Journal of Manufacturing Processes 68 (2021) 1114-1122

FI. SEVIER

Contents lists available at ScienceDirect
Journal of Manufacturing Processes

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

PROCESSES

4N

L)

Check for

On the transformation between micro-concave and micro-convex in  Spdies
nanosecond laser ablation of a Zr-based metallic glass

Yongfeng Qian®, Mingiang Jiang ™, Zhiyu Zhang °, Hu Huang ® ", Jiwang Yan®

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

China

b State Key Laboratory of Nonlinear Mechanics, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, China

€ School of Engineering Science, University of Chinese Academy of Sciences, Beijing 100049, China

4 Key Laboratory of Optical System Advanced Manufacturing Technology, Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences,

Changchun, China

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

ARTICLE INFO ABSTRACT

Keywords:

Laser ablation

Metallic glass
Microstructure formation
Transformation

Surface patterning

Understanding the physical mechanism of laser-material interaction is significant and meaningful in both pure
science and engineering applications. Laser ablation induced micro-concave is a commonly-observed phenom-
enon, but the formation of micro-convex by laser ablation is rarely reported. In this study, the transformation in
surface microstructure from micro-concave to micro-convex, then to micro-concave again was reported for the
first time in laser ablation of a typical Zr-based metallic glass (MG). The experimental results indicated that such

transformations strongly depended on the peak laser power intensity and number of laser pulses. The coupling
effects of the recoil pressure and Marangoni flow were proposed to explain the observed transformation. By
locally overlapping adjacent micro-convexes, various surface patterns could be fabricated on the MG surface,
which could tune its surface wettability. This study would not only enhance the understanding of laser-MG
interaction but also provide new methods for patterning MG surface.

1. Introduction

Laser ablation of materials has many potential applications, such as
laser additive manufacturing [1-5], laser shock peening [6-8], and laser
surface patterning [9-13]. Apart from these practical engineering ap-
plications, the scientific community is also fascinated by laser-material
interaction as well as the underlying physics and thermodynamics
[14,15]. In laser ablation process, the laser beam will create a local
molten pool on the material surface. This molten pool will deform with
the role of recoil pressure and surface tension during the subsequent
solidification process, resulting in various micro/nano-scale surface
structures [16,17]. Generally, after ablation by single/multi-pulse laser
with Gaussian energy distribution, a typical micro-concave would be
formed on the material surface due to the recoil pressure caused by rapid
vaporization [18,19]. In contrast, only very few studies [20,21] have
reported the formation of micro-convex on some specific materials due
to the effect of surface tension. Actually, as the two most dominant
driving forces, recoil pressure and surface tension generally coexist

* Corresponding author.
E-mail address: huanghu@jlu.edu.cn (H. Huang).

https://doi.org/10.1016/j.jmapro.2021.06.034

during laser ablation process, in a competitive or cooperative way
determined by applied laser ablation parameters and the properties of
materials. However, most of the current studies generally only study the
individual role of these two driving forces, and their coupling effects are
ignored.

One of the key issues in understanding the complex laser-material
interaction is to properly select the target materials. Taking features of
metastability [22,23], thermal sensitivity [22,24], isotropy [25], and
being free of defects and grain boundary [26-29], metallic glasses (MGs)
provide a promising choice for further exploring the interaction between
the laser beam and material. It has been found that micro-concave could
be generated on the MG surface after single/multi pulse laser ablation
[30,31]. However, to our knowledge, the detailed topographical trans-
formation in nanosecond pulsed laser ablation of MGs has not been
studied. Moreover, for MGs, it is still not clear whether micro-convex can
be formed by direct laser ablation. Therefore, further exploration on
laser ablation of MGs is required.

In this study, by multi-pulse nanosecond laser ablation of Zr-based
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MG surface, the transformation from micro-concave to micro-convex,
then to micro-concave again was achieved for the first time in the
field of MGs. It was found that the formation of surface microstructure
significantly depended on the applied peak laser power intensity (I) and
the number of laser pulses (N). The coupling effects of the recoil pressure
and Marangoni flow were proposed to explain the observed
transformation.

2. Materials and experiments

The raw material used in experiments is a representative MG,
Zr41.2Ti13,8Cug2 5NijoBess 5 (at.%, Vit 1) with a dimension of 20 mm x
20 mm x 2 mm. To obtain a mirror-like surface, the sample was ground
and polished in sequence. The amorphous characteristic of the sample
was verified by X-ray diffraction (XRD) before laser ablation. A fiber
nanosecond pulsed laser (SP-050P-A-EP-Z-F-Y, SPI Lasers, UK) with
wavelength of 1064 nm, pulse duration of 7 ns, and repetition frequency
of 800 kHz was utilized for multi-pulse laser ablation of MG sample. The
laser beam has a Gaussian energy distribution (M? < 2) and it is focused
to be a spot with diameter of about 43 pm. To investigate the evolution
of laser-induced surface microstructure, two groups of comparative ex-
periments were performed, one keeping the number of laser pulses
constant and changing the peak laser power intensity, and the other
keeping the peak laser power intensity constant and changing the
number of laser pulses. To avoid crystallization and oxidation, all the
experiments were conducted in high purity argon gas with a pressure of
0.01 MPa. After laser ablation, the surface characteristics of the ablated
regions were measured by a laser scanning confocal microscope (LSCM,
OLS4100, Olympus, Japan) and an optical microscope (OM, DSX500,
Olympus, Japan). The surface wettability was characterized by an op-
tical surface analyser (OSA60, LAUDA Scientific, Germany).

3. Results

Figs. 1(a)-(d) present the 3D topographies of the ablated regions
obtained at the same number of laser pulses (N = 1000) but under
various peak laser power intensities, I = 2.4 x 10! W/m? (Fig. 1(a),I=
3.6 x 10! W/m? (Fig. 1(b)), I = 2 x 102 W/m? (Fig. 1(c)), and I = 3.6
x 10'? W/m? (Fig. 1(d)). The corresponding cross-sectional profiles
marked in Figs. 1(a)-(d) are illustrated in Figs. 1(e)-(h), respectively.
The topographical evolution in Figs. 1(a)-(h) directly indicates that the
laser-induced surface microstructure greatly depends on the applied
peak laser power intensity. At a relatively low peak laser power intensity
of 2.4 x 10! W/m?, a typical micro-concave with depth of about 640
nm is generated. When increasing the peak power intensity to 3.6 x
10! W/m?, the resultant surface microstructure is still a micro-concave
on the whole, but surprisingly, the depth of the concave does not in-
crease and its bottom is almost on the same height with the original
polished surface as shown in Fig. 1(f). Further increasing the peak laser
power intensity to 2 x 10'2 W/m?2, a micro-convex with diameter of
about 165 pm is formed on the MG surface, rather than the previously
observed micro-concave. On the top of the micro-convex, there is a
micro-concave and the height from its bottom to the original polished
surface is about 400 nm. When further increasing the peak laser power
intensity for example to 3.6 x 10'2 W/m?, the surface microstructure is
transformed into micro-concave again as shown in Fig. 1(d). Since the
relative position of the bottom of the micro-concave and the original
polished surface determines whether the surface microstructure is
concave or convex, their height difference is used to quantitatively study
the correlation between the surface microstructure and the peak laser
power intensity. The height differences are averaged after five experi-
ments, and the corresponding results are depicted in Fig. 1(i). It is clear
that as the peak laser power intensity increases, the height difference
gradually changes from negative to positive, reaches the maximum
value of about 400 nm, and then gradually becomes negative again after
keeping the height nearly constant in the range of 1 x 10! t0 1.8 x 102
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W/m?2. This demonstrates that the surface microstructure changes from
micro-concave to micro-convex, and then to micro-concave again. In
addition, it is noted that with increase in peak laser power intensity, the
diameter of the laser-induced surface microstructure gradually increases
as shown in Fig. 1(j). This is due to that increasing the peak laser power
intensity, more heat diffuses to the surface and inside of the MG,
resulting in a larger ablated region. The results in Fig. 1 confirm the fact
that changing the peak laser power intensity, the laser-induced surface
microstructure will transform from micro-concave to micro-convex,
then to micro-concave again.

Next, the effects of the number of laser pulses on the evolution of
surface microstructure are investigated at a constant peak laser power
intensity of 1 x 10'2 W/m?, but under various numbers of laser pulses.
Fig. 2 presents the results. In Figs. 2(a) and (e), where the number of
laser pulses is relatively small (N = 50), a relatively shallow micro-
concave with pileup around is formed in the ablated region. When the
number of laser pulses increases to 200, a micro-convex with a very low
height (about 20 nm) is formed, as shown in Figs. 2(b) and (f). When the
number of laser pulses further increases to 100,000, the height value
increases to 1250 nm, which is almost three times of the maximum
height obtained when changing the peak laser power intensity. When
the number of laser pulses reaches 5,000,000, the micro-concave ap-
pears again. As shown in Figs. 2(i) and (j), the statistical results of the
height difference and diameter obtained when increasing the number of
laser pulses are quite similar to those obtained when increasing the peak
laser power intensity as shown in Figs. 1(i) and (j). That is, the height
difference changes from negative to positive, and then to negative again,
but the diameter gradually increases. In addition, when increasing the
number of laser pulses from 50,000 to 100,000, there is also a holding
stage that the height value basically keeps constant. The results in Figs. 1
and 2 indicate that increasing either the peak laser power intensity or
the number of laser pulses has almost the similar influence on the evo-
lution of the surface microstructure, and both of them could induce the
transformation in surface microstructure between the micro-concave
and micro-convex.

4. Discussion
4.1. Microstructure transformation mechanism

According to the above results, laser ablation of Zr-based MG in
argon gas could result in the transformation in surface microstructure
between the micro-concave and micro-convex when increasing the peak
laser power intensity and number of laser pulses. Previous study [32]
indicated that surface characteristics of MG after laser ablation may vary
when changing the gas atmosphere. Therefore, to exclude the influence
of gas atmosphere, similar experiments were also conducted in nitrogen
gas and air, and the same microstructure transformation was also
observed (not shown here). This confirms that laser-induced trans-
formation in surface microstructure of MG is a universal phenomenon,
independent of the ablation atmosphere. To explain this transformation,
Fig. 3 illustrates the possible mechanism. During laser ablation, a local
molten pool would be formed on the MG surface. At a relatively low
peak laser power intensity and number of laser pulses, the alloy melt in
the center of the molten pool would flow outside with the role of recoil
pressure generated due to rapid vaporization, leading to the formation
of typical micro-concave. When gradually increasing the peak laser
power intensity and number of laser pulses, the dominant driving force
of the alloy melt may change to the surface tension [21]. For alloys with
a fixed element composition, surface tension is directly related to the
temperature [17,33]. However, the surface tension of Vit 1 at high
temperature is quite difficult to measure due to the high viscosity of its
melt [34] and the highly active elements it contains (Zr, Ti and Ni) [35].
Generally, the bond between two atoms decreases when increasing the
temperature, resulting in a negative surface tension coefficient [36,37].
However, it has been proved that [38] for some multi-element alloy
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Fig. 1. 3D topographies of the laser ablated regions obtained at various peak laser power intensities: (a) I = 2.4 x 10" W/m2, (b) I =3.6 x 10" W/m?, () I =2 x
1012 W/m?, and (d) I = 3.6 x 10'2 W/m?2. (e)—(h) Cross-sectional profiles of the marked lines in Figs. 1(a)-(d). (i) Effect of the peak laser power intensity on the
height difference between the bottom of the micro-concave and the original polished surface. (j) Effect of the peak laser power intensity on the diameter of laser-
induced microstructure. For all these experiments, the number of laser pulses is kept to be 1000.
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Fig. 2. 3D topographies of the laser ablated regions at various numbers of laser pulses: (a) N = 50, (b) N = 200, (c) N = 100,000, and (d) N = 5,000,000. (e)-(h)
Cross-sectional profiles of the marked lines in Figs. 2(a)-(d). (i) Effect of number of laser pulses on the height difference between the bottom of the micro-concave and
the original polished surface. (j) Effect of number of laser pulses on the diameter of laser-induced microstructure. For all these experiments, the peak laser power

intensity is kept to be 1 x 102 W/m?

systems, when they are heated to a critical temperature, the surface
tension coefficient might change from the negative to the positive owing
to dissolution and re-distribution of clusters. In addition, it was also
reported that surface vaporization had a great influence on the surface
tension and would further promote this change [39]. Accordingly, when
the applied peak laser power intensity and number of laser pulses are
high enough to cause the temperature of almost the entire molten pool to
exceed the critical temperature, the flow behavior of alloy melt would
change significantly with the role of positive surface tension coefficient.
As the laser beam has a Gaussian energy distribution, the center of the
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molten pool has the highest temperature and therefore the maximum
surface tension, which results in radially inward flow (i.e. Marangoni
flow) of alloy melt [17,36,40], forming the micro-convex as shown in
Figs. 1(c) and 2(c). At the same time, the recoil pressure caused by rapid
vaporization would still create a small micro-concave on the top of the
micro-convex. Specially, within a range of ablated parameters as illus-
trated in the insets of Figs. 1(i) and 2(i), the increase in the height of the
pileup caused by Marangoni flow is almost in step with the increase in
the depth of the small micro-concave caused by the recoil pressure,
which leads to the appearance of the holding stage. In the above cases,
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Fig. 3. The schematic diagram illustrating the transformation from micro-concave to micro-convex, then to micro-concave again when increasing the peak laser

power intensity and the number of laser pulses.

the recoil pressure and Marangoni flow are in competition with each
other. However, at a relatively high peak laser power intensity and
number of pulses, their correlation may be changed to cooperation. As
reported in many studies [20,36,41], the temperature-dependent sur-
face tension coefficient is not always positive after exceeding the critical
temperature, and it changes from positive to negative when another
critical temperature is reached. At a relatively high peak laser power
intensity and number of pulses, the temperature of the molten pool may
exceed this critical temperature. In this case, the alloy melt will flow
radially outward due to the negative surface tension coefficient, which
could cause the Marangoni flow to cooperate with recoil pressure and
thus promote the formation of micro-concave. From above analysis, the
coupling effects of recoil pressure and Marangoni flow are the key to
determine the final surface microstructure, concave or convex. At a
relatively low peak laser power intensity and number of laser pulses, the
dominant driving force is the recoil pressure, resulting in the formation
of micro-concave; when gradually increasing the peak laser power in-
tensity and number of laser pulses, the Marangoni flow is dominant,
leading to the formation of micro-convex; while at a relatively high peak
laser power intensity and number of laser pulses, the recoil pressure and
Marangoni flow cooperate with each other, and the micro-concave is
formed again.

Laser induced formation of the micro-concave is a commonly-
observed phenomenon, and compared to the micro-concave, the
observed micro-convex in this study is more interesting and attractive.
For practical applications, the height of the micro-convex is an impor-
tant parameter. From above results and analysis, it is noted that
although the transformation process of the surface microstructure is the
same when increasing the peak laser power intensity and number of
laser pulses, the resultant maximum height of the micro-convex is
relatively small by means of increasing the peak laser power intensity.
This could be due to that the higher peak laser power intensity would
induce a strong recoil pressure during the laser-MG interaction, which
impedes the growth of the micro-convex to a certain extent. Corre-
sponding to two different peak laser power intensities, Figs. 4(a) and (b)
show the height of the pileup and the depth of the micro-concave on the
top of the micro-convex changing with the number of laser pulses. It is
found that for these two peak laser power intensities, both the height of
the pileup and the depth of the micro-concave increase when increasing
the number of laser pulses, which indicates that the Marangoni flow and
the recoil pressure are continuously strengthened. Furthermore, for a
fixed number of laser pulses, the height of the pileup and the depth of the
micro-concave will increase when increasing the peak laser power in-
tensity from 7.5 x 10! to 1 x 1012 W/m? In fact, as illustrated in Fig. 4
(c), when increasing the peak laser power intensity, the size relationship
between the height difference of the pileup (Hg) and the depth difference
of the micro-concave on the top of the micro-convex (Dy — D;) de-
termines the increase or decrease of the height of the micro-convex: if
Hq > Dy — D, the height of the micro-convex increases, and vice versa.
Fig. 4(d) presents the distance difference including the height difference
(Hq) and the depth difference (D, — D;), changing with the number of
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laser pulses. At a relatively small number of laser pulses (N = 2000 and
5000), when increasing the peak laser power intensity from 7.5 x 10!
to1 x 10'? W/mZ, the height difference of the pileup (Hq) is almost
equal to the depth difference of the micro-concave on the top of the
micro-convex (D3 — D1), so the height of the micro-convex is basically
the same under these two peak laser power intensities, as shown in Fig. 4
(e). However, when the number of laser pulses reaches 10,000 or more,
the height difference (Hy) is less than the depth difference (D, — D;), and
correspondingly, the height of the micro-convex is greater at a relatively
low peak laser power intensity. In particular, when laser ablation is
performed under the peak laser power intensity of 7.5 x 10*! W/m? and
number of laser pulses of 10,000, the micro-convex shows an almost flat
top, as shown in Figs. 4(f) and (g). The above results indicate that
increasing the peak laser power intensity within a certain range will
promote the Marangoni flow, but at the same time, a significant increase
in recoil pressure will lead to the decrease in the height of the micro-
convex.

4.2. Surface patterning

The above results indicate that within a wide range of ablated pa-
rameters, individual micro-convex with quite regular shape could be
generated on the MG surface. However, for practical engineering ap-
plications, the line-shaped micro-convex structure is undoubtedly of
great significance. Therefore, by locally overlapping adjacent micro-
convexes, the possibility for fabricating the line-shaped micro-convex
structure was verified. In order to avoid excessive local heat accumu-
lation during the overlapping process, the employed peak laser power
intensity and number of laser pulses were relatively low (I = 7.5 x 10*!
W/m? and N = 800). Figs. 5(b)-(d) present the 3D topographies of the
laser ablated regions under the overlap rates of 0%, 50% and 75%,
respectively. From Figs. 5(c) and (d), it is seen that at a relatively high
overlap rate, adjacent micro-convexes could be combined to form the
line-shaped micro-convex structure. In addition, as shown in Figs. 5(h)
and (j), when increasing the overlap rate from 50% to 75%, the height
fluctuation of the line-shaped micro-convex structure along the over-
lapping direction is greatly reduced from about 250 nm to 75 nm. The
above results demonstrate that our results can provide a new method for
patterning MG surface. To further verify the flexibility of this method,
the same ablated parameters were used to produce some special pat-
terns, and Fig. 6 presents two typical surface patterns, the round and
square micro-convex structures.

4.3. Surface wettability

Some previous studies [42,43] have demonstrated that surface mi-
crostructures would significantly affect the wettability of materials. To
check the effect of the formed micro-convex structure on the surface
wettability, a patterned MG surface with a regular array of micro-
convexes was prepared (see Fig.7 (a)) using the same ablated parame-
ters in Fig. 5, and its surface wettability was characterized by measuring
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Fig. 4. (a) and (b) Effects of the peak laser power intensity and number of laser pulses on the height of the pileup and the depth of the micro-concave on the top of the
micro-convex, respectively. (¢) The schematic diagram illustrating how the size relationship between the height difference of the pileup (Hy) and the depth difference
of the micro-concave on the top of the micro-convex (D3 — D;) determines the increase or decrease of the height of the micro-convex when increasing the peak laser
power intensity. (d) The comparison in the height difference (Hq) and the depth difference (D3 — D;) between the micro-convexes obtained under two different peak
laser power intensities and various numbers of laser pulses. (e) Effects of the peak laser power intensity and number of laser pulses on the height of the micro-convex.
(f) 3D topography of the laser ablated region obtained under the peak laser power intensity of 7.5 x 10! W/m? and number of laser pulses of 10,000. (g) Cross-
sAectional profile of the marked line in Fig. 4(f).
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Fig. 5. (a) Optical image of the laser ablated regions obtained under different overlap rates (A: 0%, B: 50% and C: 75%). 3D topographies of the laser ablated regions
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respectively. (g) and (h) Cross-sectional profiles of the white dotted line and black dotted line in Fig. 5(c), respectively. (i) and (j) Cross-sectional profiles of the white
dotted line and black dotted line in Fig. 5(d), respectively.

the contact angle (CA). The used liquid during testing was deionized the surface wettability of MG, which provides potential interest for
water (5 pl in volume). For comparison, the CA of the polished surface practical engineering applications of MGs, such as self-cleaning and
was also tested and it is about 89.2° (see Fig. 7(c)). While, for the directional droplet transport. In addition, it should be pointed out that
patterned MG surface with micro-convex array, the CA is reduced to the ablation parameters used here are not optimized, and further opti-
72.4° as shown in Fig. 7(d). In order to construct a superhydrophobic mization will be performed in the future to study the effects of the

surface, the polished surface and the patterned surface were soaked in a generated microstructure on the optical and tribological properties of
1.0 vol% fluoroalkylsilane solution for 2 h, and Figs. 7(e) and (f) show MGs.

their CAs, respectively. After chemical modification, the CA of the pol-

ished surface is increased to 132.8°, exhibiting hydrophobicity. In Fig. 7 5. Conclusions

(f), the CA of the patterned surface is significantly increased to 158.7°

after chemical modification, demonstrating superhydrophobicity. These In summary, nanosecond pulsed laser ablation induced surface
results indicate that the introduction of micro-convex array would tune microstructural evolution of Zr-based MG was investigated. The
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Round micro-convex structure Square micro-convex structure

Unit: pm Unit: pm

100 200 300 400
Distance along x axis (um)

Before B . (©) Before B . (d)
chemical CA=289.2 Chemical CA=T724
modification modification

After (e) After (f)
Chemical CA=132.8° chemical CA =158.7°
modification modification

Polished surface

Fig. 7. (a) 3D topography of the laser ablated regions with a regular array of micro-convexes. The inset shows the corresponding optical morphology. (b) Cross-
sectional profile of the marked line in Fig. 7(a). (c) and (e) show the water droplets on the polished surface before and after chemical modification. (d) and (f)
show the water droplets on the patterned surface before and after chemical modification.
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transformation in surface microstructure between the micro-concave
and micro-convex was observed, which strongly depended on the peak
laser power intensity and number of laser pulses. For a given number of
laser pulses (or peak laser power intensity), when gradually increasing
the peak laser power intensity (or number of laser pulses), the surface
microstructure would transform from micro-concave to micro-convex,
then to micro-concave again. The coupling effects of the recoil pres-
sure and Marangoni flow were proposed to explain the observed trans-
formation. By locally overlapping adjacent micro-convexes, several
patterned surfaces with micro-convex structure were successfully
fabricated. The patterned MG surface with a regular array of micro-
convexes showed superhydrophobicity after chemical modification.
These results are expected to enhance the understanding of complex
laser-material interaction and as well provide a new method to pattern
MGs for improving their functional applications.
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