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ABSTRACT: Tuning the surface wettability and adhesion of metallic glasses (MGs) is a 

promising approach to enrich their engineering applications. In this study, using nanosecond 

laser ablation in air, hierarchical micro/nanostructures were directly fabricated on a Zr-based 

MG surface. Following subsequent annealing, the surface exhibited superhydrophobicity 

(maximum contact angle: 166°, minimum sliding angle: 2°). Furthermore, the 

superhydrophobic surface could be tuned from low to high surface adhesion force by 

controlling the laser-ablated spot interval. By analyzing the laser-ablated structures and 

surface chemical compositions, the superhydrophobicity was related to the formation of 

hierarchical micro/nanostructures and the absorption of organic compounds with low surface 

free energy in air, and the change in surface adhesion force was attributed to the difference in 

surface roughness. The experimental results showed that the superhydrophobic surface with 

low adhesion force could be used in self-cleaning applications, while the superhydrophobic 

surfaces with different adhesion forces could be used in no-loss liquid transportation. This 
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study provides an efficient and low-cost way to fabricate superhydrophobic MG surfaces with 

tunable adhesion, which will broaden the functional applications of MGs. 

1. INTRODUCTION 

Inspired by the phenomenon of superhydrophobic plants in nature,1 superhydrophobic 

surfaces with water contact angles (CAs) larger than 150° have attracted much attention in 

daily life, industrial engineering and scientific research. As two typical superhydrophobic 

surfaces in nature, lotus leaf2 and rose petal3 show very different water adhesion behaviors. 

The lotus leaf exhibits low adhesion to water, such that water droplets easily slide from its 

surface. Superhydrophobic surfaces with low adhesion could be applied in anti-icing, drag 

reduction and self-cleaning applications.4-6 In contrast, the rose petal exhibits high adhesion 

to water, where water droplets tightly contact with its surface. Superhydrophobic surfaces 

with high adhesion are suitable for no-loss liquid transportation, microfluidic systems and 

water collection.1,7-9 

Due to the difference in atomic arrangement compared to that of conventional alloys and 

metals, metallic glasses (MGs) possess unique mechanical, physical, and chemical 

properties,10-12 and thus are considered promising structural and functional materials. 

Achieving superhydrophobicity of MG surfaces with tunable adhesion is important to 

broaden their functional applications. Superhydrophobic surface tendency is closely related to 

the surface’s structure and free energy. Therefore, to achieve superhydrophobicity of MGs, 

many technologies have been developed. For example, by using an electrochemical method 

and chemical modification,13 coral-like micro/nanostructures were prepared on Zr-based MG, 

which exhibited superhydrophobicity with low adhesion. Based on thermoplastic forming 
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technology,14 hierarchical micro/nanostructures were generated on Pd-based MG, which 

showed superhydrophobicity with high adhesion. Via laser texturing and heat treatment,15 the 

superhydrophobic surface was fabricated on Zr-based MG. Among the aforementioned 

technologies, laser texturing technology is promising due to its high efficiency and 

environmental friendliness.16,17 In particular, compared with picosecond and femtosecond 

pulse lasers, nanosecond pulse lasers are suitable for the industrialized application of laser 

texturing technology because they cost less and are more efficient. However, tuning the 

adhesion of superhydrophobic MG surfaces by using a nanosecond laser has not been 

investigated until now. 

In this study, hierarchical micro/nanostructures were directly fabricated on a Zr-based MG 

surface by nanosecond laser ablation in air. Via a subsequent low-temperature annealing 

treatment, the surface developed a superhydrophobic tendency. Furthermore, by controlling 

the spot interval (SI), superhydrophobic MG surfaces with tunable adhesion were achieved, 

and the corresponding mechanisms were investigated by analyzing the surface morphologies, 

three-dimensional (3D) topographies, X-ray diffraction (XRD) and X-ray photoelectron 

spectroscopy (XPS) results. Finally, the potential applications of superhydrophobic surfaces 

in self-cleaning and no-loss liquid transportation were experimentally verified. 

2. EXPERIMENTAL METHODS 

2.1. Materials. Zr41.2Ti13.8Cu12.5Ni10Be22.5 (at.%) sheets with dimensions of 20 mm × 20 mm 

× 2 mm were used. Before laser ablation, the sheets were mechanically polished to a mirror-

like finish with a surface roughness of ~10 nm. 

2.2. Laser Ablation and Annealing. The MG samples were ablated using a nanosecond laser 
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(wavelength: 1064 nm, pulse width: 230 ns, polarization direction: circular polarization, 

repetition frequency: 50 kHz) in ambient air. The laser processing path is illustrated in Figure 

S1, and the diameter of the laser beam focused on the sample was ~43 µm. To introduce 

hierarchical micro/nanostructures on the MG surface, the employed irradiation time and peak 

laser power intensity were 2 ms and 2.6 × 1011 W/m2, respectively, following a range of pre-

experimental studies. Five SIs, 50, 70, 90, 110 and 130 µm, were selected in subsequent 

experiments to investigate the effects of surface roughness on surface wettability. After laser 

ablation, the samples were annealed in a drying box at 100°C for 12 hours. The 

aforementioned experimental parameters are summarized in Table 1. 

Table 1. Experimental parameters. 

Sample material Zr41.2Ti13.8Cu12.5Ni10Be22.5 (at.%) 

Laser wavelength (nm) 1064 

Pulse width (ns) 230 

Polarization direction Circular polarization 

Pulse repetition frequency (kHz) 50 

Beam diameter (µm) ~43 

Irradiation time (ms) 2 

Peak laser power intensity (×1011 W/m2) 2.6 

Spot interval (SI) (µm) 50, 70, 90, 110, 130 
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Atmosphere Air 

Annealing condition 100℃ (12 hours) 

2.3. Morphologies and Wettability of the Laser-Ablated Surfaces. The morphologies of 

the laser-ablated surfaces were observed by field emission scanning electron microscopy 

(FESEM, SU8010, Hitachi, Japan). The surface three-dimensional (3D) topographies were 

measured using a white light interferometer (Zygo NewView 9000, Ametek, USA). The 

contact angle (CA) and sliding angle (SA) of the laser-ablated surfaces were measured by 

contact angle meter (OSA60, NBSI, China) with 5 µL water before and after annealing. The 

adhesion force of the superhydrophobic surface was tested using a surface analyzer (LSA100, 

LAUDA Scientific, Germany). The typical measurement processes of the adhesion force are 

shown in Figure S2. First, a water droplet was hung on the needle tip. Then, the 

superhydrophobic surface was moved up to contact the water droplet until the water droplet 

was compressed by a certain amount. Next, the superhydrophobic surface was moved down 

until the water droplet and surface were completely separated. The force between the water 

droplet and material surface in the vertical direction could be accurately calculated by the 

analysis software, which used an embedded theoretical algorithm. The maximum tensile 

force was defined as the adhesion force between the water droplet and the surface. 

2.4. Chemical Compositions of the Laser-ablated Surfaces. The chemical compositions of 

the laser-ablated surfaces were analyzed using X-ray diffraction (XRD, D8 Discover, Bruker, 

Germany) and X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher, 

USA) before and after annealing. 

3. RESULTS AND DISCUSSION 
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3.1. Laser-Ablated Surfaces. Figure 1 shows the morphologies of the laser-ablated region 

obtained under an irradiation time of 2 ms and a peak laser power intensity of 2.6 × 1011 

W/m2, as imaged using FESEM. As shown in Figure 1a, a crater formed on the MG surface. 

Figures 1b-f display locally enlarged views corresponding to regions 1-5 in Figure 1a, which 

exhibit more detailed microfeatures of the crater. Nanoparticles were generated in regions 1, 

2 and 4, and ripple-like features appeared in region 5. In addition, microcracks developed in 

region 3. Figure 1g shows the 3D topography of the crater, and Figure 1h shows the cross-

sectional profile of the white dotted line in Figure 1g. The width of the heat-affected zone and 

the diameter of the crater were ~90 µm and ~47 µm, respectively. The height of 

resolidification and the depth of the crater were ~3 µm and ~25 µm, respectively. The above 

results indicate that a hierarchical micro/nano-crater was successfully generated in the laser-

ablated region. 
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Figure 1. (a) Morphology of a hierarchical micro/nano-crater obtained under a peak laser 

power intensity of 2.6×1011 W/m2, as imaged using FESEM. (b)-(f) Locally enlarged 

microfeatures of regions 1-5 in (a). (g) 3D topography of the crater. (h) Cross-sectional 

profile of the white dotted line in (g). 

In Figure 1, the hierarchical micro/nanoscale crater mainly possesses three kinds of 

features: microcracks, nanoparticles, and ripples. The microcracks, which were induced by 

tensile stress, were reported in our previous study.18 The possible formation mechanisms of 
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nanoparticles and ripples are illustrated in Figure S3. Nanosecond pulse laser ablation is a 

thermal process, during which the laser-ablated region rapidly melts and evaporates when the 

peak laser power intensity reaches the ablation threshold. Therefore, the metal vapor could 

eject from the center to the surroundings of the crater due to the recoil pressure. Once the 

metal vapor drops in the relatively low-temperature region, nanoparticles are formed. In 

addition, the incident light reaches the smooth inner wall of the crater and then reflects to the 

other side of the inner wall. The reflected light intervenes with the incident light, inducing the 

formation of ripples.19,20 In general, the direction of the laser-induced ripples is perpendicular 

to the laser polarization direction,21-24 and the result shown in Figure 1f is in agreement with 

this theory. 

By moving the laser beam along the processing path (see Figure S1), crater arrays were 

fabricated on the MG surface. Figure 2 shows the morphologies of the laser-ablated surfaces 

obtained when the SI changes from 50 to 130 µm, as imaged using FESEM. Because the 

width of the heat-affected zone of the crater was ~90 µm, the region around the crater was 

ablated by the subsequent laser beams when the SI was smaller than 90 µm. Therefore, as 

shown in Figures 2a and d, the thermal effect among the laser-ablated craters was relatively 

large when the SIs were 50 and 70 µm, resulting in the relatively rough morphologies of the 

laser-ablated surfaces. In contrast, when the SIs were 90, 110, and 130 µm, the flat regions 

occupied a relatively large ratio of the laser-ablated surface, as shown in Figures 2g, j and m. 

In contrast to the morphology in Figure 1f, nanoparticles distributed on the ripples were also 

observed, as shown in Figures 2c, f, i, l, and o. This is because the nanoparticles were ejected 

by laser ablation and then deposited on the previously formed ripples. Because of the 
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relatively large ejection radius of the nanoparticles, the laser-ablated surfaces were covered 

with nanoparticles during laser array machining. Accordingly, typical hierarchical 

micro/nanostructures were fabricated on the MG surface. Furthermore, the number of laser-

ablated craters decreased per unit area when the SI was increased from 50 to 130 µm, and the 

distribution density of nanoparticles obviously decreased, as well. 

 

Figure 2. Morphologies of the laser-ablated surfaces (imaged using FESEM) obtained under 
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different SIs: (a)-(c) SI = 50 µm, (d)-(f) SI = 70 µm, (g)-(i) SI = 90 µm, (j)-(l) SI = 110 µm, 

and (m)-(o) SI = 130 µm. 

By observing the surface morphologies in Figure 2, the laser-ablated surfaces obtained 

under different SIs were found to exhibit different roughness. Therefore, it was necessary to 

further investigate the effect of SI on the surface roughness. Figure S4 shows the 3D 

topographies of the laser-ablated surfaces obtained under different SIs, and the surface 

roughness, Sa, values were 5.055, 3.431, 2.124, 1.823 and 1.374 µm when the investigated 

SIs were 50, 70, 90, 110 and 130 µm, respectively. The results indicate that the surface 

roughness decreases with the increase of SI, which agrees well with the surface morphologies 

in Figure 2. 

3.2. Surface Wettability. Figure S5 shows the CAs of the laser-ablated surfaces obtained 

under different SIs. For comparison, the CA of the polished surface (85°) is also included, as 

shown in Figure S5f. This value indicated that the polished surface was inherently 

hydrophilic. After laser ablation, all the CAs of the laser-ablated surfaces were ~0°, as shown 

in Figures S5a-e and Movies S1 and 2, which demonstrates the excellent superhydrophilicity 

of the surface. The above results indicate that the hierarchical micro/nanostructures are able 

to effectively tune the surface wettability, which can be explained by the Wenzel model:25 

cos cosW rθ θ=                                                   (1) 

where θW is the CA of the laser-ablated surface, θ is the CA of the polished surface, and r is 

the surface roughness factor. For the hydrophilic surface, the r decreases with increasing 

surface roughness. Therefore, the increase in surface roughness converts a hydrophilic 

polished surface (CA: 85°) into the superhydrophilic surface (CA: ~0°). 
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Previous studies15,26-28 have shown that a superhydrophilic surface ablated by laser can be 

transformed into a superhydrophobic surface by annealing. Therefore, by using a low-

temperature annealing treatment, the possibility of this transition from superhydrophilicity to 

superhydrophobicity was further investigated. Figure S6 shows the CAs of the laser-ablated 

surfaces as well as the polished surface after annealing. As shown in Figures S6a-e, all the 

surfaces achieved superhydrophobicity. The CAs were 166°, 163°, 157°, 153° and 151° when 

the SIs were 50, 70, 90, 110 and 130 µm, respectively. As shown in Figure S6f, the CA of the 

polished surface after annealing was 104°, which was larger than that of the original polished 

surface. By annealing, the hydrophilic polished surface (CA: 85°) achieved hydrophobicity 

(CA: 104°) rather than superhydrophobicity, indicating that the hierarchical 

micro/nanostructures formed by laser ablation played an important role in achieving 

superhydrophobicity. 

Furthermore, the contact state between the water droplet and the surface, as shown in 

Figure S6, satisfies the Cassie-Baxter model:29 

cos (cos 1) 1CB s Yfθ θ= + −   (2) 

where θCB is the CA of the laser-ablated surface after annealing, θY is the CA of the polished 

surface after annealing, and fs is the area fraction between the solid surface and the liquid 

surface. When θCB = 166° and θY = 104°, fs is calculated to be 3.91%. Therefore, only 3.91% 

of the surface of the water droplet contacts with the superhydrophobic surface (SI = 50 µm). 

Furthermore, when the SI was increased to 70, 90, 110, or 130 µm, the fs was calculated to be 

5.76%, 10.49%, 14.38%, or 16.54%, respectively. The above results demonstrate that the 

contact ratio between the water droplet and the superhydrophobic surface increased with 
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increasing SI. Furthermore, by analyzing the surface morphology and roughness of the 

superhydrophobic surface, it is concluded that the rough surface structure is able to reduce 

the contact area between the water droplet and the superhydrophobic surface. Figure 3a 

shows the CAs of the laser-ablated surfaces obtained before and after annealing under 

different SIs. It can be clearly seen that the laser-ablated surface is transformed from 

superhydrophilicity to superhydrophobicity by annealing. The associated wettability 

transition mechanism is further discussed in Section 3.3. 

 

Figure 3. (a) The CAs of the laser-ablated surfaces obtained before and after annealing under 

different SIs. (b) The SAs of the superhydrophobic surfaces obtained under different SIs. 

Although the laser-ablated surfaces obtained under different SIs achieved 

superhydrophobicity by annealing, it was found that for different SIs, the adhesion between 

the water droplet and the superhydrophobic surface varied during the measurement of the CA. 

As shown in Figure S7, the superhydrophobic surfaces obtained under different SIs were first 

raised to contact with the water droplet and then dropped down to their original position. 

When the SIs were 50 and 70 µm, the water droplets could not adhere to the surfaces, as 

shown in Figure S7a, which shows an example of low adhesion. In contrast, the 
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superhydrophobic surfaces exhibited high adhesion to the water droplet when the SIs were 90, 

110, and 130 µm, as shown in Figure S7b. 

Furthermore, to characterize the difference in surface adhesion, the sliding angles (SAs) of 

the superhydrophobic surfaces obtained under different SIs were measured. Figure 3b shows 

the results. When the SIs were 50 and 70 µm, the SAs were approximately 2°, similar to the 

behavior of a lotus leaf.2 The water droplets were able to easily slide from the 

superhydrophobic surfaces (SI = 50, 70 µm) with a tiny sloping angle, indicating that the 

superhydrophobic surface with a small SA of approximately 2° could be useful in self-

cleaning applications. However, when the SIs were 90, 110, and 130 µm, the water droplets 

adhered tightly to the superhydrophobic surfaces. Even when the MG sample was tilted 180°, 

the water droplet was not able to slide from the surface, similar to the behavior of a rose 

petal.3 

To further confirm the differences in adhesion of the superhydrophobic surfaces obtained 

under different SIs, the surface adhesion forces of the various surfaces were measured. 

Figures 4a and b show the force curves corresponding to different SIs. As shown in Figure 4a, 

when the SIs were 50 and 70 µm, the adhesion forces were 18.7 and 22.6 µN, respectively. 

That is, the superhydrophobic surfaces obtained under SIs of 50 and 70 µm exhibited low 

adhesion. In contrast, the superhydrophobic surfaces obtained under SIs of 90, 110, and 130 

µm exhibited relatively high adhesion. As shown in Figure 4b, when the SIs were 90, 110 and 

130 µm, the adhesion forces were 52.9, 56.7 and 58.5 µN, respectively. The above results 

demonstrate that the superhydrophobic surfaces obtained under different SIs exhibited 

different adhesion forces, which could be useful in no-loss liquid transportation applications. 
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Furthermore, the source of this difference in adhesion is illustrated in Figures 4c and d. As 

shown in Figure 4c, the laser-ablated MG surfaces were relatively rough when the SIs were 

50 and 70 µm, which allowed air to be trapped between the water droplet and the rough 

micro/nanostructures when the water droplet contacted with the MG surfaces. The air has a 

low adhesion to water droplets,30 which in this study presented as a barrier that protected the 

water droplet from contacting with the MG surfaces. Therefore, the existence of air at the 

solid-liquid interface played an important role in achieving a low adhesion surface. However, 

when the SI was increased to 90, 110, and 130 µm, the proportion of the flat regions that were 

not ablated by laser increased, as well. As illustrated in Figure 4d, the water droplet was able 

to directly contact with these flat regions. The air trapped between the water droplet and the 

ablated surface was decreased, which resulted in high adhesion. The above results reveal that 

the rough surface structures play an important role in reducing the adhesion of the 

superhydrophobic surfaces. 
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Figure 4. The force between the water droplet and the superhydrophobic surface changes 

with the position of the superhydrophobic surface: (a) SI = 50, 70 µm, and (b) SI = 90, 110, 

130 µm. Schematic diagrams illustrating the water droplet on (c) the low adhesion surface 

and (d) the high adhesion surface. 

3.3. Surface Chemical Composition Analysis. The polished MG surfaces after laser ablation 

achieved superhydrophilicity, and the introduction of hierarchical micro/nanostructures was 

one reason for this, as discussed in Section 3.2. Additionally, the change in surface chemical 

composition also contributed to the change in surface wettability.31 For example, metallic 

oxides have high surface free energy,32 and thus their introduction would be expected to 

greatly improve the surface hydrophilicity. Therefore, it was necessary to further characterize 

the chemical composition of the MG surface before and after laser ablation. Figure 5a shows 

the XRD results. The polished surface exhibited a typical amorphous feature, but some 

crystalline phases, such as ZrO2, TiO2, CuO, Zr2Cu, and Cu10Zr7, were detected on the laser-

ablated surface (SI = 50 µm).33-37 The formation of metallic oxides (ZrO2, TiO2, and CuO) 

was another possible source of the superhydrophilicity of the laser-ablated surfaces. 

Accordingly, achieving superhydrophilicity of Zr-based MG surfaces by nanosecond laser 

ablation depends on the formation of both hierarchical micro/nanostructures and metallic 

oxides. 

After annealing, the laser-ablated surfaces were transformed from superhydrophilic to 

superhydrophobic. According to several previous studies,38-40 the metallic oxide transition 

from CuO to CuO2 might explain this transition in surface wettability. To investigate whether 

annealing leads to a metallic oxide transition from CuO to CuO2, the phases of the laser-
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ablated surface before and after annealing were analyzed using XRD.  As shown in Figure 5a, 

there was no obvious change in the metallic oxide phase on the laser-ablated surface before 

and after annealing, indicating that the surface wettability transition was independent of the 

metallic oxide transition from CuO to CuO2. To clarify the wettability transition mechanism, 

the chemical composition of the laser-ablated surface before and after annealing was further 

analyzed by XPS. Table S1 and Figure 5b show the XPS results of the surface element 

content and atom ratio, respectively. The results demonstrate that the content of metallic 

elements on the laser-ablated surface caused no significant changes to properties before 

versus after annealing, although the atomic ratios of C/Zr and O/Zr did change significantly. 

The increase in the O/Zr atom ratio was ascribed to surface oxidation during annealing, and 

the increase in the C/Zr atom ratio may be related to the absorption of organic compounds 

from the air during annealing. 

To confirm whether the wettability transition from superhydrophilicity to 

superhydrophobicity could be attributed to the absorption of organic compounds in air, high-

resolution C 1s spectra of the laser-ablated surface (SI = 50 µm) before and after annealing 

were further investigated. As shown in Figure 5d, the high-resolution C 1s spectra present 

three peaks at approximately 284.8, 286.3, and 288.5 eV, which correspond to the C-C/C-H, 

C-O, and C=O groups,41-43 respectively. According to several previous studies,44,45 the above 

groups are associated with alkyl, ether, and carboxyl/ester substances in air, confirming that 

the increase in the C/Zr atom ratio was related to the absorption of organic compounds from 

the air during annealing. Furthermore, it was necessary to investigate which group played an 

important role in this wettability transition. Therefore, the characteristics of these three 
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groups and their percentages on the laser-ablated surface were analyzed further. The C-C/C-H 

group is nonpolar,41,44,46,47 which is beneficial to surface hydrophobicity. The percentages of 

nonpolar C-C/C-H group on the laser-ablated surface before and after annealing were 74.4% 

and 78.4%, respectively. In contrast, both C-O and C=O are polar groups,48-51 which are 

beneficial to surface hydrophilicity. The sums of the percentages of polar C-O and C=O 

groups on the laser-ablated surface before and after annealing were 25.6% and 21.6%, 

respectively. Furthermore, Figure 5f shows the atom ratios of nonpolar C-C/C-H, as well as 

the sum of polar C-O and C=O groups to Zr element of the laser-ablated surface (SI = 50 µm) 

before and after annealing. The atom ratio of nonpolar C-C/C-H group to Zr increased 

significantly, while the sum of polar C-O and C=O groups to Zr increased only slightly. These 

results indicated that the percentage of hydrophobic group increased, while the percentage of 

hydrophilic group decreased after annealing. Based on the above results, the wettability 

transition from superhydrophilicity to superhydrophobicity can be ascribed to the increase in 

the percentage of nonpolar C-C/C-H group on the laser-ablated surface after annealing. 
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Figure 5. (a) XRD patterns of the polished and laser-ablated surfaces before and after 

annealing. Atom ratio: (b) the laser-ablated surface (SI = 50 µm) and (c) polished surface 

before and after annealing. High-resolution C 1s spectra before and after annealing: (d) the 

laser-ablated surface (SI = 50 µm) and (e) polished surface. (f) Atom ratios of nonpolar C-
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C/C-H, as well as the sum of polar C-O and C=O groups to Zr element of the laser-ablated 

surface (SI = 50 µm) and polished surface before and after annealing. 

As the control group, the polished surface was also characterized by XRD and XPS before 

and after annealing. As shown in Figure 5a, the amorphous state of the polished surface did 

not change after annealing. However, the hydrophilic polished surface (CA: 85°) achieved 

hydrophobicity (CA: 104°) after annealing. Furthermore, by analyzing the XPS results, the 

atom ratio of C/Zr showed a significant change compared with the other atom ratios after 

annealing, as shown in Figure 5c. In addition, based on the results shown in Figures 5e and f, 

it can be concluded that the percentage of nonpolar C-C/C-H group increased on the polished 

surface after annealing. The above XPS results were similar to the results of the laser-ablated 

surface after annealing, indicating that the wettability transition of the polished surface from 

hydrophilicity to hydrophobicity could be ascribed to the increase in the percentage of 

nonpolar C-C/C-H group on the polished surface after annealing, which demonstrated that 

achieving superhydrophobicity by subsequent annealing was inseparable from the 

hierarchical micro/nanostructures on the laser-ablated surface. 

3.4. Potential Applications of the Superhydrophobic Surface. As shown in Figure S6a, the 

superhydrophobic surface obtained under the SI of 50 µm presented a very large CA (166°) 

with 5 µL water, demonstrating its excellent ability to resist water. However, if the 

superhydrophobic surface would also demonstrate an excellent ability to resist a larger 

volume of water and different kinds of liquid droplets, it would be more meaningful for 

practical applications. Therefore, the superhydrophobic surface obtained under the SI of 50 

µm was used to investigate whether the surface also possessed the ability to resist a larger 
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volume of water and different kinds of liquid droplets. As shown in Figure 6a, both 20 and 40 

µL water droplets maintained a nearly spherical shape on the superhydrophobic surface; 

when the volume of the water droplets was increased to 60 and 80 µL, the water droplets 

maintained a nearly hemispherical shape with the action of excessive gravity. The above 

results indicated that the superhydrophobic surface had an excellent ability to resist water. In 

addition, the orange juice, red ink, and green tea droplets also maintained a nearly spherical 

shape on the superhydrophobic surface, as shown in Figure 6b, which further verified that the 

superhydrophobic surface had an excellent ability to resist different kinds of liquid droplets. 

In addition, the superhydrophobic surface obtained under the SI of 50 µm shows a small 

SA (2°), as shown in Figure 3b, which could be used in self-cleaning applications. For 

example, NaCl powder is regarded as a contaminant in self-cleaning experiments. As shown 

in Figure 6c, the superhydrophobic surface with an inclination angle of 10° was covered with 

NaCl powder. Then, the water droplets were slowly dropped onto the surface covered with 

NaCl powder. The NaCl powder was removed by the falling water droplets, as shown in 

Figures 6d and e. Finally, the superhydrophobic surface covered with NaCl powder was 

cleaned by the water droplets, as shown in Figure 6f, but the superhydrophobic surface was 

not wetted by the water droplets. The above results indicated that the superhydrophobic 

surface (SI = 50 µm) with a small SA (2°) had an excellent self-cleaning ability. 

Furthermore, as shown in Figures 4a and b, the superhydrophobic surfaces obtained under 

different SIs exhibited different adhesion forces, which could be useful in no-loss liquid 

transportation applications. As shown in Figure 6g, 2 µL water was dropped on the 

superhydrophobic surface (SI = 50 µm) with a low adhesion force, and then the 
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superhydrophobic surface (SI = 130 µm) with a high adhesion force was moved down to 

contact with the water droplet, as shown in Figures 6h and i. Next, the superhydrophobic 

surface (SI = 130 µm) was moved up, as shown in Figure 6j. Finally, the water droplet 

achieved no-loss liquid transportation, as shown in Figure 6k. 

 

Figure 6. Optical images of (a) different volumes of water and (b) different kinds of liquid 

droplets on the superhydrophobic surface obtained under the SI of 50 µm. (c)-(f) 

Superhydrophobic surface in a self-cleaning application. (g)-(k) Superhydrophobic surfaces 

with different adhesion forces in a no-loss liquid transportation application. 

4. CONCLUSIONS 
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In summary, the surface wettability and adhesion of Zr-based MG were tuned using 

nanosecond laser ablation in air. Via experiments and analysis, the following conclusions 

were drawn. 

(1) After nanosecond laser ablation in air, hierarchical micro/nanostructures were 

fabricated on the Zr-based MG surface, resulting in surface superhydrophilicity. 

(2) After low-temperature annealing treatment, the laser-ablated surfaces were transformed 

from superhydrophilic to superhydrophobic. 

(3) The contact angle of the superhydrophobic surface was affected by the spot interval 

(SI), and the maximum contact angle reached 166° when the SI was 50 µm. When 

increasing the SI from 50 to 130 µm, the sliding angle of the superhydrophobic surface 

increased from 2° to 180°, and correspondingly, the surface adhesion force increased 

from 18.7 to 58.5 µN. 

(4) By analyzing its surface structures and chemical composition, the superhydrophobicity 

of the laser-ablated surface after annealing was related to the formation of hierarchical 

micro/nanostructures as well as the absorption of organic compounds with low surface 

free energy in air, and the difference in surface adhesion force was mainly ascribed to 

the difference in surface roughness. 

(5) It was demonstrated that a superhydrophobic surface with a low adhesion force could 

be used in a self-cleaning application and that superhydrophobic surfaces with different 

adhesion forces could be applied in no-loss liquid transportation. 
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annealing; the optical images showing the measurement processes of the CA under different 

SIs; XPS results of surface element content (at.%). 

Movies S1 and 2 showing the dynamic change process of a water droplet with 5 µL falling on 

20 mm × 20 mm superhydrophilic surface (SI = 50 µm). 
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Figure S1. Schematic diagram illustrating the nanosecond laser machining system and 

processing path. 



 

Figure S2. Typical measurement processes of the adhesion force: (a) the superhydrophobic 

surface is moved up to approach the water droplet, (b) the superhydrophobic surface is 

initially in contact with the water droplet, (c) the superhydrophobic surface is further moved 

up to compress the water droplet, (d) the superhydrophobic surface is moved down to stretch 

the water droplet, and (d) the superhydrophobic surface is completely separated from the 

water droplet. 

 

Figure S3. Schematic diagram illustrating the possible formation mechanisms of 

nanoparticles and ripples. 



 

Figure S4. 3D topographies of the laser-ablated surfaces obtained under different SIs: (a) SI = 

50 µm, (b) SI = 70 µm, (c) SI = 90 µm, (d) SI = 110 µm, and (e) SI = 130 µm. 

 

Figure S5. The CAs of the laser-ablated surfaces obtained under different SIs: (a) SI = 50 µm, 

(b) SI = 70 µm, (c) SI = 90 µm, (d) SI = 110 µm, and (e) SI = 130 µm. (f) The CA of the 

polished surface. 



 

Figure S6. The CAs of the laser-ablated surfaces obtained after annealing under different SIs: 

(a) SI = 50 µm, (b) SI = 70 µm, (c) SI = 90 µm, (d) SI = 110 µm, and (e) SI = 130 µm. (f) The 

CA of the polished surface after annealing. 

 

Figure S7. The optical images showing the measurement processes of the CA under different 

SIs: (a) SI = 50, 70 µm, and (b) SI = 90, 110, 130 µm. 

 



Table S1. XPS results of surface element content (at.%). 

Element 

SI = 50 μm 

(after annealing) 

SI = 50 μm 

(before 

annealing) 

Polished surface 

after annealing 

Polished surface 

before annealing 

C 33.59±0.91 27.10±0.34 31.71±0.44 26.71±0.48 

O 45.98±0.35 51.21±0.39 49.60±0.76 52.45±0.60 

Zr 2.53±0.15 3.40±0.09 12.51±0.25 13.61±0.18 

Ti 2.35±0.13 2.51±0.06 4.28±0.24 4.42±0.23 

Cu 12.11±0.28 12.36±0.37 1.17±0.18 1.58±0.29 

Ni 3.44±0.20 3.42±0.19 0.73±0.17 1.23±0.16 
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