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a b s t r a c t

The surface with micro-convex prepared by laser ablation is beneficial to improving the functional prop-
erties of metallic glasses (MGs). However, accompanied by the formation of micro-convex, surface hardness
of the ablated area generally decreases due to the softening effect caused by laser thermal shock. Previous
studies have shown that the mechanical properties of laser-ablated MG surface are significantly different
when using different gas atmospheres. In this study, a comparative investigation was performed to analyze
the influence of gas atmosphere (i.e. argon, nitrogen, and air) on the formation of micro-convex as well as
its surface characteristics and mechanical properties. Experimental results showed that the atmosphere
type did not affect the formation of micro-convex, but significantly affected the surface morphology and
element composition of the laser-ablated area. The element analysis and Raman spectral measurements
indicated that laser ablation in nitrogen or air atmosphere resulted in local nitridation or oxidation. The
results of nanoindentation tests demonstrated that laser ablation in nitrogen or air atmosphere also re-
sulted in surface hardness inhomogeneity, i.e., softening and hardening effects coexist in the ablated area,
which could be attributed to the combined influence of laser thermal shock, the introduction of secondary
phase as well as laser ablation induced loose structure.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Due to their unique physical and mechanical properties [1–6],
metallic glasses (MGs) are identified as ideal candidates for many
engineering applications such as wastewater remediation [7,8],
micro-geared motor parts [9] and electronics [10]. However, the
practical applications of MGs are impeded by their inherent brit-
tleness [11,12] and size limitation [13]. To overcome the above re-
strictions, in the past few decades, laser processing techniques such
as laser shock peening and laser additive manufacturing have been
extensively used to process MGs. For instance, by laser shock pe-
ening, compressive residual stress could be introduced into MGs,
resulting in the enhancement in plasticity [14–16]. Through laser
additive manufacturing, the dimensions of MGs could be effectively

increased [17–21]. In addition to these two typical laser processing
techniques, laser surface patterning as a kind of surface modification
technology is also introduced into the field of MGs to further en-
hance their functional applications, such as wettability control
[22–24] and improving the cytocompatibility [25]. During the laser
ablation process, the MG surface is rapidly heated and then cooled;
along with this process, a variety of surface micro/nano-structures
could be formed, depending on the laser parameters and ablation
environment. The typical micro/nano-structures obtained so far in-
clude the micro-concave [23,26], groove structure [23,27], ripples
[28–30], and metallic glass nanoparticles (MG-NPs) [31–33]. More-
over, our recent work [34] reported that when the Zr-based MG was
ablated in argon atmosphere by nanosecond pulsed laser, regular
micro-convex could be generated on the MG surface within a certain
range of ablation parameters. Previous studies [35,36] indicated that
the surfaces with micro-convex were beneficial to improving the
tribological performance of materials. In particular, compared with
traditional metal alloys, the introduction of laser ablation induced
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micro-convex on the surface of MGs may be more beneficial for
improving the wear-resistance performance due to their long-range
disordered atomic arrangement. However, unfortunately, it has been
reported that the hardness of the laser-ablated area is usually lower
than that of the as-cast MG surface, due to the softening effect
caused by laser thermal shock [37,38]. This is a significant short-
coming of laser processing of MGs, which may hinder its wide ap-
plications. Therefore, it is urgently required to develop new
strategies for fabricating the micro-convex without sacrificing the
surface hardness of MGs.

Previous studies [37,39] indicated that the employed gas atmo-
sphere would affect the final mechanical properties of laser-ablated
Zr-based MG surface. Compared to laser ablation in argon atmo-
sphere, laser ablation in nitrogen atmosphere is an effective method
to improve the surface hardness of Zr-based MG. This is due to the
chemical reaction between the Zr-based MG and nitrogen, inducing
the formation of ZrN phase [37]. According to the previous study
[37], the introduction of ZrN phase into Zr-based MG can improve its
resistance to plastic deformation. On the other hand, ZrN phase has
higher hardness compared to the Zr-based MG. These two reasons
lead to the surface hardening of Zr-based MG after laser ablation in
nitrogen atmosphere. Similarly, the elements in air such as oxygen
and nitrogen also have good affinity with the Zr element, which
would also induce the formation of oxide and nitride, and thus
harden the Zr-based MG surface. Compared to argon and nitrogen
atmospheres, nanosecond pulsed laser ablation in air atmosphere is
not only economical, but also more convenient. Therefore, a com-
parative investigation of the influence of gas atmosphere on the
formation of micro-convex as well as its surface characteristics and
mechanical properties is meaningful.

Accordingly, in this study, the Zr-based MG was ablated by na-
nosecond pulsed laser in three different atmospheres, i.e. argon,
nitrogen and air. Experimental results indicated that micro-convex
could be formed under different atmospheres, but their surface
morphology and element composition were quite different. The
surface hardness of the area after laser ablation in different atmo-
spheres was comparatively evaluated by nanoindentation testing.
Finally, the relationship among the surface hardness, chemical
composition, and surface microstructure was discussed.

2. Experimental details

2.1. Material

A typical bulk Zr-based MG sample known as Vit 1
(Zr41.2Ti13.8Cu12.5Ni10Be22.5) with the dimension of 20 mm × 20 mm
× 2 mm was used in this study. Before laser ablation, the sample
surface was mechanically ground and polished to be mirror surface
with a roughness of about 10 nm.

2.2. Laser ablation process

Ablation experiments were performed by a fiber nanosecond
pulsed laser system (SP-050P-A-EP-Z-F-Y, SPI Lasers, UK) with a
Gaussian energy distribution. Fig. 1 presents the schematic diagram
of the laser ablation process. The laser wavelength, pulse duration,
repetition frequency and beam diameter were 1064 nm, 7 ns,
800 kHz and ~ 43 µm, respectively. In order to obtain a relatively flat
top of the micro-convex for subsequent testing of surface hardness,
the number of laser pulses and the peak laser power intensity were
set to be 800 and 7.5 × 1011 W/m2, respectively, according to our
previous study [34]. Three different atmospheres, i.e. air, high purity
argon and nitrogen (> 99.999%), were used to investigate the influ-
ence of gas atmosphere on the formation of micro-convex and its
surface characteristics. The gas pressure was kept the same when
using nitrogen and argon atmospheres (0.01 MPa).

2.3. Characterization of surface microstructure and hardness

Surface microstructures of the laser-ablated areas were observed
by a laser scanning confocal microscope (LSCM, OLS4100, Olympus,
Japan), an optical microscopy (OM, DSX500, Olympus, Japan) oper-
ated at the differential interference mode, and a tungsten filament
scanning electron microscopy (SEM, JSM-IT500A, JEOL, Japan) with
an acceleration voltage of 10 kV. The chemical compositions of the
ablated areas were analyzed by an energy dispersive X-ray spec-
trometer (EDS, EX-74600U4L2Q, JEOL, Japan) with an acceleration
voltage of 15 kV and a working distance of 9.9mm, a Raman mi-
crospectrometer (DXR3, Thermo Fisher Scientific, USA) with a laser
wavelength of 532 nm, as well as a X-ray diffractometer (XRD, D8
Advance, Bruker, Germany). Furthermore, surface hardness of the
ablated areas was measured at room temperature by a na-
noindentation instrument (DUH-211, SHIMADZU, Japan) equipped
with a pyramidal indenter. The load-control mode was employed,
and the maximum indentation load, loading rate, and dwelling time
were 30 mN, 10 mN/s and 5 s, respectively. To ensure the reliability
and repeatability of the experimental results, five laser ablation
experiments were performed under each gas atmosphere, and the
average hardness was obtained after testing in five different laser-
ablated areas.

3. Results

3.1. Surface microstructures

Fig. 2 shows the optical and SEM morphologies of the laser-ab-
lated areas obtained in argon (Figs. 2(a) and (b)), nitrogen
(Figs. 2(c–e)), and air atmospheres (Figs. 2(f–h)). The number of laser
pulses and peak laser power intensity are 800 and 7.5 × 1011 W/m2,
respectively. In Figs. 2(a) and (b), it is seen that a smooth circular
ablated area appears on the MG surface after laser ablation in argon
atmosphere. In contrast, for laser ablation in nitrogen atmosphere, a
cluster of dark material with a diameter of about 40 µm was formed
near the center of the ablated area as shown in Fig. 2(c). Further-
more, as shown in Figs. 2(d) and (e), there are some randomwrinkles
around the cluster, which indicates that thermomechanical dis-
turbance may take place in this region during the ablation process
[40,41]. When the gas atmosphere is changed to air, more severe
ablation occurs on the MG surface, as evidenced by a large number
of residual nano-particles and more remarkable wrinkles as shown
in Figs. 2(f–h). Figs. 3(a), (c) and (e) present the three-dimensional
(3D) topographies of the laser-ablated areas corresponding to

Fig. 1. The schematic diagram of the laser ablation process.
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Figs. 2(a), (c) and (f), respectively, and the corresponding cross-
sectional profiles are illustrated in Figs. 3(b), (d) and (f). It is seen
that the micro-convex has been formed in all three atmospheres.
Furthermore, the micro-convex formed by laser ablation in air at-
mosphere has the largest height and diameter, followed by nitrogen
and argon. This is due to that the transmittance of the laser in air
atmosphere is higher than that of high purity nitrogen and argon.
Therefore, when the peak laser power intensity is kept the same,
more energy is delivered to the MG surface for laser ablation in air
atmosphere, resulting in a more severe ablation, and correspond-
ingly, the micro-convex with a larger dimension is generated. The
above results demonstrate that although the formation of micro-
convex is independent of the atmosphere, the surface morphology of
the ablated area is quite different when using different atmospheres.

3.2. Characterization of chemical composition

As shown in Fig. 2, for the ablated areas obtained in nitrogen and
air atmospheres, the surface color shows a significant difference
from the center to the outside, suggesting that the chemical com-
position in these regions may be different. Accordingly, several spots
are selected to characterize the chemical composition as shown in
Figs. 2(c) and (f), namely spot 1 (central region I), spot 2 (dark region
II), spot 3 (edge region III), and spot 4 (non-ablation region IV). For
comparison, in Fig. 2(a), the area ablated in argon atmosphere is also
divided into three regions, i.e. central region I, edge region II and
non-ablation III, and three points are also sequentially selected from
the above defined regions. EDS point analysis is used to determine
the element composition of different spots in the ablated areas, and
Tables 1, 2 and 3 give the corresponding results, respectively. The Be

element contained in the sample is not detected due to its small
density. The very slight difference in element composition of three
different spots marked in Fig. 2(a) (see Table 1) reveals that laser
ablation in argon atmosphere does not result in enrichment or
segregation of elements. In contrast, in Table 2, for spots 1 and 2, the
N element is newly introduced into the central and dark regions
after laser ablation in nitrogen atmosphere. Nevertheless, the atomic
percent of N element in the edge region is zero as reflected by spot 3.
As for laser ablation of MG in the air atmosphere, the O element is
detected at every selected spot, as shown in Table 3. At the same
time, the atomic percent of O element in the central and dark re-
gions are higher than that in the edge and non-ablation regions.

From the EDS analysis, it is noted that the N and O elements have
been introduced into the MG surface when laser ablation is per-
formed in nitrogen and air atmospheres, which would change the
phase composition of the laser-ablated areas. To verify this, Raman
spectral measurements are performed on the spots mentioned
above, and Figs. 4(a–c) show the Raman spectral curves of the laser-
ablated areas obtained in argon, nitrogen and air atmospheres, re-
spectively. In Fig. 4(a), the Raman spectral curves of the three spots
are basically the same, and there is no any sharp peak, which further
confirms that no chemical reaction occurs during laser ablation of
MG in argon atmosphere. However, for the spots 1 and 2 in the area
ablated in nitrogen atmosphere, two prominent peaks are observed
at 223 and 530 cm−1 as shown in Fig. 4(b), which is considered to be
the ZrN phase according to some previous literatures [42,43]. In
addition, in Fig. 4(b), the Raman spectral curves obtained for the
spots 3 and 4 are consistent with those in Fig. 4(a), suggesting that
these two regions have not been nitrided. For laser ablation in air
atmosphere, the Raman peaks at 635 cm−1 are observed for the spots

Fig. 2. Optical and SEM morphologies of the laser-ablated areas obtained in three different gas atmospheres: (a) and (b) argon atmosphere; (c–e) nitrogen atmosphere; (f–h) air
atmosphere. The number of laser pulses and peak laser power intensity are 800 and 7.5 × 1011 W/m2, respectively.
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Fig. 3. (a), (c) and (e) present the 3D topographies of the laser-ablated areas corresponding to Figs. 2(a), (c) and (f), respectively. (b), (d) and (f) illustrate the cross-sectional
profiles measured along the white dotted lines marked in (a), (c) and (e), respectively.

Table 1
The element composition of the marked spots in Fig. 2(a) (laser ablation in argon
atmosphere).

Element Zr (at%) Ti (at%) Cu (at%) Ni (at%)

Spot 1 54.93 21.04 13.51 10.52
Spot 2 54.83 21.03 13.54 10.59
Spot 3 54.57 21.11 13.93 10.40

Table 2
The element composition of the marked spots in Fig. 2(c) (laser ablation in nitrogen
atmosphere).

Element Zr (at%) Ti (at%) Cu (at%) Ni (at%) N (at%)

Spot 1 53.54 19.86 10.44 8.28 7.88
Spot 2 48.86 17.49 9.11 7.23 17.30
Spot 3 55.53 20.71 13.52 10.24 0
Spot 4 55.08 20.98 13.31 10.63 0
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1 and 2 as shown in Fig. 4(c), corresponding to the ZrO2 phase [44].
Meanwhile, being similar to the results in Fig. 4(b), the crystalline
phase also does not exist at the edge and non-ablation regions. In
addition, it is noted that although the content of nitrogen element in
air is very high, there is no crystalline peak of nitride on the Raman
spectral curves, which may be due to that oxidation is dominant
during the formation of crystalline phases [45–47]. From the results
of EDS point analysis and Raman spectral measurements, it can be
concluded that local nitridation or oxidation occurs during laser
ablation of MG in nitrogen or air atmosphere, which results in an
inhomogeneous chemical composition of the ablated area.

In order to further verify whether the laser ablation induced
micro-convex will change the amorphous characteristic of the MG
sample, large-area micro-convex arrays were prepared on the MG
surface under different atmospheres, and their surface character-
istics were characterized by XRD. Fig. 5 presents the results. Being
similar to the large-area micro-convex array obtained in argon at-
mosphere as well as the originally polished surface, the XRD pat-
terns of the large-area micro-convex arrays obtained in nitrogen and
air atmospheres also show a broad hump without any crystalline
peaks. This indicates that the content of crystalline phase on the
laser-abalted MG surface is quite low, so that it could not be detected
by the XRD.

3.3. Nanoindentation hardness

As mentioned in the introduction, the introduction of secondary
phase would affect the surface hardness of MG materials. Therefore,
to further investigate the influence of gas atmosphere on the surface
hardness, nanoindentation tests are carried out at each divided re-
gion of the ablated areas. Due to the limited size of some regions,
such as the dark region II in Figs. 2(c) and (f), a relatively small in-
dentation load of 30 mN is used to avoid the indenter from pene-
trating into adjacent regions. The average hardness of different
regions obtained in argon, nitrogen and air atmospheres are shown
in Figs. 6(a–c), respectively. In Fig. 6(a), the average hardness of the
central region I and edge region II are less than that of the non-
ablation region III, which can be well explained by the softening
effect caused by laser thermal shock [37,38]. In contrast, for laser
ablation in nitrogen or air atmosphere, the results in Figs. 6(b) and
(c) show that the softening and hardening effects coexist in the
ablated area. As shown in Fig. 6(b), after ablation in nitrogen at-
mosphere, the average hardness of the central region I is 8.11 GPa,
which is significantly higher than that of the non-ablation region.
However, from the central region I to the dark region II, the average
hardness is greatly reduced from 8.11 GPa to 4.33GPa; while, for the
edge region, the average hardness is recovered to 5.47 GPa, which is
approximately equal to the average hardness of the area ablated in
argon atmosphere. A similar variation trend of average hardness
appears in Fig. 6(c), indicating that the effects of nitrogen and air
atmospheres on the surface hardness of the ablated areas are basi-
cally consistent.

Table 3
The element composition of the marked spots in Fig. 2(f) (laser ablation in air at-
mosphere).

Element Zr (at%) Ti (at%) Cu (at%) Ni (at%) O (at%)

Spot 1 49.51 15.13 5.46 4.94 24.96
Spot 2 29.97 12.02 9.32 6.30 42.39
Spot 3 49.31 18.76 12.22 9.16 10.55
Spot 4 50.98 19.31 12.72 9.50 7.49

Fig. 4. Raman spectral curves of the different spots obtained in (a) argon, (b) nitrogen, and (c) air atmospheres.
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4. Discussion

4.1. Effects of gas atmosphere on the chemical composition of the
ablated area

The above results indicate that laser ablation in nitrogen or air
atmosphere will lead to local nitridation or oxidation of the Zr-based
MG. In fact, this local nitridation or oxidation could be attributed to
the Gaussian distribution of the laser beam intensity. During laser
ablation, the laser energy deposited in different regions is different,
resulting in a temperature gradient in the ablated area. Around the
center of the ablated area, including the central region I and the dark
region II, the temperature is relatively high, so those regions are
more likely to be nitrided or oxidized; while the edge region III re-
tains the intrinsic amorphous properties owing to the relatively low
temperature. In addition, compared to the edge area III, the central
area I and the dark area II are closer to the laser ablation induced
high-temperature plasma, which may also promote the nucleation of
crystals [31]. It is worth noting that no matter laser ablation is
performed in nitrogen or air atmosphere, the degree of nitridation or
oxidation in the dark region II is higher than that in the central re-
gion I, which is reflected in the higher atomic percent of N or O
element in the EDS analysis and more prominent crystalline peak of
ZrN or ZrO2 phase on the Raman spectral curves. Fig. 7 presents the
possible reason. As illustrated in Fig. 7, with the role of recoil

pressure and the expansion of the plasma plume, the alloy melts in
the center of ablated area are squeezed away to form the pileup, and
correspondingly, the crystalline phases formed in the central region I
will flow radially outward along with the alloy melts. However,
during the outward flow of the crystalline phases, the pileup might
act as a strong boundary so that the crystalline phases cannot pass
through it, leading to the formation of a ring-like accumulation re-
gion, i.e. dark regions II as shown in Figs. 2(c) and (f). Meanwhile, the
formation of ring-like accumulations will lead to an increase in
height of the micro-convex, and this may be one reason why the
micro-convex obtained in nitrogen and air atmospheres is higher
than that obtained in argon atmosphere. On the other hand, the
presence of crystalline phases will affect the flow of the alloy melts
during the cooling process, resulting in a significant difference in
surface morphology of the laser-ablated areas obtained in three
different gas atmospheres.

4.2. Effects of gas atmosphere on the surface hardness distribution of
the ablated area

Surface hardness plays an important role in surface engineering
applications of MGs. The above results suggest that after laser ab-
lation in argon atmosphere, the whole ablated area exhibits a de-
creased surface hardness, which could be attributed to the increase
in free volume caused by laser thermal shock [48,49]. It is worth

Fig. 5. 3D topographies of the large-area micro-convex arrays obtained in three different gas atmospheres: (a) argon atmosphere, (b) nitrogen atmosphere, and (c) air atmosphere.
The number of laser pulses and peak laser power intensity are 800 and 7.5 × 1011 W/m2, respectively. (d) XRD patterns of the large-area micro-convex arrays obtained in different
gas atmospheres as well as the originally polished surface.
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noting that the rapid heating during laser ablation can also lead to
surface softening, which is associated with excess stored enthalpy

[50]. Compared to the entire softened phenomenon, an interesting
finding of this study is that the hardening and softening effects co-
exist in the area ablated in nitrogen or air atmosphere, i.e. the dark
and edge regions with the hardness lower than the non-ablation
region, and the central region with the hardness much higher than
the non-ablation region. According to the comparative results of the
phase composition, it is clear that the secondary phase has been
introduced into some local areas after laser ablation in nitrogen or
air atmosphere. Previous studies [37,51] indicate that the introduc-
tion of secondary phase into MGs has a positive influence on the
surface hardness, i.e. the higher the content of secondary phase, the
higher the surface hardness. Accordingly, when laser ablation is
performed in nitrogen or air atmosphere, the hardening effect
caused by the introduction of secondary phase and the softening
effect due to the laser thermal shock compete with each other, de-
termining the final surface hardness. The local hardening and soft-
ening observed in this study can be explained by this competitive
mechanism. For the central region with a relatively high content of
secondary phase, the hardening effect is dominant, leading to the
increase in surface hardness; while, for the edge region with a re-
latively low or even zero content of secondary phase, the softening
effect is dominant, resulting in the decrease in surface hardness.
However, there is a discrepancy that the dark regionwith the highest
content of secondary phase exhibits the lowest surface hardness.
This phenomenon may be due to the difference in the topography
between the dark region and other regions. As shown in Figs. 2(d)
and (g), compared to other regions, the dark regions display more
significant porosity, indicating a loose internal structure. This loose
structure will result in a substantial decrease in surface harness. In
addition, the laser thermal shock can also lead to softening of this
region. In order to further analyze the influence of loose structure on
surface hardness in the current study, Figs. 8(a–c) present the re-
presentative load-depth curves corresponding to laser-ablated areas
obtained in argon, nitrogen and air atmosphere, respectively. It is
seen that for region II, the slope of the loading curve changes

Fig. 6. Nanoindentation hardness measured in the different regions ablated in (a) argon, (b) nitrogen, and (c) air atmospheres.

Fig. 7. Schematic diagram illustrating the generation and location of crystalline
phases when laser ablation is performed in nitrogen or air atmosphere.
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obviously at a certain point (see Figs. 8(b) and (c)). Before the in-
flection point, the indentation depth increases rapidly with a slight
increase of the indentation load, which confirms the relatively low
hardness of the upper loose structure. Therefore, with the combined
influence of laser thermal shock, the introduction of secondary
phase as well as laser ablation induced loose structure, the area
ablated in nitrogen or air atmosphere exhibits a gradient fluctuation
in surface hardness.

5. Conclusions

In summary, nanosecond pulsed laser ablation of Zr-based MG
was performed in three typical atmospheres (i.e. argon, nitrogen,
and air), and the surface microstructures, chemical composition, and
nanoindentation hardness of the laser-ablated areas were char-
acterized and comparatively analyzed in detail. The main conclu-
sions are as follows:

(1) For these three different atmospheres, although all laser-ablated
areas displayed the micro-convex, their surface morphology and
element composition were quite different. The EDS analysis and
Raman spectral measurements indicated that local nitridation or
oxidation occurred during laser ablation of MG in nitrogen or air
atmosphere. Accordingly, the dark region formed after laser
ablation in nitrogen or air atmosphere was attributed to the
introduction of secondary phase and its flow.

(2) After laser ablation in argon atmosphere, the ablated area
showed typical softening. Differently, the surface hardness of the
area ablated in nitrogen or air atmosphere exhibited a gradient
fluctuation. In the center of the ablation area, the surface hard-
ness was much higher than that of the non-ablation region. From

the central region to the dark region, the surface hardness was
greatly reduced to much less than that of the non-ablation area,
and then its value was slightly increased from the dark region to
the edge region, but still less than that of the non-ablation re-
gion. This gradient fluctuation in surface hardness was attrib-
uted to the combined influence of laser thermal shock, the
introduction of secondary phase as well as laser ablation in-
duced loose structure.

This study reveals that the microstructures and mechanical
properties of the micro-convex formed after laser ablation are
strongly dependent on the employed gas atmosphere. In our future
work, the characteristics of sub-micron and nanometer level of laser-
ablated areas would be further studied by using the transmission
electron microscopy (TEM) when it is available.
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