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Formation of regular micro/nano-structures on the surface of metallic glasses (MGs) is beneficial to their
functional applications. To pattern the MG surface, in this work, a polished Zr-based MG sample was processed
by using a nanosecond pulsed laser under various parameters. Experimental results showed that the regular leaf-
shaped microstructure consisting of ripples and vein-like structures was generated in the irradiated area. The
effects of processing parameters, including the average power, scanning speed, repetition frequency and pulse
overlap rate, on the formation and evolution of leaf-shaped microstructure were investigated in detail.
Furthermore, by analyzing the surface characteristics and morphological evolution, the formation mechanism of
the leaf-shaped microstructure was analyzed. The ripples with spacing slightly smaller than the wavelength of
incident laser were caused by interaction of the incident laser and excited molten surface waves, and the vein-like
structures were formed by the subsequent laser pulses induced evolution of precedingly generated micro-cracks.
The interaction between the ripples and the vein-like structures resulted in the formation of the leaf-shaped
microstructure. After patterning, the MG surface with leaf-shaped microstructure showed enhanced

hydrophilicity.

1. Introduction

As a typical amorphous material, metallic glasses (MGs) are free of
grain boundary and dislocation compared to traditional metals and
crystalline alloys [1,2]. These unique structures endow MGs a series of
extraordinary and fascinating properties, such as high strength and
elasticity, superior wear and corrosion resistance [3-5]. Therefore, MGs
are considered as ideal structural and functional materials [6-11]. On
the other hand, fabrication of some regular micro/nano-structures on
MGs' surface will significantly enhance their functional applications,
such as promoting the cytocompatibility [12], surface coloration
[13,14], and tuning the surface wettability [15]. Accordingly, to achieve
surface patterning, many methods have been developed to process MGs.
For example, by fast tool servo (FTS) assisted diamond turning, Zhu et al.
[16] introduced a sinusoidal grid surface on a Zr-based MG, which
exhibited high profile accuracy. Via thermoplastic forming, the hole
arrays and grating arrays were formed on a Pd-based MG surface, which
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promoted the application of MGs as mold materials [17]. By chemical
etching, randomly distributed nano-pores were generated on a Fe-based
MG surface, resulting in the improvement in both hydrophilicity and
magnetic properties [18]. Although these processing methods have been
proved to be effective for micro/nano-processing of some MGs, they still
have some limitations and disadvantages. In general, MGs have rela-
tively high hardness and poor thermal conductivity, so tool wear [19]
and potential crystallization and oxidation would occur during me-
chanical machining [20,21]. For thermoplastic forming, fabrication of
molds with micro/nano-structures on them is time-consuming and
expensive, and furthermore, the reuse of molds is still difficult due to the
difficulty in demolding. With regard to the chemical method, environ-
mental pollution is challenging for large-area patterning of MGs, and
also it may be only applicable for some specific MGs. Therefore,
exploring new surface patterning methods of MGs is required and
meaningful.

Taking advantages of high heating and cooling rates, relatively low
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Fig. 1. The schematic diagram illustrating the scanning path during multi-line
laser processing.

cost, high efficiency, controllable localized ablation, and environmental
friendliness, nanosecond pulsed laser irradiation has been widely
employed to fabricate micro/nano-structures on the material surface
[22-25]. It has been reported that various micro/nano-structures, such
as the porous structure [26], micro-groove [15,27], micro-convex [28]
and ripples [29-31], could be generated on the surface of MGs by
nanosecond pulsed laser irradiation. Among them, highly-ordered rip-
ples have attracted considerable attention due to their underlying for-
mation mechanism and potential applications [32,33]. However,
previous studies mainly focused on the characteristics of localized rip-
ples formed on MG surface after single/multi-pulse nanosecond laser
irradiation [29-31]. For practical engineering applications of MGs, the
formation of large-area regular ripples is required. Being similar to
single/multi-pulse laser irradiation, large-area regular ripples could be
generated on the MG surface by nanosecond pulsed laser line processing
with appropriate processing parameters. Additionally, micro-cracks are
commonly observed in laser processing of MGs [34-36]. It is worth
noting that the micro-cracks as a kind of surface defect have some spe-
cial features such as the enhanced laser absorption compared with the
surrounding area [34,37] and affecting the orientation of ripples
[38-41]. These features would greatly affect the localized characteris-
tics around the micro-cracks, and the coupling roles of localized ripples
and micro-cracks may induce the formation of some unique micro/nano-
structures on the MG surface. Accordingly, surface patterning of Zr-
based MG was attempted by nanosecond pulsed laser line processing
under various experimental parameters. A special leaf-shaped micro-
structure consisting of ripples and vein-like structures was generated on
the MG surface, and the effects of laser parameters on its formation as
well as its formation mechanism were further investigated.

2. Experiments

The used MG sample is a typical Zr-based MG (Zr4; 2Ti13.8Cuizs.
NijgBesas). The rod-shaped sample was machined into pieces with
thickness of 2 mm by wire-electrical discharge machining (Wire-EDM).
As the EDMed surfaces were rough and contained crystallization layers
[42,43], these pieces were ground using 400, 800, 1200, 2000 and 3000
grit SiC papers, and then mechanically polished by using a precision
lapping/polishing machine (UNIPOL-802, Hefei Kejing Materials Tech-
nology Co., LTD, China). After that, the samples were cleaned with
acetone and dried in air.

A fiber nanosecond pulsed laser (SP-050P-A-EP-Z-F-Y, SPI Lasers,
UK) with a wavelength of 1064 nm and pulse duration of 7 ns was uti-
lized to process the MG samples. The laser beam had a Gaussian energy
distribution, and it was focused by using the F-theta lens with a focal
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Table 1

Laser processing parameters.
Parameter Value Unit
Laser wavelength 1064 nm
Laser pulse duration 7 ns
Laser average power 0.75,1.0, 1.5 w
Laser scanning speed 0.5,1,5 mm/

s

Repetition frequency 200, 600, 1000 kHz
Pulse overlap rate between two adjacent processing lines 28, 50 %

length of 160 mm, forming a spot with diameter of ~43 pm on the
sample surface. Both single-line and multi-line processing were per-
formed in air. Fig. 1 presents the schematic diagram illustrating the
scanning path during multi-line processing. The MG samples were
irradiated from the left side to the right side along every line, and the
irradiation length was 2 mm. After one-line processing, the laser beam
moved a hatch spacing along the feed direction, and then continued the
subsequent line irradiation until the set area was completely irradiated.
For comparative analysis, various average powers (0.75, 1.0, and 1.5
W), scanning speeds (0.5, 1, and 5 mm/s), repetition frequencies (200,
600, and 1000 kHz), and pulse overlap rates between two adjacent
processing lines (28% and 50%) were employed. The processing pa-
rameters mentioned above are summarized in Table 1.

After laser processing, surface morphologies of the MG were
observed by the optical microscope (OM, DSX500, Olympus, Japan),
scanning electron microscope (SEM, EVO MA25, ZEISS, Germany), and
laser scanning confocal microscope (LSCM, OLS4100, Olympus, Japan).
An energy dispersive X-ray spectroscopy (EDS, X-Max20, Oxford In-
strument, UK) was utilized to measure the element distribution of the
irradiated area. In addition, an optical surface analyser (OSA60, LAUDA
Scientific, Germany) was used to measure the contact angles of the
originally polished and laser processed surfaces.

3. Results and discussion
3.1. Leaf-shaped microstructure

Fig. 2 shows the typical surface characteristics of the single-line
irradiated area. The used average power, scanning speed, and repeti-
tion frequency are 1.0 W, 1 mm/s, and 600 kHz, respectively. From the
optical image as shown in Fig. 2(a), remarkable heat affected zone
(HAZ) is generated on both sides of the processing line; however, it is
difficult to clearly distinguish the detailed microstructures in the irra-
diated area. By SEM observation with higher magnification, the fine
microstructures are clearly presented in Figs. 2(b) to (f). Fig. 2(b) pre-
sents the surface morphology near the center of the processing line, and
Figs. 2(c) and (d) show the surface morphologies around the end point
and starting point, respectively. In Fig. 2(b), regular surface micro-
structure is observed, and it is mainly composed of two kinds of struc-
tures, the ripples and the vein-like structures being similar to the veins of
the leaf, as shown in the local enlarged view in Fig. 2(f). Furthermore,
these two kinds of structures are interlaced with each other, forming the
regular leaf-shaped microstructure as shown in Fig. 2(b). From Fig. 2(f),
the spacing of the ripples is measured to be about 1 pm, which is
approximately equal to the wavelength of the incident laser (1064 nm).
Fig. 2(e) gives a local enlarged view of the ripples formed around the
starting point. Compared with the ripples formed away from the starting
point, the ripples formed around the starting point are small in size and
irregular in shape. This indicates that the formation of regular ripples
requires continuous action of subsequent laser pulses. Fig. 2(g) shows
the three-dimensional (3D) topography of the leaf-shaped microstruc-
ture, and Fig. 2(h) shows the cross-sectional profile of the marked line in
Fig. 2(g). In the laser irradiated area, the profile is full of ups and downs,
and the vein-like structures are low-lying compared to the region be-
tween two vein-like structures. The above results demonstrate that the
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Fig. 2. Surface characteristics of the single-line irradiated area obtained under an average power of 1.0 W, scanning speed of 1 mm/s, and repetition frequency of
600 kHz. (a) Optical image and (b) SEM image near the center area of the processing line. (c) and (d) SEM images around the end point and starting point
respectively. (e) and (f) Local enlarged views of Figs. 2(d) and 2(c) respectively, showing the ripples and the vein-like structures in detail. (g) 3D topography of the
leaf-shaped microstructure, and (h) the cross-sectional profile of the marked line in Fig. 2(g).

regular leaf-shaped microstructure consisting of ripples and vein-like
structures could be formed on the MG surface by nanosecond pulsed
laser line processing.

3.2. Effects of the processing parameters

In general, several processing parameters such as the average power,
scanning speed, repetition frequency, and pulse overlap rate, would
affect the laser-material interaction and thus affect the final surface
characteristics. Therefore, the effects of these processing parameters on
the formation and evolution of leaf-shaped microstructure were further
investigated by a series of contrast experiments.

Fig. 3 presents the SEM images of the single-line irradiated areas
obtained under the average powers of 1.5 W (Figs. 3(a) and (b)) and
0.75 W (Figs. 3(c) and (d)). Other processing parameters were identical
to those in Fig. 2. In Figs. 3(a) and (b), when increasing the average
power to 1.5 W, although the entire irradiated area becomes irregular
compared to Fig. 2, the ripples and vein-like structures are still gener-
ated and furthermore their size increases. In addition, some recast par-
ticles with larger size are observed in the irradiated area. In Figs. 3(c)
and (d), when the average power decreases to 0.75 W, the ripples being
similar to those in Fig. 2 are observed, but the number and size of vein-
like structures are significantly reduced compared with those in Figs. 2
and 3(a). Besides, regardless of the increase or decrease in average
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power, the spacing of the ripples is still about 1 pm. The comparative
results in Figs. 3 and 2 indicate that when slightly changing the average
power, the size of ripples and vein-like structures will be changed,
leading to the change in surface morphology of the leaf-shaped
microstructure.

Fig. 4 presents the SEM images of the single-line irradiated areas
obtained under the scanning speeds of 0.5 mm/s (Figs. 4(a) and (b)) and
5 mm/s (Figs. 4(c) and (d)). Other processing parameters were identical
to those in Fig. 2. As shown in Figs. 4(a) and (b), when decreasing the
scanning speed from 1 mm/s to 0.5 mm/s, the leaf-shaped microstruc-
ture being similar to that in Fig. 2 is still formed on the MG surface, and
the ripple spacing is also about 1 pm. However, when increasing the
scanning speed from 1 mm/s to 5 mm/s, very disorganized surface
microstructure is observed in the center area; furthermore, the ripples
and vein-like structures are very difficult to distinguish. The above re-
sults show that the scanning speed has a great influence on the regularity
of the surface microstructure.

Fig. 5 presents the SEM images of the single-line irradiated areas
obtained under the repetition frequencies of 1000 kHz (Figs. 5(a) and
(b)) and 200 kHz (Figs. 5(c) and (d)). Other processing parameters were
identical to those in Fig. 2. It is observed that regular leaf-shaped
microstructure is still formed when increasing the repetition frequency
to 1000 kHz. However, when decreasing the repetition frequency to 200
kHz, the morphology of the whole irradiated area is quite different from
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Fig. 3. SEM images of the single-line irradiated areas obtained under different average powers: (a) and (b) 1.5 W; (c) and (d) 0.75 W. Other processing parameters
were identical to those in Fig. 2, i.e., scanning speed of 1 mm/s and repetition frequency of 600 kHz.
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Fig. 4. SEM images of the single-line irradiated areas obtained under different scanning speeds: (a) and (b) 0.5 mm/s; (c) and (d) 5 mm/s. Other processing pa-
rameters were identical to those in Fig. 2, i.e., average power of 1.0 W and repetition frequency of 600 kHz.
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(d)

Fig. 5. SEM images of the single-line irradiated areas obtained under different repetition frequencies: (a) and (b) 1000 kHz; (c¢) and (d) 200 kHz. Other processing
parameters were identical to those in Fig. 2, i.e., average power of 1.0 W and scanning speed of 1 mm/s.
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Fig. 6. (a) 3D topography of the single-line irradiated area obtained under the repetition frequency of 200 kHz, and (b) the cross-sectional profile along the marked
line in Fig. 6(a). Other processing parameters were identical to those in Fig. 5, i.e., average power of 1.0 W and scanning speed of 1 mm/s.

those obtained under other processing parameters. As shown in Fig. 5
(d), a smooth irradiated area with neither ripples nor vein-like structures
was observed. Fig. 6(a) shows the 3D topography of the irradiated area
obtained under the repetition frequency of 200 kHz, and Fig. 6(b) pre-
sents the cross-sectional profile of the marked line in Fig. 6(a). Instead of
the leaf-shaped microstructure, the micro-groove structure is generated
on the MG surface when decreasing the repetition frequency to 200 kHz.
The difference in surface morphology under various repetition fre-
quencies could be due to the huge difference in single-pulse energy (E),
which can be expressed as

Pavg

B2

(€8]
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where P,y is the average power and f is the repetition frequency.
Accordingly, when keeping the average power unchanged, the single-
pulse energy at 200 kHz is three times of that at 600 kHz. Therefore,
at 200 kHz, more MG materials would be molten and pushed to both
sides of the processing line with the role of recoil pressure, leading to the
transition from the leaf-shaped microstructure to the micro-groove
structure.

Fig. 7 presents the SEM images of the multi-line irradiated areas
obtained under two different pulse overlap rates r, 28% (Figs. 7(a) and
(b)) and 50% (Figs. 7(c) and (d)). Other processing parameters were
identical to those in Fig. 2. In Figs. 7(a) and (b), when the pulse overlap
rate r is 28%, the surface morphology of each processing line is very
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Fig. 7. SEM images of the multi-line irradiated areas obtained under different pulse overlap rates: (a) and (b) 28%; (c) and (d) 50%. Other processing parameters
were identical to those in Fig. 2, i.e., average power of 1.0 W, scanning speed of 1 mm/s, and repetition frequency of 600 kHz.
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Fig. 8. (a) EDS testing region, Region A, and (b)-(e) show the element distribution of (b) Zr, (¢) Ti, (d) Cu, and (e) Ni.
similar to that after single-line processing as shown in Fig. 2(b), and two Fig. 7 indicate that regular large-area leaf-shaped microstructure can be
adjacent processing lines are well connected in the HAZ of each pro- fabricated on the MG surface by multi-line processing, and the connec-
cessing line. When shifting the pulse overlap rate from 28% to 50%, the tion position of adjacent processing lines can be controlled by changing
connection position of two adjacent processing lines moves from the the pulse overlap rate.

HAZ to near the center of the preceding processing line. The results in
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3.3. Formation mechanism of the leaf-shaped microstructure

To better tune the leaf-shaped microstructure, understanding its
formation mechanism is the premise and foundation. In some cases, the
micro/nano-structures formed by laser processing are accompanied by
the enrichment of elements [34]. Therefore, the distribution of elements
in the laser irradiated area was first measured by EDS. Fig. 8(a) shows
the testing region, Region A, which is located in the multi-line irradiated
area. Figs. 8(b)-(e) present the mapping results of elements Zr, Ti, Cu,
and Ni, respectively. Be element is not detected owing to its small atomic
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Fig. 9. Schematic diagram illustrating the
formation of leaf-shaped microstructure. (a)
Schematic diagram showing the formation
of pileup around the micro-cracks, (b)
schematic diagram showing the moving of
laser pulse and the evolution of micro-
cracks (the inserted figure illustrating the
morphology after multi-pulse laser irradia-
tion), (c¢) formation of the straight ripples,
(d) formation of the vein-like structures, (e)
formation of arc-shaped ripples with the
influence of micro-cracks, and (f) intersec-
tion of the vein-like structures and ripples.
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mass. From Fig. 8, it is noted that all elements are uniformly distributed
in the measured Region A, demonstrating that no element enrichment
occurs during laser processing of MG under the employed experimental
parameters.

According to Fig. 8, the formation of leaf-shaped microstructure does
not originate from element enrichment. As the leaf-shaped microstruc-
ture is composed of two kinds of detailed structures, the ripples and the
vein-like structures, their formation mechanisms will be discussed
separately.

For ripples, it is a universal phenomenon induced by laser-material

Micro-cracks

(b)

Fig. 10. (a) SEM image of the laser irradiated areas obtained under an average power of 1 W, number of laser pulses of 1200, and repetition frequency of 600 kHz.

(b) Local enlarged view of Fig. 10(a).
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Fig. 11. Droplets shapes on the surfaces of Zr-based MGs: (a) originally polished surface, (b) surface with leaf-shaped microstructure, (c) surface with disorganized

microstructure, and (d) surface with micro-groove structure.

interaction, and their spacing is directly determined by the corre-
sponding formation mechanism [30,33]. In this paper, the spacing of
ripples does not change with the scanning speed and repetition fre-
quency, demonstrating that these ripples are not the typical laser pulse
tracks [34]. Furthermore, as shown in Fig. 2(d), the ripples only appear
on the right side of the starting point and not on the left side. This is
obviously different from the concentric circular ripples formed by
single/multi-pulse ablation of MGs, so the corresponding hydrodynamic
mechanism should also be excluded [29,30]. It is worth noting that the
spacing of ripples is always slightly smaller than the wavelength of the
incident laser (1064 nm), which is very consistent with the periodic
characteristics of classical low spatial frequency laser induced periodic
surface structures (LSFL). Therefore, it can be inferred that ripples are
actually the classical LSFL. Generally, the analysis of the formation
mechanism of classical LSFL needs to refer to the thermal history of its
formation. By comparing the 3D topographies of Figs. 2(g) and 6(a), it
can be concluded that when decreasing the repetition frequency from
600 kHz to 200 kHz, the surface microstructure will transform from the
slightly convex leaf-shaped microstructure to the typical inverted
Gaussian-shaped micro-groove structure. This means that when laser
irradiation is performed using the processing parameters in Fig. 2, the
deposited laser energy is insufficient to cause surface ablation, and the
MG surface only experiences melting and rapid solidification. Accord-
ingly, the interaction of the incident laser and excited molten surface
waves may dominate the formation of this low spatial frequency ripples
[33]. In this case, the deposited optical energy is not enough to remove
the material, but the rapid solidification of the molten area will lead to
the change in surface topography, resulting in periodic ripples.

For vein-like structures, their formation may originate from the
evolution of micro-cracks during the laser line processing. Figs. 9(a), (b)
and (d) illustrate the possible formation mechanism of vein-like struc-
tures. In some previous studies [35], it is widely reported that after
single pulse laser irradiation, the micro-crater will be generated on the
Zr-based MG surface, and around the micro-crater, some micro-cracks
are uniformly distributed. This could be further confirmed by the SEM
images shown in Figs. 10(a) and (b), which are obtained by multi-pulse
laser irradiation under an average power of 1 W, number of laser pulses
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of 1200, and repetition frequency of 600 kHz. During the laser line
processing, as the distance between two adjacent laser pulses is very
small (especially the repetition frequency used in this study is quite
high), the micro-cracks formed in preceding pulse irradiation are still in
the affected zone of some subsequent pulses. Compared with the non-
cracking regions, the cracking regions have stronger capacity to
absorb the energy of the subsequent laser pulses [37]. Therefore, as
shown in Fig. 9(a), localized re-melting would readily occur around the
micro-cracks during the following laser line processing, and then the
temperature around the micro-cracks would rise sharply, even
exceeding the vaporization temperature. With the role of recoil pressure,
the molten materials at the micro-cracks would flow outward, forming
the pileup. This process is very similar to the process when single pulse
laser is irradiated on the MG surface, resulting in the formation of the
micro-crater with pileup around it. As the laser pulse moves along one
line, the cracking regions will connect together, forming the vein-like
structures as illustrated in Fig. 9(d). At the same time, the generated
pileups between two micro-cracks could combine together to form the
localized high-lying pileup. This is the reason why the vein-like struc-
tures are low-lying compared to the regions between two vein-like
structures.

In general, the laser-induced ripples are perpendicular or parallel to
the polarization direction of the laser. However, the ripples generated in
this paper are arc-shaped. Figs. 9(b), (c) and (e) illustrate the possible
reason. Being similar to those surface scratches and debris, micro-cracks
as a kind of surface defect also have a significant influence on the
orientation of ripples [38-41]. Therefore, the orientation of ripples
changes greatly near the micro-cracks, while the ripples unaffected by
the micro-cracks remain straight as shown in region 1 in Fig. 5(b).
Finally, during the laser line processing, the vein-like structures and arc-
shaped ripples were interlaced with each other, leading to the formation
of regular leaf-shaped microstructure as illustrated in Fig. 9(f).

3.4. Discussion on the effects of processing parameters

According to the formation mechanism illustrated in Fig. 9, the ef-
fects of laser processing parameters on the surface microstructure will be
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Table 2

The surface roughness of the originally polished and laser processed MG surfaces.
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Originally polished Surface with leaf-shaped Surface with disorganized Surface with micro-groove
surface microstructure microstructure structure
Surface roughness 0.006 1.265 0.437 0.864

(pm)

further discussed as follows.

As for the effects of average power, with its increase, the laser-
induced thermal stress will increase, and therefore the formation of
micro-cracks will be promoted. Meanwhile, at a higher average power,
localized re-melting around the micro-cracks will be enhanced as well,
resulting in the increase in size of pileups around the micro-cracks, and
vice versa. Accordingly, the surface morphology of the leaf-shaped
microstructure is changed when changing the average power.

As for the effects of scanning speed, when increasing the scanning
speed from 1 mm/s to 5 mm/s, the distance between adjacent laser
pulses is increased by four times. Therefore, the influence of subsequent
laser pulses on the preceding irradiated area will be weakened, and the
heat accumulation is reduced as well. These effects not only inhibit the
formation of micro-cracks, but also affect the regularity of the ripples,
which ultimately lead to the formation of very disorganized surface
microstructure as shown in Fig. 4(c). In contrast, when decreasing the
scanning speed from 1 mm/s to 0.5 mm/s, the formation of micro-cracks
is slightly promoted and the size of ripples is slightly increased, showing
slight effect on the surface morphology.

As for the effects of repetition frequency, when increasing the
repetition frequency from 600 kHz to 1000 kHz, the single-pulse energy
will slightly decrease, resulting in the suppression of micro-cracks and
reduction in size of ripples. On the other hand, the increased number of
laser pulses per unit length will promote the formation of micro-cracks
and also increase the size of ripples. These two effects balance each
other, and thus the surface morphology is not significantly changed
when increasing the repetition frequency. However, when decreasing
the repetition frequency from 600 kHz to 200 kHz, the single-pulse
energy is increased by two times. At such high single-pulse energy, the
recoil pressure will dominate the flow of melts, leading to the formation
of the typical micro-groove structure on the MG surface.

In addition, since the ripples are caused by the interaction of the
incident laser and excited molten surface waves, the spacing of ripples
remains the same no matter how the laser processing parameters are
changed.

3.5. Effects of microstructure on surface wettability

An important application of fabricating microstructures on material
surface is to tune the surface wettability [44-47]. For MGs, the known
applications for tuning their surface wettability include improved
cytocompatibility [12] and directional transport of microdroplets [48].
To investigate the effects of the formed surface microstructures on the
surface wettability, the contact angles (CAs) of the laser processed MG
surfaces with different surface microstructures (including the leaf-
shaped microstructure as shown in Fig. 2, the disorganized microstruc-
ture as shown in Figs. 4(c) and (d), and the micro-groove structure as
shown in Figs. 5(c) and (d)) were measured. For comparison, the CA of
the originally polished surface was also measured. During the experi-
ments, deionized water with volume of 5 pl was employed to contact the
surface. The CA of polished surface is 87.6° as shown in Fig. 11(a),
demonstrating its intrinsic hydrophilicity. In contrast, the CAs of all
laser processed surfaces are reduced, as evidenced by the obtained CAs
shown in Figs. 11(b) to (d). Among them, the MG surface with leaf-
shaped microstructure shows more significant hydrophilicity, with the
CA of 44.3°. The decrease in CA may be caused by the change in surface
roughness after laser processing. To verify this, the surface roughness of
the originally polished and laser processed surfaces were tested, and the
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corresponding results are presented in Table 2. The results indicate that
the surface roughness of the laser processed surface is significantly
higher than that of the originally polished surface. In addition, the
surface with leaf-shaped microstructures has the largest surface rough-
ness (1.265 pm). Previous studies [15,47,49] have reported that surface
roughness plays a crucial role in wettability. When the original surface is
hydrophobic, the increased surface roughness will make it more hy-
drophobic; while the hydrophilic surface will become more hydrophilic
with the increase of surface roughness [15,50]. Compared to the origi-
nally polished surface, the roughness of the processed surface is
increased, resulting in the decrease in CA, i.e., enhanced hydrophilicity.
Correspondingly, the smallest CA of the surface with leaf-shaped
microstructure is consistent with its largest surface roughness. The in-
crease in hydrophilicity would be meaningful for MGs working as bio-
materials because it would improve the cell adhesion.

4. Conclusions

In summary, by nanosecond pulsed laser irradiation in air, a regular
leaf-shaped microstructure was generated on a Zr-based MG surface, and
it mainly consisted of two kinds of structures, the ripples and the vein-
like structures. Comparative experiments indicated that the formation
of regular leaf-shaped microstructure greatly depended on the applied
laser processing parameters. The change in average power would change
the size of ripples and vein-like structures, and thus affect the surface
morphology of the leaf-shaped microstructure. The increase in scanning
speed from 1 to 5 mm/s would lead to disorder of the surface micro-
structure. When processing with a relatively low repetition frequency
(200 kHz), the typical micro-groove structure was formed instead of the
leaf-shaped microstructure. By multi-line laser processing, the large-
area leaf-shaped microstructure could be generated, and the connec-
tion position between two adjacent processing lines was controlled by
the pulse overlap rate. By analyzing the surface characteristics and
morphological evolution, formation mechanisms of the ripples and the
vein-like structures were discussed, and their interaction during the
laser line processing resulted in the final leaf-shaped microstructure.
Compared with the originally polished surface, the laser processed MG
surfaces exhibited enhanced hydrophilicity, which would be meaningful
for MGs working as functional materials.
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