bottom and the nearly simultaneous passivation of
pit walls [5]. Such ﬁndings provide a strong rationale to interpret the
formation mechanism of such a porous structure in the following sections. Inset in Fig. 2d provides more features of the side wall at a high
magniﬁcation, which demonstrates the presence of nanoparticles
upon the porous side walls.
Fig. 3 depicts the structural features of the tunnels at atomic scale
through STEM. It is obvious that a number of spherical nanoparticles
with size of ~10 nm are uniformly decorated on the surface of tunnel
wall (Fig. 3a and b). Nanobeam-EDX analysis conﬁrms that the nanoparticles are predominantly composed of Cu (Fig. 3d). The traces of C
and O are attributed to the glue used for TEM-sample preparation.
Selected-area electron diffraction (SAED) pattern indicates the

Fig. 3. Characterization of tunnel wall using STEM. (a) and (b) Images of nanoparticles decorated on tunnel wall. (c) Magniﬁed image of tunnel wall, and inset is SAED pattern of a
representative tunnel wall. (d) Nano-beam EDX spectrum of nanoparticles. And (e) nano-beam EDX spectrum of tunnel wall.
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amorphous structure of tunnel walls, and the composition of side walls
is close to that of the alloy precursor (Fig. 3c and e). As such, the tunnel
region exhibits a porous composite structure with Cu-nanoparticle-decorated metallic glassy sidewalls, which is in agreement with the results
of XRD.
Porous structure is often reported prepared from amorphous alloy
except single-phase Zr-based metallic galss [39–43], in the present
study, micro-porous metallic glass decorated with Cu nanoparticles
was synthesized just within one-step GS etching from single-phase
Zr68Cu16Ni8Al8 metallic glass, this is more easier than loading nanoparticles on large speciﬁc surface area porous skeleton through complex
processing [44–46]. Moreover, the porous layer is integrated with the
amorphous matrix, ensures its conductivity of the porous structure as
an good current collector. Therefore, the composite structure consisting
of in-situ formed Cu nanoparticles and porous amorphous framework is
signiﬁcant for integrated electrodes materials in catalysis applications,
like non-enzyme sensoring for glucose.
3.2. The growth process and mechanism of honeycomb-like porous
structure during galvanostatic (GS) etching
In order to study the growth process of the honeycomb-like porous structure during galvanostatic etching, we ﬁrst observed the
surface morphology of the samples at different etching time
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intervals (Fig. 4a-c) with a ﬁxed corrosion current density of
4.5 × 106 mA/m2. Fig. 4a is the intial stage of etching (2 s), which
indicates a uniform distribution of a large amount of circular
‘holes’ on the surface. The distribution density is ~1010/m2 and the
mean diameter reaches ~1.49 μm. As etching time increases to 10 s,
‘holes’ evolve and the initial pits emerge, as shown in blue circles
area in Fig. 4b. On the edge where etching is more severe, some
pores are visible. Moreover, oxide ﬁlm that has not collapsed still
covers on the top of some pits. Fig. 4c is the morphology of the surface of sample after etching for 60 s. The regions shown in Fig. 4b
have been corroded to a big corrosion region with a hemispherical
pit formed in the center. Around the hemispherical pit, radial riverlike etching tunnel can be seen with nearly same length in radius,
which indicates the same corrosion speed toward each direction
and further conﬁrms the uniformity of composition of the amorphous matrix. On the inside wall, porous structure with pore size of
1-3 μm is evident.
An improved edge-on foil electrode technique was employed to display morphology and microstructure evolution of sub-surface tunnels.
Fig. 4d shows the cross-sectional observation of the corrode region
after etching 100 s. A large number of ﬁne tunnels are distributed uniformly underneath the surface, following a root-shape growth behavior.
A bunch of tunnels were initiated from a bowl-shape porous region
(Region I), and grew along bowl's radial direction toward the alloy

Fig. 4. Surface morphology of the samples with a constant current density of 4.5 × 106 mA/m2 for different etching time, (a) 2 s (b)10 s and (c) 60 s, respectively. (d) Cross-sectional
observation of the corroded region after etching 100 s with an improved edge-on foil electrode technique.
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precursor. A fan-shape tunnel region appeared (Region II). The adjacent
fan-shape tunnel regions were bordered on but not crosswise with each
other. Subsequently, fan-shape tunnel regions proceeded evenly
inwards the metallic matrix, resulting in the formation of a longitudinal
tunnel layer (Region III). The growing direction of the tunnels was perpendicular to the alloy surface. The diameter of the tunnels increases
nearly linear with length, then reaches the maximum (~2.6 μm) at the
length of ~30 μm which is a transition between fan-shape and longitudinal regions. Then the diameter drops slightly and remains constant
at ~2.2 μm to reach their mature shape. While the tunnel wall width
shows slightly increase with the tunnel length, and then keeps constant
at ~460 nm. However, this phenomenon is only observed in the metallic
glass rather than the crystalline alloy with same composition (Fig. S2).
Therefore, it is deﬁned as ‘tunnel corrosion’ of metallic glass in the
present work.
We studied the dynamic laws of tunnel thickness growth. In this
study, the tunnel layer thickness h is deﬁned as the average distance between the corrosion front end and the initial surface of the alloy. Fig. 5a
shows the curve of tunnel layer thickness h with time t at different corrosion temperatures, and the tunnel layer thickness grows exponentially with etching time, according to the pit growth kinetics model of
pure Al [5,47], the quantitative relation can be expressed by the following equation:
h ¼ 3:13  t 0:527

ð1Þ

where the exponent 0.527 was obtained by the slope of the ﬁtting line
(Fig. 5b). Therefore, the tunnel growth can be considered to be controlled by the mass diffusion between the pits and the outside bulk
electrolyte.

In addition, the thickness obtained increases rapidly with the increase of etching temperature from 293 K to 313 K. The growth rate ν
at the etching time t can be expressed as [13]:
vt¼t 0 ¼

dh
¼ 3:13∙n∙t n−1
dt

ð2Þ

Therefore, the relationships between the growth rates ν at different temperatures and 1000/T was re-plotted in Fig. 5d. A good linear
ﬁtting is observed between ν and 1000/T. The apparent activation
energy (E) at 100 s for the growth of tunnel was estimated to be
about 7.6 kJ/mol, which is far less than that of steady state tunnel
growth of aluminum (62.76 kJ/mol) [5]. This quantitative relationship established provides good opportunities for the optimization
of the morphology of tunnel layer by ﬁne-tuning of electrochemical
corrosion conditions.
According to above results, the honeycomb-like porous structure
originates from the pits after galvanostatic etching. Therefore, the
growth mechanism of tunnels can be inferred from their morphologies [5,12]. As illustrated in Fig. 6a, because of some small defects
in the oxide ﬁlm, large density of pits nucleates at the defects of the
alloy surface. Subsequently, some small pits may coalesce and grow
into bigger stable ones. But the lateral growth space for stable pits is
inevitably constrained by the competitive growth of neighboring
ones. As a result, pits preferentially grow along the depth direction,
which results in the formation of ﬁne channels with large aspect
ratio (Fig. 2c).
The nucleation of tunnels at the inner of the pit is mainly ascribed to
the Cu element. Fig. 6c and d illustrates the pit morphologies of
Zr68Ni24Al8 and Zr68Cu12Ni12Al8 metallic glasses after etching for 5 s,

Fig. 5. (a) Variations of tunnel layer thickness on GS etching time at different temperatures. (b) Fitting line of tunnel layer thickness and GS etching time under 293 K. (c) Variations of
tunnel layer thickness on temperature when GSetching time is 100 s. (d) The relationships between the growth rates ν at different temperatures and 1000/T.
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Fig. 6. Formation mechanisms of tunnel. (a) Schematic illustration of the formation of tunnel layer. (b) Schematic illustration of the pit-tunnel transition. (c-d) Top-view SEM images of
Zr68CuxNi24-xAl8 metallic glasses after GS etching for 5 s: (c) x = 0, (b) x = 12.

respectively. As shown, the pit wall of Zr68Ni24Al8 is smooth without any
pattern. However, the pit wall of Zr68Cu12Ni12Al8 metallic glass is decorated by many discrete nanoparticles and small holes (Fig. 6d). EDX result displays the enrichment of Cu in the pit bottom (Fig. S3). Moreover,
the big pit is surrounded by many small pits. It indicates that the Cu element in the precursor plays an important role in the pit re-nucleation.
In the pit cavity, most of alloying atoms could be dissolved into the electrolyte as ions during galvanostatic etching, except for “partial” nobler
element Cu, and then plenty of Cu nanoparticles could discretely form
on the surface of hemisphere pits through possible two ways: 1) selfassembly aggregation of Cu atoms during dealloying process [48];
2) the dissolution-redeposition effect of Cu element (mostly happening
in acid solution) [49]. It also has been veriﬁed by Paillier et al. [50] and our
STEM results (Fig. 3). As depicted in Fig. 6b, ﬁne Cu nanoparticles might
play the cathode resulting in the preferential dissolution of local adjacent regions by forming the local galvanic cell, which leads to local
weakening of passive ﬁlm and multi-position the nucleation of new
pits [50–52].
The growth and stability of tunnels is mainly controlled by the dissolution of the tunnel tip and passivation of tunnel sidewalls. While the
metal of tunnel tip dissolves, new oxide passive ﬁlm is continuously
formed on the sidewalls. The dissolution is ascribed to the electrolyte
composition and potential of tunnel tip which are aggressive enough
to continue [11]. And the passivation velocity vp is controlled by the potential difference between the potential at the dissolving surface and
the critical repassivation potential [12,53]. This kind of difference,
namely repassivation overpotential ηR, may lead to the formation of a
surface oxide ﬁlm. Refer to the mathematical model for the initiation
of aluminum etch tunnels [12], the growth of tunnels is the competition
between the dissolution velocity vd and passivation velocity vp. When
the vp is small than the vd, the tunnel width increases; When the vp

become slightly larger than the vd, the tunnel width decrease. The velocity difference between the passivation and dissolution is due to the relatively slower increase of pit electrolyte concentration in compared to
the ohmic drop [12]. Therefore, the tunnel wall is not smooth but rippled with rough and corrugated texture.

3.3. Effect of alloy composition on the microstructure of honeycomb-like
porous metallic glasses
In order to understand the formation of the honeycomb-like porous structure in the surface of Zr-based metallic glasses, the effect
of the alloy composition for the Zr-based precursors on the morphologies of the resulting porous metallic glasses were investigated. The
Zr/Cu ratio in Zr84-xCuxNi8Al8 metallic glasses exhibit signiﬁcant inﬂuences on the tunnel diameter and the honeycomb layer thickness
(Fig. 7a-7d). The tunnel diameter increases rapidly with the decrease
of Zr/Cu ratio (Fig. 7e). Moreover, the honeycomb layer thickness
change with decreasing Zr/Cu ratio within the same etching time of
30 s (Fig. 7f-7i). It increases ﬁrstly with decrease of Zr/Cu ratio,
reaches the maximum, then follows a rapid decrease with the ratio
(Fig. 7j). As the ratio reduces to 1.1, the alloy surfaces exhibit a
smooth and hole-free natures (Fig. 7d). It indicates that the whole surface is fully dissolved without any residual honeycomb structure.
Therefore, these results indicate that the Zr/Cu ratio plays a key role
in the formation of tunnels.
Cu/Ni ratio of Zr68CuxNi24-xAl8 metallic glasses also exhibits a great
effect on the morphologies of honeycomb structure. The diameter of
tunnel is shown to increase rapidly with the decrease of the Cu/Ni
ratio (Fig. 7o). In particular, the “roughness” of tunnel bottom might
be related with the Cu content in the Zr-based metallic glasses. As the
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Fig. 7. Effect of alloy composition on the morphology of tunnels. (a-d) Top-view SEM images of Zr84-xCuxNi8Al8 metallic glasses: (a) x = 10, (b) x = 30, (c) x = 35, (d) x = 40 at.%.
(e) Relationships between the tunnel diameter and Zr/Cu ratio of Zr84-xCuxNi8Al8 (x = 10–35 at.%) glassy precursors. (f-i) Cross-sectional SEM images of Zr84-xCuxNi8Al8 metallic
glasses: (f) x = 10, (g) x = 16, x = 30, x = 35 at.%. (j) Relationship between the tunnel layer thickness and Zr/Cu ratio of Zr84-xCuxNi8Al8 (x = 10–35 at.%) glassy precursors. (k-n)
Top-view SEM images of Zr68CuxNi24-xAl8 metallic glasses: (k) x = 24, (l) x = 16, (m) x = 12, (n) x = 0 at.%. (o) Variation of tunnel diameter on the Cu/Ni ratio of Zr68CuxNi24-xAl8
(x = 0–20 at.%) glassy precursors. All samples were GS etched in 0.5 mol/L HCl solution at 293 K.

Cu content reaches zero, the bottom of giant tunnels becomes fully
smooth (Fig. 7n).
Stability of the tunnel walls is controlled by the performance of
passive ﬁlm against the severely aggressive etching condition. It has
been veriﬁed that the passive ﬁlm of Zr-Al-based metallic glasses is
mainly composed of the oxides of Zr and Al elements [29,50,54].
And the passive ﬁlm exhibits better performance when higher Zr content of precursors [50]. Therefore, higher Zr content is beneﬁcial for
the improvement of the stability of tunnel wall obtained. On the
other hand, previous studies indicate that the addition of Cu element
into the precursors often deteriorates the pitting susceptibility,
which may be ascribe to the formation of an underlying metallic Cu
ﬁlm under the passive ﬁlm [27,51,55,56]. It means that the increase
of Cu content is beneﬁcial for the nucleation of pits and then the bifurcation of tunnels.

The porous architecture was produced by the sub-surface tunnel etching of Zr-based metallic glass. We veriﬁed that the tunnels originate
from the pits and propagate evenly and competitively with neighboring
tunnels inwards the alloy matrix, following a root-shape growth behavior. The morphology of tunnels is greatly affected by the composition of
precursor glassy alloy. The study provides important insights for the
preparation of porous metallic materials through pitting corrosion.
The obtained porous metallic glass or glassy surface holds a great potential for many engineering applications where performance of the materials is highly dependent on porous structure.

4. Conclusions
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