Surface & Coatings Technology 475 (2023) 130159

Contents lists available at ScienceDirect

Surface & Coatings Technology

journal homepage: www.elsevier.com/locate/surfcoat

Full length article

Achieving superhydrophobicity of Zr-based metallic glass surface with

Check for
updates

anti-corrosion and anti-icing properties by nanosecond laser ablation and

subsequent heat treatment

Mingming Cui®, Hu Huang® , Haoxiang Wu®, Lin Zhang ", Jiwang Yan"

@ Key Laboratory of CNC Equipment Reliability, Ministry of Education, School of Mechanical and Aerospace Engineering, Jilin University, Changchun, Jilin 130022,

China

b Department of Mechanical Engineering, Faculty of Science and Technology, Keio University, Yokohama 223-8522, Japan

ARTICLE INFO

Keywords:

Anti-corrosion

Anti-icing

Hierarchical micro/nanostructure
Metallic glass

Nanosecond laser
Superhydrophobic surface

ABSTRACT

Water repellency of superhydrophobic surfaces offers an opportunity to enhance the corrosion and icing resis-
tance of metallic glasses (MGs). Inspired by the “lotus effect” in nature, hierarchical micro/nanostructures were
constructed on a Zr-based MG surface using nanosecond laser ablation. By subsequent heat treatment in air, the
structured surface showed a water contact angle (CA) of 168.2 + 1.5° and a sliding angle (SA) of 4 + 0.7°
(adhesion force of 9.8 4+ 1.7 pN), exhibiting repellency and low adhesion to water. Specifically, the super-
hydrophobic surface stored in air and immersed in water possessed stability and durability, and the super-
hydrophobic surface still maintained superhydrophobicity after mechanical scratching. The heat treatment
temperature worked as a switch for controlling the wettability transition, and by tuning the temperature, the
structured surface can switch from superhydrophobicity (CA: 168.2 + 1.5°) to superhydrophilicity (CA: ~0°).
Furthermore, compared to the polished MG surface, the superhydrophobic surface increased the corrosion
resistance and freezing time, and delayed the freezing temperature. This study provides a facile non-fluorinated
method for fabricating superhydrophobic MG surfaces with anti-corrosion and anti-icing properties, which would

enhance the application of MGs as structural and functional materials under extreme conditions.

1. Introduction

Corrosion and icing are common natural phenomena. Metallic
corrosion is inevitable due to the presence of ions and water vapor in the
atmosphere [1,2], which could significantly reduce the metallic strength
and destroy the metal component's geometry. In addition, Earth's metal
resources are finite [3], and metal corrosion accelerates the depletion of
natural resources. Meanwhile, icing is inconvenient and hazardous to
human production and life [4-6]. For example, icing could increase the
self-weight of the transmission line, leading to a breakdown of the entire
transmission network in severe cases. Airplane wings are susceptible to
icing when they encounter supercooled water droplets at high altitudes.
This will affect the lift coefficient of the aircraft and may even cause a
serious air crash. Hence, metallic corrosion and icing resistance are
challenging issues in global production and economic construction.

The metallic glass (MG) is an emerging metal material, possessing
high hardness and wear resistance, superior magnetic property and high
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strength compared with conventional crystalline alloys [7-11]. It has
been used in sports equipment [12], medical devices [13,14], micro-
electromechanical systems [15,16], and space engineering [11,17].
Improving the corrosion resistance and anti-icing capability of MGs will
further broaden their functional applications under extreme conditions.
For example, MG materials can be applied to radar antennas. Once the
surface of the antenna freezes in rainy and snowy weather conditions, it
would seriously affect the performance of the radar. Therefore, it is
important to improve the anti-icing performance of MG. In addition, MG
materials can be applied to medical implants, so enhancing MG's
corrosion resistance would significantly improve their service life.
Owing to the water repellency properties and the reduced solid-liquid
contact area of the superhydrophobic surface, the construction of
superhydrophobic surfaces on material substrates makes it possible to
achieve increased corrosion and icing resistance [18-21]. A rough
microstructure and low-surface free energy are essential for achieving
superhydrophobicity [22-24]. Currently, some typical methods such as
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chemical etching [25], thermoplastic forming [26,27], and laser pro-
cessing technology [28,29] have been employed to prepare micro/
nanostructures on MG surfaces. Chemical etching could introduce
chemical reagent, which is potentially harmful to operators and envi-
ronment. Thermoplastic forming method is highly dependent on micro/
nano scale template and processing temperature, and the high mold
manufacturing cost as well as complex manufacturing process makes it
not suitable for large scale application in engineering practice.

By comparison, nanosecond laser processing technology offers a
high-efficiency, low-cost, and environmentally friendly technique for
fabricating surface microstructures. As for reducing the surface free
energy of micro/nanostructures, it is generally achieved by fluo-
roalkylsilane modification [30], low-pressure processing [31], atmo-
spherically aged method [32], or adsorbing C-C/C-H species in the air
through heat treatment [33]. Fluoroalkylsilane modification is un-
avoidable to have potential threats to human health and ecological
environment. In addition, the low-pressure processing need a vacuum
level of 10~ Pa, which is not conducive to large-scale industrial adop-
tion. The atmospherically aged method needs a few weeks, leading to
low efficiency for fabricating superhydrophobic surfaces. Therefore,
nanosecond laser processing combined with subsequent heat treatment
would be a convenient, nontoxic, efficient, and low-cost method for
preparing superhydrophobic surfaces on MG. For example, Wang et al.
utilized nanosecond laser texturing and heat treatment, achieving syn-
chronous superhydrophobicity and hardening of MG surfaces [34]. Qian
et al. used this combined method to tune MG surface wettability,
showing the application in directional transport of water droplets [35].
In our previous study, tunable adhesion superhydrophobic surfaces were
constructed on MG through the same compounding processes, which
enriched MG's applications in self-cleaning and no-loss liquid trans-
portation [33]. However, the stability and durability of MG super-
hydrophobic surfaces prepared by the combined method has not been
investigated. Moreover, it is still not clear whether nanosecond laser
processing combined with subsequent heat treatment can enhance the
corrosion resistance and icing resistance of MG based on literature re-
view, which requires further exploration.

In this study, hierarchical micro/nanostructures were fabricated on a
Zr-based MG by optimizing nanosecond laser power and scanning speed.
After the adsorption of the nonpolar C-C/C-H species from air to reduce
the surface free energy using heat treatment, a low-adhesion super-
hydrophobic surface was introduced onto the MG substrate. The
superhydrophobic surface possessed stability and durability in air and
water, and the contact angle (CA) of the superhydrophobic surface was
larger than 150° after mechanical scratching. Furthermore, electro-
chemical and anti-icing tests verified the anti-corrosion and anti-icing
abilities of the superhydrophobic surface. Therefore, this study pro-
vides an efficient and low-cost method for fabricating low-adhesion MG
superhydrophobic surfaces without using any chemicals, which would
broaden the applications of MG in anti-corrosion and anti-icing fields.

2. Experimental section
2.1. Preparation of the superhydrophobic surface

First, commercial Zr-based MG (Zr4; 2Ti;3.8Cuio 5NijgBeos s, at.%)
plates with 2 mm thickness were polished to a surface roughness S, of
approximately 10 nm, which is measured by a three-dimensional (3D)
optical profiler (Zygo NewView 9000, Ametek, USA) with a resolution of
sub-nanometer. The 3D optical profiler for measuring S,, Sg, and S,
works as follows: the interference microscope measures height varia-
tions between test and reference surfaces, and then S,, Sq, and S, are
calculated based on the interference phenomenon.

Subsequently, the polished MG plates were ablated by a nanosecond
laser system (SP-050P-A-EP-Z-F-Y, SPI Lasers, UK) with a 1064 nm
wavelength, 230 ns pulse width, and 50 kHz repetition frequency. The
output power and pulse energy of the nanosecond laser system were 50
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W and 0.79 mJ, respectively. The laser beam (TEMg mode, M2 < 1.6)
had a Gaussian energy distribution. In Fig. 1, the laser beam diameter
and distance between the two adjacent scanning lines were 43 and 20
pm, respectively.

The effect of the laser parameters on the surface microstructure
morphology was investigated by employing different average laser
powers and scanning speeds in the experiment, which corresponded to
Cases 1-6 (Table 1). The peak laser power density I can be calculated by
the following equation:

Pavg

[=——% 1
J X pex Ap W

where P,y is the average laser power, f is the repetition frequency, p; is
the pulse width, and Ay, is the area of laser beam. The laser fluence a can
be calculated by the following equation:

Py X t

= @

where t is the total time. The number of pulse N means the number of
laser pulses per unit laser ablation length, and N can be calculated by the
following equation:

N = 3)

v
where v is the laser scanning speed. The existence of micro and nano-
sized particles formed on the surface of metals after laser treatment
would improve the superhydrophobicity of the surface, so the ablated
MG plates were placed in the muffle furnace (KSL-1000X, Hefei Kejing
Materials Technology Corporation, China) under the air atmosphere for
heating treatment without surface cleaning after laser ablation. To
achieve superhydrophobicity of the ablated MG plates, the temperature
of 200 °C and time of 1 h were selected based on lots of pre-experiments.

2.2. Characterizations of the surface structures, wettability properties,
and chemical compositions

After sample preparation, the micro/nanostructures and roughness
Sa, Sq, and S, of the ablated MG surfaces were characterized through
field emission scanning electron microscope (FESEM, SU8010, Hitachi,
Japan) and 3D optical profiler, respectively. The number of micro/
nanoparticles on the laser-ablated surface was counted by the ImageJ
software, and the increase or decrease of micro/nanoparticles was
determined by comparing the number of micro/nanoparticles under
different experimental parameters on an area of the same size. The

Fig. 1. Laser scanning paths corresponding to Cases 1-6.
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Table 1

Laser parameters corresponding to Cases 1-6.
Case 1 2 3 4 5 6
Average laser power (W) 3.3 3.7 4.0 3.7 3.7 3.7

: 11
Peak lager power density (x10 20 2.9 24 29 29 2.9
W/m?)

Laser influence (J/cm?) 4.5 5.1 5.5 5.1 5.1 5.1
Scanning speed (mm/s) 10 10 10 20 50 100
Number of pulse (x10% mm™1) 5 5 5 2.5 1 0.5

wettability of the ablated MG surfaces perpendicular to laser scanning
direction after heat treatment was evaluated by measuring the CA and
sliding angle (SA) using a CA meter (OSA60, NBSI, China) with 5 pL
water. In addition, pH = 1-14 resolutions were selected to drop on the
superhydrophobic surface, and the CA and SA of the superhydrophobic
surface were studied by changing with pH. The working principle of the
CA measuring device was based on the analysis of a sessile drop formed
on the sample surface. 8-bit grey images of the sessile drop were ob-
tained from an orthogonal perspective (perpendicular to its rotational
axis) and were processed to extract the contour coordinates of a drop
silhouette based on a sub-pixel routine. These contour coordinates were
then fitted to the Laplace-Young equation. From the best fitting solution,
the value of CA can be obtained. The error in measuring CAs depends in
principle on the perfection of the droplet: if the droplet was perfectly
axis-symmetrical, the error was less than 0.3°. To compare the adhesion
force of superhydrophobic surfaces, a high-speed camera (pco.dimax
HS4, Excelitas PCO GmbH, Germany) was used to observe the dynamic
bouncing behavior of the water droplets (diameter: 2.56 mm) on the
polished and superhydrophobic surfaces, and the frame rate was 5000
fps. The initial water droplet height was 30 mm, corresponding to a 0.77
m/s impact velocity on the surface. Furthermore, in order to quantita-
tively compare the adhesion force of superhydrophobic surfaces, the
adhesion force between the superhydrophobic surface and the water
droplet (5 pL) was characterized by a surface analyzer (LSA100, LAUDA
Scientific, Germany).

To evaluate the uniformity of the superhydrophobic surface, the
contact angle hysteresis (CAH) of the superhydrophobic surface was
measured. Furthermore, to evaluate the stability and durability of the
superhydrophobic surface, the change in CA with the air storage time
was investigated. In addition, the underwater stability and durability of
superhydrophobic surface was conducted by a similar way reported in
the previous study [36]. The superhydrophobic surface was fully
immersed in the water, and it was taken out of water for the CA mea-
surement when the immersed time was 1, 3, 5, 7, 15, and 28 days. Before
the CA measurement, the superhydrophobic surface was dried by high
purity argon gas (0.05 MPa) for 10 s, and after the CA measurement, it
was immersed in the water again. To evaluate the resistance of the
superhydrophobic surface to scratch, a scratch instrument (WS-2005,
Lanzhou Institute of Chemical Physics, China) with the standard Rock-
well indenter was used to prefabricate scratches on the super-
hydrophobic surface. The scratch load was 1 N, and the scratch intervals
(SIs) were 0.5 and 1 mm. After prefabricating scratches, the CA of the
superhydrophobic surface was measured. Furthermore, the super-
hydrophobic surface was subjected to anti-fouling test, and the liquid
used was the muddy water of 10 wt.%. X-ray diffraction (XRD, D8
Discover, Bruker, Germany) and X-ray photoelectron spectroscopy (XPS,
ESCALAB 250Xi, Thermo Fisher, USA) were utilized to detect the
chemical compositions of the ablated MG surfaces.

2.3. Electrochemical and anti-icing tests

The corrosion resistance of the superhydrophobic surface was eval-
uated through electrochemical tests that included the polarization
curves (scanning rate: 0.5 mV/s) and electrochemical impedance spectra
(frequency: 10°-1072 Hz) in 3.5 wt.% NaCl solution using an
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electrochemical workstation (CS350, CorrTest, China) with a typical
three-electrode system at 25 °C. A polished or superhydrophobic MG
plate with a 1 cm? exposed area was used as the working electrode. A
platinum plate and a saturated calomel electrode were used as the
counter and reference electrodes, respectively. Before the electro-
chemical tests, the prepared samples were placed in 3.5 wt.% NaCl so-
lution for 30 min to ensure the measurement stability. All
electrochemical experiments were performed at least thrice to illustrate
repeatability.

The anti-icing performance of the superhydrophobic surface was
characterized by the freezing time and temperature using a refrigeration
device, as shown in Fig. S1. Before the test, a 5 pL water droplet was
dropped on the prepared samples. The sample surface temperature
decreased from 25 to —20 °C at 0.15 °C/s cooling rate. The freezing time
is counted as the time from when a water droplet first drops onto the
specimen surface until it becomes entirely frozen. The freezing tem-
perature is defined as the temperature of a completely frozen water
droplet. Furthermore, to characterize the difficulty of deicing on the
sample surface, the shear force between the frozen water droplet and the
sample surface was measured by a homemade scratch tester, as shown in
Fig. S2. The scratch speed was 10 mm/s, and the volume of the water
droplet was 10 pL. The maximum shear force is employed to demon-
strate the adhesion force between the frozen water droplet and the
sample surface. During the scratch test, the temperature of the refrig-
eration device was always kept at —20 °C.

3. Results and discussion
3.1. Construction of the superhydrophobic surface

The realization of superhydrophobicity is inseparable from micro/
nanostructures and low-surface energy [22-24]. In this study, to intro-
duce micro/nanostructures on the MG surface, the polished sample was
ablated through multiline lap laser scanning (Fig. 1). Figs. 2(a)-(i) show
the FESEM morphologies of hierarchical micro/nanostructures obtained
at peak laser power density = 2.0 x 10}, 2.2 x 10!, and 2.4 x 10* W/
m? (scanning speed = 10 mm/s). In Case 3 (peak laser power density =
2.4 x 10" W/m?, scanning speed = 10 mm/s), hierarchical micro/
nanostructures are machined on the MG surface. However, severe ma-
terial spheroidization and many surface holes caused by the strong
interaction between the nanosecond laser and the MG [37] appear on
the surface. To avoid such a severe surface ablation, further decreasing
the peak laser power density to 2.2 x 10'! and 2.0 x 10! W/m? at the
same scanning speed. It is found that the number of micro/nanoparticles
dramatically reduces in Cases 1 and 2. In conclusion, the interaction
between the nanosecond laser and the MG weakens with decreasing
peak laser power density. Figs. 2(b), (e), (h) and S3(a)-(i) present the
FESEM morphologies of hierarchical micro/nanostructures obtained by
increasing the scanning speed (peak laser power density = 2.4 x 10!
W/m?). In Cases 2, 4, 5, and 6, the number of micro/nanoparticles
gradually decreases as the scanning speed increases from 10 to 100 mm/
s, which indicates that the interaction between the laser and the MG
weakens with the increase in scanning speed. Furthermore, Figs. 2(j)-(1)
and S3(j)-(1) show 3D topographies corresponding to Cases 1-6. The
surface roughness S, Sq, and S, increase in Cases 1-3 but decrease in
Cases 2, 4, 5, and 6. The results further demonstrate that the laser-MG
interaction is enhanced when increasing the peak laser power density,
and it is weakened when increasing the scanning speed.

After preparing hierarchical micro/nanostructures on the MG sur-
face, the ablated MG samples were placed in an oven at 200 °C for 1 h.
Fig. 3(a) shows the CA of the ablated MG samples under different peak
laser power densities and scanning speeds after heating treatment. The
CA of the ablated MG samples increases from 131.9 + 2.2° to 168.2 +
1.5° when the surface roughness increases (Cases 1-3). By contrast, the
CA of the ablated MG samples gradually decreases from 168.2 + 1.5° to
126.7 + 2.4° when the surface roughness decreases (Cases 2, 4, 5, and
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Fig. 2. FESEM morphologies of hierarchical micro/nanostructures as-prepared by laser corresponding to the laser parameters in Table 1: (a), (d), and (g) Case 1; (b),
(e), and (h) Case 2; and (c), (), and (i) Case 3. 3D topographies of hierarchical micro/nanostructures as-prepared by laser corresponding to Cases (j) 1, (k) 2, and (1) 3.

6). As the roughness of the laser-ablated surfaces for Cases 1-3 is greater
than that for Cases 4-6, the contact angles of Cases 1-3 are larger than
those of Cases 4-6. This confirms that hierarchical micro/nanostructures
are helpful to achieve superhydrophobicity on the MG surface.
Accordingly, the SA corresponding to Cases 2-4 was measured to
characterize the adhesion of the superhydrophobic surface. In Fig. 3(b),
the SA of the superhydrophobic surface is relatively small (4 + 0.7°),
showing low adhesion to water. This low-adhesion property was further
characterized by the water droplet's bouncing behavior. As a control
group, the water droplet with a 2.56 mm diameter dropped from a 30
mm height to the polished surface. The water droplet falls directly on the
polished surface without bouncing up, as shown in Video S1. By com-
parison, the water droplet bounces 10 times on the superhydrophobic
surface shown in Fig. S4. Video S2 shows more details about the dy-
namic bouncing behaviors of the water droplet dropping on the super-
hydrophobic surface. Furthermore, Fig. 3(c) presents the quantitative
results of the superhydrophobic surface adhesion test, and the minimum

adhesion force is only 9.8 + 1.7 uN.

To evaluate the uniformity of the superhydrophobic surface, the CAH
of superhydrophobic surface was characterized by the CA meter. Fig. 3
(d) shows the CAH of superhydrophobic surfaces, and all the CAH of
superhydrophobic surfaces are less than 5°, which shows uniformity.
Furthermore, the stability and durability of the superhydrophobic sur-
face (Case 2) were investigated. As shown in Fig. 3(e), the CA of the
superhydrophobic surface nearly does not change after 180 days of air
storage. Moreover, the change in CA with immersion time in water is
shown in Fig. 3(f), and it is still larger than 150° when the immersed
time in water is 4 weeks. The results indicate that the superhydrophobic
surface possesses stable and durable superhydrophobicity.

As mentioned above, the superhydrophobic surface exhibits water
repellency. However, superhydrophobic surfaces cannot be immune to
corrosive solutions and scratching by sharp objects under practical
working conditions. First, chemical solutions with pH 1-14 were used
for the CA and SA testing to further evaluate the ability of the
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Fig. 3. (a) CA of the ablated MG samples corresponding to Cases 1-6. (b) SA, (c) adhesion force, and (d) CAH of the superhydrophobic surfaces. CA of the
superhydrophobic surface changing with (e) the air storage time and (f) the immersed time in water.

superhydrophobic surface to resist the strong acid and base. Fig. 4(a)
depicts that the CA and SA do not significantly change. Furthermore,
crossed mechanical scratches were first introduced onto the super-
hydrophobic surface by mechanical scratching. The water droplets fall
on the surface with a 10° inclination, as shown in Video S3. It can be
seen that the water droplets easily roll off the surface, indicating that the
superhydrophobic surface possesses resistance to mechanical scratches.

Fig. 4(b) shows the optical image of the water droplets with nearly
spherical shapes on the superhydrophobic surface after mechanical
scratching under SI = 0.5 and 1 mm. Furthermore, the CA of the
superhydrophobic surface was measured after mechanical scratching. As
shown in Fig. 4(c), the CA of the superhydrophobic surface is still larger
than 150°, which demonstrates that the superhydrophobic surface after
the mechanical scratching test still exhibits superhydrophobicity. In
addition, the superhydrophobic surface possesses the ability to resist
fouling, as shown in Video S4. Notably, the superhydrophobic surface is
capable of intelligent wetting switching from superhydrophilicity to
superhydrophobicity through tuning the temperature of heat treatment.
As shown in Fig. 4(d), the superhydrophobic surface is transformed into
a superhydrophilic surface through heat treatment at 300 °C for 1 h, and
the superhydrophilic surface is converted into a superhydrophobic
surface again by heating at 200 °C for 1 h. This process is defined as a

complete wettability transition cycle, and the wettability transition
cycle is verified by experiments of at least 10 cycles shown in Fig. S5.

3.2. Surface chemical composition

The elemental composition of surface chemistry is well known to
play a crucial role in achieving superhydrophobicity. XRD and XPS were
utilized herein to detect the surface chemical composition. In Fig. S6(a),
the polished surface retains its amorphous character, while some crys-
talline phases occurr in the XRD pattern of the hierarchical micro/
nanostructured surface. Based on our previous study [33], crystalline
phases can be observed in metal oxides (e.g., ZrO, TiO2, and CuO) and
intermetallic compounds (e.g., CujpZr; and ZrpCu). XPS tests were
performed on the hierarchical micro/nanostructured surfaces before
and after heat treatment to investigate whether the superhydrophobicity
was caused by the organic substance absorption in air. Table S1 and
Fig. S6(b) show the elements' content and the XPS full spectra of the
hierarchical micro/nanostructured surface before and after heat treat-
ment, and the C/Zr ratio increases from 61.96 to 238.81 after heat
treatment at 200 °C for 1 h.

Furthermore, the high-resolution C 1s spectra were analyzed to
verify whether the significant increase in the element C content was



M. Cui et al.

Surface & Coatings Technology 475 (2023) 130159

Fig. 4. (a) CA and SA of the superhydrophobic surface changing with pH. (b) Optical image of the water droplets placed on the superhydrophobic surface after the
mechanical scratching test. (c) CA of the superhydrophobic surface after mechanical scratching (SI = 0.5 and 1 mm). (d) Intelligent wetting switching between
superhydrophilicity and superhydrophobicity through tuning the temperature of heat treatment.

related to the C-C/C-H species absorption. Figs. 5(a) and (b) depict a
high-resolution C 1s spectrum fitted with the three peaks of C-C/C-H at
284.8 eV, C—O at 286.3 eV, and C=0 at 288.5 eV [33]. The percentage
of the nonpolar C-C/C-H species increases from 75.15% to 88.51%,
whereas the sum of the percentage of the polar C—O and C=O0 species
decreases from 24.85% to 11.49%. Based on the above XPS results, Fig. 5
(d) shows the ratio of C-C/C-H corresponding to the element Zr before
and after heat treatment. The ratio of C-C/C-H corresponding to the
element Zr significantly increases after heat treatment at 200 °C for 1 h,
indicating that the superhydrophobicity of the hierarchical micro/
nanostructured surface is attributed to absorbing low-surface energy
substances (C-C/C-H) from the air during heat treatment. As for the
wetting  transformation from superhydrophobicity to super-
hydrophilicity through heat treatment at 300 °C for 1 h, it may be caused
by the decomposition of organic substances (C-C/C-H) at a relatively
high temperature [38]. In Table S1, the C/Zr ratio decreases from
238.81 to 70.76 after heat treatment at 300 °C for 1 h. Accordingly, the
percentage of the nonpolar C-C/C-H species decreases from 88.51% to
80.72%; however, the sum of the percentage of the polar C—0 and C=0
species increases from 11.49% to 19.28%, as shown in Figs. 5(b) and (c).
Furthermore, Fig. 5(d) illustrates that the ratio of C-C/C-H species
corresponding to the element Zr significantly decreases after heat
treatment at 300 °C for 1 h. The results confirm that the wetting
transformation from superhydrophobicity to superhydrophilicity

through heat treatment at a relatively high temperature is indeed caused
by the C-C/C-H species decomposition.

Based on the analysis of XPS results, the physical mechanism for the
transition of wetting property with respect to temperature is shown in
Fig. 5(e). The laser-ablated surface of ~-OH undergoes esterification with
certain organic compounds containing -COOH in the air during the
heating process (200 °C, 1 h), which is shown in the equation [39]:

L-OH + R-COOH—R-COOL + H,0 (€]

where L is the laser-ablated surface, and R as well as R-COOL are the
alkyl species and carboxylates, respectively. During the heating treat-
ment (200 °C, 1 h) of the laser-ablated surface, the laser-irradiated
surface adsorbs a large number of nonpolar C-C/C-H species from the
air, and thus its surface wettability realizes a transition from super-
hydrophilicity to superhydrophobicity. Furthermore, the super-
hydrophobic surface transforms into the superhydrophilic surface after
heat treatment (300 °C, 1 h), which is attributed to the decomposition of
nonpolar C-C/C-H species at relatively high temperature.

3.3. Applications of the superhydrophobic surface in anti-corrosion and
anti-icing

As shown in Figs. 3(a) and (b), the hierarchical micro/
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Fig. 5. High-resolution Cls corresponding to Case 2: (a) hierarchical micro/nanostructured surface, (b) hierarchical micro/nanostructured surface after heat
treatment at 200 °C for 1 h. (c) Superhydrophobic surface after heat treatment at 300 °C for 1 h. (d) Ratio of C-C/C-H species relative to Zr element. (e) Physical

mechanism for the transition of wetting property with respect to temperature.

nanostructured surface corresponding to Case 2 possesses a relatively
large CA of 168.2 + 1.5° and small SA of 4 + 0.7°, depicting lower solid-
liquid contact fraction and surface adhesion. Previous studies
[18,40,41] have shown that introducing superhydrophobic surfaces
with lower solid-liquid contact fraction and surface adhesion can
enhance a material's corrosion and icing resistance. Therefore, the
superhydrophobic MG samples were employed to investigate the anti-
corrosion and anti-icing properties. The polarization curves and elec-
trochemical impedance spectra are common methods for characterizing
the corrosion resistance of materials. In the polarization curves, the
corrosion resistance of materials is usually compared using corrosion
potential Ecor and corrosion current density icorr. A material possessing
higher E., and lower i, is generally more corrosion-resistant
[40,42,43].

Fig. 6(a) shows the polarization curves of the polished and super-
hydrophobic surfaces. Accordingly, Table 2 displays the Ecorr, icorrs
anodic Tafel slope f3,, and cathodic Tafel slope f. obtained from the
method of Tafel extrapolation. Compared with the polished surface, the
Ecorr of the superhydrophobic surface increases from —231 + 35 to —123

+ 24 mV; however, the i of the superhydrophobic surface decreases
from (3.25 + 0.29) x 107 to (1.06 = 0.13) x 1077 A/cm?. The results
indicate that the corrosion resistance of MG has been improved by
introducing a superhydrophobic surface on MG. Furthermore, to

evaluate the protection efficiency # of the superhydrophobic surface
compared with the polished surface, the polarization resistance Rp is
calculated first using the following equation [44]:

_ Ba X Be
72303 X dor X (B +B.) X Aca

Rp 5)

where A, is the exposed area of the working electrode (the polished or
superhydrophobic surface), which is 1 cm? in this study. Then the 7 is
calculated as follows [45]:

_ Rps — Rep
y = rs e

Rps ©

where Rps and Rpp are the polarization resistances of the super-
hydrophobic and polished surfaces, respectively. The calculated result of
the 7 is about 0.8178, indicating that MG's corrosion resistance has been
enhanced by approximately 81.78% by introducing the super-
hydrophobic surface. Furthermore, the difference between the polished
surface and the superhydrophobic surface after electrochemical polari-
zation curve testing is characterized. As shown in Figs. S7(a) and (b), it is
obvious that the galvanic corrosion appears on the polished surface after
the electrochemical corrosion test. Figs. S7(c) and (d) show the
morphology of the superhydrophobic surface after electrochemical
corrosion test, and the superhydrophobic surface basically maintains its
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Fig. 6. (a) Polarization, (b) Nyquist, (c) impedance modulus, and (d) phase angle curves of the polished and superhydrophobic surfaces. Equivalent circuit model: (e)

the polished surface and (f) the superhydrophobic surface.

Table 2
Electrochemical parameters corresponding to the polarization curves of the
polished and superhydrophobic surfaces.

Polished surface Superhydrophobic surface (Case 2)

Ecorr (mV) —231 + 35 —123 + 24
icorr (A/cm?) (3.25 + 0.29) x 10°° (1.06 + 0.13) x 1077
Bq (mV/dec) 87 +18 31+12

f. (mV/dec) -118 + 14 —65 + 23

original morphology. The experimental results indicate that the super-
hydrophobic surface can effectively prevent corrosion solutions from
invading the material.

The polished and superhydrophobic surfaces were characterized by
the electrochemical impedance spectra to further investigate the
corrosion resistance of MG when a superhydrophobic surface was
introduced. The electrochemical impedance spectra include the Nyquist
plot and Bode plots of the impedance and phase angle. As shown in Fig. 6
(b), the Nyquist curves of the polished and superhydrophobic surfaces

both include a capacitive arc and a Warburg impedance line. The
capacitive arc radius at the high-frequency region is relevant to the
charger transfer process, and the Warburg impedance line at the low-
frequency region corresponds to the mass transfer of the corrosion
ions through the sample surface. The large capacitive arc radius of the
Nyquist curve generally represents the improved corrosion resistance of
the material [46,47]. The capacitive arc radius at the high-frequency
region of the superhydrophobic surface is much larger than that of the
polished surface, indicating that the corrosion resistance of MG is greatly
improved by the introduced superhydrophobic surface. The impedance
modulus and the phase angle were also analyzed to evaluate the
corrosion resistance of the superhydrophobic surface. According to
previous studies [48,49], a higher value of the impedance modulus at
the low-frequency region meant a better corrosion resistance of the
material. As shown in Fig. 6(c), the impedance modulus at the low-
frequency region of the superhydrophobic surface is enhanced by
approximately one magnitude compared with that of the polished sur-
face. This confirms that the corrosion resistance of MG is enhanced by
the introduction of the superhydrophobic surface. In addition, the
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superhydrophobic surface possesses a new time constant at the middle-
frequency region compared with the polished surface shown in Fig. 6(d),
which demonstrates the corrosion resistance of the MG has been
improved by introducing the superhydrophobic surface [50,51].

Furthermore, the equivalent circuit models in Figs. 6(e) and (f) are
employed to fit the electrochemical impedance spectra of the polished
and superhydrophobic surfaces. In Fig. 6(e), Rs, R¢, R, and W are the
resistance of the solution, oxide film, charge transfer, and Warburg
impedance, respectively. CPEf and CPEq represent the capacitance of the
oxide film and electric double layer, respectively. Considering the ex-
istence of air pockets at the solid-liquid interface on the super-
hydrophobic surface [52], the equivalent circuit model of the
superhydrophobic surface exists extra air resistance R,;; and air capac-
itance CPE,;, compared with the equivalent circuit model of the polished
surface, as shown in Fig. 6(f).

Table 3 summarizes the simulation results of the electrochemical
parameters based on the equivalent circuit models of the polished and
superhydrophobic surfaces. According to previous studies [53,54], the
higher the resistance of charge transfer R, the lower the charge transfer
rate at the metal interface. Therefore, a larger R represents a better
corrosion resistance of the material. As shown in Table 3, the R; of the
superhydrophobic surface is 1.157 x 10* Q cm?, which is much larger
than that of the polished surface (2.251 x 10° Q cmz). This result
demonstrates that the corrosion of MG is effectively enhanced by
introducing the superhydrophobic surface. The improved corrosion
resistance of MG can be attributed to the formation of hierarchical
micro/nanostructures with low-surface energy substances (C-C/C-H)
on the MG surface, which can capture air to prevent the intrusion of
corrosive solutions into the MG substrate.

The icing resistance of MG is usually evaluated using the freezing
time and temperature [55,56]. A 5 pL water droplet was dropped on the
polished and superhydrophobic surfaces, and then the temperature of
the cooling plate decreased from 25 to —20 °C at a 0.15 °C/s cooling
rate. The heat of the water droplets is mainly transferred into the sam-
ples as the temperature of the sample surface decreased, consequently
leading to the freezing of water droplets. Figs. 7(a)-(h) show the dy-
namic processes of the water droplet freezing on the polished and
superhydrophobic surfaces. As shown in Figs. 7(a)-(d) and Video S5, the
water droplet starts to freeze on the polished surface at 167 s under 0 °C
and becomes wholly frozen at 179 s under —1.8 °C. On the contrary, the
water droplet on the superhydrophobic surface does not start to freeze
until 264 s under —14.6 °C. The water droplet utterly freezes at 285 s
under —17.8 °C shown in Figs. 7(e)-(h) and Video S6.

The freezing time is increased from 179 to 285 s, and the freezing
temperature of the water droplet on the MG is decreased from —1.8 to
—17.8 °C through the superhydrophobic surface fabrication, which can
be explained by heat conduction [57] and the classical nucleation theory
[58]. With reference to the heat conduction theory [57], the air trapped
in the hierarchical micro/nanostructures can prevent heat exchange
between the liquid droplets and low-temperature sample surfaces.

Table 3

Electrochemical parameters based on the simulation of the electrochemical
impedance spectra of the polished and superhydrophobic surfaces. R and W are
expressed in Q cm? unit. CPE ~ Y is expressed in Q' $" cm ™2 unit.

Electrochemical parameter Polished surface Superhydrophobic surface

R 13.65 39.46
CPEy ~ Y / 2.430 x 10°°
CPE ~ 1 / 0. 6962

Rair / 5.176 x 10?
CPE;~ Y 1.802 x 107¢ 5.655 x 107°
CPEf~n 0.7116 0.7103

R¢ 5.107 x 10? 8.974 x 10°
CPEgq ~Y 1.112 x 1074 1.794 x 1074
CPEgy ~n 0.3415 0.6116

Rt 2.251 x 10° 1.157 x 10*

w 4,925 x 1072 8.150 x 10~*
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Therefore, the freezing time is increased and the freezing temperature is
delayed. On the other hand, from the perspective of the classical
nucleation theory [58]:

AG

J= Joexp( - k_T) @

where J is the nucleation rate of the water droplet on the sample surface,
Jo is the kinetic constant, AG is the free energy barrier, k is the Boltz-
mann constant, and T is the ambient temperature of the water droplet.
Compared to the polished surface, the superhydrophobic surface with a
relatively small actual solid-liquid contact area can enhance the free
energy barrier between the water droplet and the sample surface,
consequently slowing down the heat exchange and delaying the water
freezing process. The slowdown of the nucleation rate is macroscopi-
cally manifested by the increased freezing time and the delayed freezing
temperature in the experiment. Therefore, the construction of a super-
hydrophobic surface on MG is beneficial to enhance MG's icing
resistance.

Furthermore, to investigate the difference of deicing on the super-
hydrophobic surface and the polished surface, the adhesion force be-
tween the frozen water droplet and the sample surface was
characterized. As shown in Fig. 7(j), the adhesion force between the
frozen water droplet and the superhydrophobic surface is 8.92 N, which
is much smaller than that of the adhesion force between the frozen water
droplet and the polished surface (see Fig. 7(i)). The results indicate that
the introduction of superhydrophobic surface on the MG matrix is more
conducive to deicing.

4. Conclusions

In this study, superhydrophobic surfaces were introduced on a Zr-
based MG substrate by combining nanosecond laser fabrication and
heat treatment. After analyzing the surface structures, wettability
properties, chemical compositions, and electrochemical and anti-icing
testing results, the main conclusions could be drawn as follows:

(1) A superhydrophobic surface with a relatively large CA (168.2 +
1.5°) and small SA (4 + 0.7°) was prepared on the Zr-based MG
substrate.

(2) The superhydrophobic surface possessed low-adhesion force to
the water droplet (9.8 + 1.7 puN) and showed stability and
durability in both air and water for extended periods of time.

(3) After mechanical scratching under the load of 1 N (SI = 0.5 and 1
mm), the superhydrophobic surface still exhibited
superhydrophobicity.

(4) The hierarchical micro/nanostructured surface showed intelli-
gent wetting switching between superhydrophilicity and super-
hydrophobicity by tuning the temperature of heat treatment,
corresponding to the decomposition (300 °C) and absorption
(200 °C) of C-C/C-H species.

(5) Via introducing a superhydrophobic surface on the MG substrate,
MG's corrosion resistance was enhanced by about 81.78%, and
the charge-transfer impedance increased from 2.251 x 103 to
1.157 x 10* @ cm?; the improved resistance to icing of MG was
reflected in the increased freezing time from 179 to 285 s and
decreased freezing temperature from —1.8 to —17.8 °C, and the
adhesion force decreased from 19.33 to 8.92 N.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.surfcoat.2023.130159.
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