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Laser irradiation has been recently used to tune the mechanical properties of metallic glasses (MGs).
However, the mechanism for plasticity improvement by laser irradiation is still not completely clear and
requires further investigation. In this study, nanosecond pulsed laser irradiation is applied on a Zr-based
MG surface under various laser powers, scanning speeds, and numbers of irradiation cycles. Then, the
mechanical properties of the as-cast and laser-irradiated MG surfaces are characterized by nano-
indentation tests. In particular, the indentation hardness, load-depth curve, serrated flow, and residual
indent morphology of the surfaces are compared. The results show that the nanosecond pulsed laser
irradiation softens the irradiated regions; the effect of the irradiation is slightly dependent on the laser
irradiation parameters, and especially the laser scanning speed. Furthermore, laser irradiation consid-
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Nanoindentation erably affects serrated flows in the load-depth curve and shear bands on the top surface, denoting
Softening different plastic deformation characteristics compared with the non-irradiated sample. These differences
Serrated flow could be rationalized in terms of laser irradiation-induced formation of pre-existing shear bands in the
Shear band

subsurface layer, as well as thermal effects. The present results are expected to enhance the general
understanding of the effects of laser irradiation on the mechanical properties of MGs.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction bands only bear a relatively small strain. Hence, a basic approach to

improve the plasticity of MGs is to distribute the applied strain over

Metallic glasses (MGs), formed by very fast cooling of molten
alloys, possess a long-range disordered atomic structure. This
amorphous structure imparts several unique mechanical, chemical,
and physical properties to the MGs compared with their crystalline
counterparts, such as higher strength, hardness, elastic limit, and
wear/corrosion resistance. However, MGs tend to suffer cata-
strophic failures with very limited tensile plasticity due to rapid
propagation of shear bands, which hugely hinders their wider
practical applications as structural and functional materials.

Under applied tensile stress, a dominant shear band uninhibit-
edly propagates in MGs and rapidly reaches a critical shear
displacement, leading to crack initiation. However, other shear
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more shear bands, i.e., stimulating multiple shear bands, which
limit the propagation of individual shear bands [1—3]. Accordingly,
several methods have been proposed to improve the plasticity of
MGs, such as introducing nanocrystalline and second-phase parti-
cles into the amorphous matrix [4—7] or tuning the residual stress
and free volume by pre-deformation [1,8—11].

Recently, laser irradiation was introduced as a way to tune the
mechanical properties of MGs in order to achieve enhanced plas-
ticity. Using laser surface melting (LSM, involving direct laser
irradiation of a MG surface), plasticity improvement was reported
for various kinds of MGs, such as Zrs5CusgAlioNis [12], (Zros55Alp1-
NigosCup3)ogY1 [13], CugesZrazsAlsCor  [7], Zrar2TizgCuras.
NiqoBesy 5 (Vitreloy 1) [14], and so on. For example, Chen et al. [12]
reported that, compared with the as-cast Zrs5CuszgAlgNis MG,
which did not exhibit distinct plasticity, the corresponding LSM-
treated MG showed a compressive plastic strain of 5.3% prior to
fracture. Plasticity improvement was also achieved for various MGs
using laser shock peening (laser irradiation with an absorption
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layer on the MG surface) [15—20]. The enhanced plasticity of irra-
diated MGs was generally ascribed to laser irradiation-induced
complex residual stresses, increase in free volume, formation of
pre-existing shear bands or crystalline phases, and structural het-
erogeneity, as well as to combinations of these effects. Although
many previous studies have explored the mechanism for plasticity
improvement by laser irradiation, the specific origin of this effect is
still not clear and further investigations are required. As plastic
deformation in MGs is related to the formation of localized shear
bands possessing micro/nanoscale features, nanoindentation with
relatively high displacement, load, and time resolution has
emerged as a potential technique to investigate plastic deformation
in MGs [21—25]. By nanoindentation, the changes in mechanical
properties induced by various processing methods can be charac-
terized. Furthermore, by the combined analysis of load-depth
curves and residual indent morphologies, plastic deformation in
MGs could be further understood. In this study, the nano-
indentation method was used to investigate the mechanical
behavior of a Zr-based MG surface irradiated with a nanosecond
pulsed laser. The indentation hardness, load-depth curve, serrated
flow, and residual indent morphology of the as-cast and laser-
irradiated MG surfaces were analyzed and compared.

2. Materials and methods

A Zr415Ti13.8Cuq25Ni1gBesza s MG (Vitreloy 1) slice with diameter
of 10 mm and thickness of 1 mm was obtained from an as-cast MG
rod by wire electrical discharge machining (wire-EDM). To obtain a
smooth surface and at the same time remove the crystallization
layers formed during EDM [26,27], the MG sample was ground
using 400, 800, and 1500 grit sand papers in sequence, then pol-
ished by diamond abrasive paste and cleaned with alcohol. Previ-
ous research [28,29] indicated that during laser irradiation Zr-
based MGs react with nitrogen gas but not with argon gas; hence,
argon gas at a pressure of 0.05 MPa was used as the shield gas. A
Nd:YAG nanosecond pulsed laser system (LR-SHG, MegaOpto Co.,
Ltd., Japan) with a wavelength of 532 nm and a pulse width of 15.4
ns was used to irradiate the MG sample. The laser beam was shaped
into a spot with a diameter of ~85 um. The pulse frequency was
controlled to 1 kHz. Fig. 1 illustrates the laser irradiation path: line
irradiation started from the left side and ended on the right side,
and the total length of one irradiated line was 2 mm. After one line
irradiation, the laser beam was shifted by 45 um along the feed
direction, and thus the overlap width between two irradiation lines
was 40 um. For comparison, tests with different laser scanning
speeds, average laser powers, and numbers of irradiation cycles
were performed on the same sample, corresponding to the five

Feed direction T

Scanning direction
85 um

Fig. 1. Laser irradiation path.

different tested cases listed in Table 1. For each case, a total of 20
lines were irradiated.

The surface microstructure of the laser-irradiated regions was
inspected by field-emission scanning electron microscopy (FE-SEM,
JSM-7600F, JEOL, Japan), whereas the amorphous features of the
sample before and after laser irradiation were characterized by X-
ray diffraction (XRD, D8 Discover, Bruker, Germany). Then, the
irradiated MG surface was further polished with diamond abrasive
paste to produce a mirror surface for subsequent nanoindentation
experiments. Before nanoindentation, the amorphous features of
the irradiated regions after polishing were characterized again by
XRD. Nanoindentation tests were performed on an ENT-1100
nanoindentation instrument (Elionix Inc., Japan) using a Berko-
vich indenter and load-control mode. Three indentation loads (100,
400, and 800mN) were used and the corresponding loading/
unloading rates were set to 2, 10, and 10 mN/s, respectively. The
holding time at the maximum indentation load was 1s for all
nanoindentation tests. For each load, eight nanoindentation tests
were carried out to ensure reliable results. After nanoindentation,
the residual indents were inspected by FE-SEM.

3. Results

Fig. 2 shows the SEM morphologies of the laser-irradiated re-
gions corresponding to the five cases investigated. Periodic mi-
crogrooves are observed for case 1, as shown in Fig. 2(a). The low
scanning speed of 1 mm/s results in large heat accumulation, pro-
moting local temperature increase. Thus, many MG materials are
heated and liquefied, which are further pushed to flow outward by
the recoil pressure, forming microgrooves as well as surrounding
protrusions by subsequent re-solidification. For cases 2 and 3, the
laser pulse tracks are uniformly distributed on the irradiated re-
gions because of the lower heat accumulation for higher scanning
speeds. Along the scanning direction, it can be clearly seen that the
previous laser pulse tracks are partially covered by the subsequent
tracks, and the overlap width is dependent on the laser scanning
speed. As shown in Fig. 2(b) and (c), when the scanning speed in-
creases from 5 mm/s (case 2) to 10 mmy/s (case 3), the overlap width
decreases. For case 4, although the average laser power is increased
to 0.697 W, the laser pulse tracks are still uniformly distributed on
the irradiated region (as shown in Fig. 2(d)) owing to the high
scanning speed of 10 mmy/s, and the overlap width remains un-
changed with respect to that observed for case 3 in Fig. 2(c).
Turning to case 5, after 10 cycles of laser irradiation, the irradiated
region shows a similar laser track distribution to case 3. This sug-
gests that the liquefied MG materials re-solidify before each sub-
sequent laser irradiation cycle, because of the small interaction
volume and very high cooling rate during nanosecond pulsed laser
irradiation. Thus, subsequent laser irradiation cycles merely repeat
the first irradiation process, and the effect of heat accumulation in
the previous cycles on the residual morphology is negligible.

Fig. 3 presents the XRD patterns obtained for the as-cast MG
surface and laser-irradiated regions. The diffraction pattern of the
as-cast MG surface is characterized by a typical broad halo without

Table 1
Experimental parameters corresponding to the five tested cases.

Average laser Laser scanning Number of

power (W) speed (mmy/s) irradiation cycle
Case 1 0.422 1 1
Case 2 0.422 5 1
Case 3 0.422 10 1
Case 4 0.697 10 1
Case 5 0.422 10 10
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Fig. 2. SEM morphologies of the laser-irradiated regions corresponding to the five cases investigated: (a) 1, (b) 2, (c) 3, (d) 4, and (e) 5.
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Fig. 3. XRD patterns measured for the as-cast MG surface and laser-irradiated regions.
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any distinguishable sharp peaks, confirming the amorphous nature
of this sample. For a same laser power of 0.422W, when the
scanning speed is relatively high (5 and 10 mm/s for cases 2 and 3
respectively), amorphous features emerge in the XRD patterns
because of the very high heating and cooling rate during the pulsed
laser-MG interaction. According to the thermal model in Ref. [30],
when the MG surface was irradiated by a single laser pulse with an
average power of 0.422 W, the surface temperature varying with
the time was calculated and illustrated in Fig. 4. It is noted that the
surface temperature is increased very fast, and at about 19.7 ns, it
reaches the maximum value of 4380 K. Accordingly, the average
heating rate is over 101 K/s, and then the surface temperature is
decreased at a cooling rate being over 10'°K/s. The heating and
cooling rates are greatly larger than the critical heating and cooling
rates required for suppressing the crystallization of Vitreloy 1 (200
and 1 K/s respectively) [31], and thus the irradiated surfaces remain
amorphous characteristics. However, some weak crystalline peaks
appear in the XRD pattern of case 1. This is due to the large amount
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Fig. 4. The calculated surface temperature varying with the time when the MG surface
was irradiated with a single laser pulse at the average laser power of 0.422 W.

of heat accumulation at the relatively low scanning speed of 1 mm/
s, which greatly reduces the cooling rate during the laser pulse off,
resulting in nucleation and growth of some crystalline phases. On
the other hand, for cases 4 and 5, even though the average laser
power is increased to 0.697 W or the number of irradiation cycle is
increased to 10, the irradiated regions still show amorphous char-
acteristics because of the high scanning speed of 10 mm/s.

Fig. 5(a) shows the SEM morphology of the laser-irradiated re-
gion of case 1 after polishing. The wrinkled surfaces shown in
Fig. 2(a) become smooth after polishing, and microgrooves are still
observed between the two smooth surfaces. The width of a single
smooth surface is about 70 um, and nanoindentation tests were
performed around the center of the smooth surface, as illustrated in
Fig. 5(a). Fig. 5(b) compares the XRD patterns measured for the as-
cast MG surface and laser-irradiated regions after polishing. All XRD
patterns show amorphous characteristics, indicating that the
crystalline layer formed on the case 1 surface has been removed by
the polishing treatment.

Fig. 6(a) compares the hardness of the as-cast MG surface and
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Fig. 5. (a) SEM morphology of the laser-irradiated region of case 1 after polishing; (b) XRD patterns measured for the as-cast MG surface and laser-irradiated regions after polishing.
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Fig. 6. (a) Hardness of the as-cast MG and laser-irradiated surfaces under an indentation load of 400 mN; (b) hardness measured for the as-cast and case 1 surfaces under different

indentation loads.

laser-irradiated regions under an indentation load of 400 mN. The
average hardness is 6.01 GPa for the as-cast MG surface, decreases
to 5.22 GPa for case 1, and then slightly recovers to 5.44, 5.45, 5.49,
and 5.52 GPa for cases 2, 3, 4, and 5, respectively. Furthermore, for
the same average laser power of 0.422W (cases 1-3), the low
scanning speed of 1 mm/s leads to the largest hardness decrease of
0.79 GPa, and the softening degree measured for laser scanning
speeds of 5 and 10 mm/s is almost the same. For the same average
laser power of 0.422 W (cases 3 and 5), increasing the number of
laser irradiation cycles from 1 to 10 results in a slight increase in
hardness. For the same scanning speed of 10 mmy/s (cases 3 and 4),
the slight increase in laser power also leads to a small increase in
the hardness of the irradiated region. The comparison in Fig. 6(a)
clearly indicates that nanosecond pulsed laser irradiation results in
softening of the Zr-based MG for all five cases investigated, and this
effect is more marked at lower scanning speeds.

Fig. 6(b) shows a comparison of the hardness of the as-cast MG
and case 1 surfaces under different indentation loads (100, 400, and
800 mN). The indentation hardness decreases with increasing
indentation load for both the as-cast MG and case 1 surfaces. This
phenomenon is well known as indentation size effect [32].
Furthermore, under the three different indentation loads exam-
ined, the average hardness of the case 1 surface is much lower than
that of the as-cast MG surface. The results in Fig. 6(b) further
confirm the softening role of the nanosecond pulsed laser
irradiation.

Fig. 7(a) illustrates typical load-depth curves obtained for the as-
cast MG and case 1 surfaces under the indentation load of 100 mN.
For the same indentation load, the penetrated depth for the case 1
surface is 923 nm, which is 68 nm larger than that of the as-cast
surface (855nm). The significant increase in penetrated depth
further indicates the marked softening of case 1. Furthermore,
discontinuous depth bursts, commonly referred to as “serrated
flow” in the field of MGs, appear in the load-depth curves. The load-
depth curve corresponding to case 1 exhibits a more pronounced
serrated flow, compared with that observed for the as-cast MG. This
difference was further investigated using the depth difference
method [33], and the results are presented in Fig. 7(b). For ease of
comparison, the depth difference of case 1 is shifted by 4 nm along
the vertical axis. A single serrated flow in the load-depth curve
results in a sharp peak in the depth difference-load curve shown in
Fig. 7(b). Furthermore, a serrated flow with large depth bursts re-
sults in a large depth difference. From Fig. 7(b), it is noted that much
more sharp peaks with depth difference above 3 nm, appear in the
depth difference-load curve of case 1 compared with that of as-cast
MG. For ease of comparison, the statistic results of the depth dif-
ference being over 3 nm in the load range of 10—100 mN in Fig. 7(b)
are listed in Table 2. Both the number and sum of the depth dif-
ference being over 3 nm for case 1 are greatly larger than those of
as-cast MG. The results in Fig. 7 and Table 2 thus clearly indicate
that nanosecond pulsed laser irradiation promotes the serrated
flow behavior of MG during nanoindentation.
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Fig. 7. (a) Load-depth curves and corresponding depth difference plots (b) obtained for
the as-cast MG and case 1 surfaces under an indentation load of 100 mN. For ease of
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the results, the SEM morphologies are shown for two different Fig. 9. Depth difference-load curves of as-cast and case 1-5 surfaces.
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Fig. 8. (a)—(d) Residual indent morphologies obtained for the as-cast MG surface under indentation loads of 100 mN ((a) and (b)) and 800 mN ((c) and (d)). (e)—(h) Residual indent
morphologies obtained for the case 1 surface under indentation loads of 100 mN ((e) and (f)) and 800 mN ((g) and (h)). For each indentation load, two residual indent morphologies
are displayed, to demonstrate the general validity of the results.
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Table 3
Statistic results of the depth difference being over 5 nm in the load range of 50—400 mN in Fig. 9.
As-cast Case 1 Case 2 Case 3 Case 4 Case 5
Number of depth difference being over 5 nm 3 11 12 8 9 9
Sum of depth difference being over 5 nm (nm) 19 81 69 50 52 51

4. Discussion

The results shown in Figs. 6—9, Tables 2 and 3 indicate that
nanosecond pulsed laser irradiation softens the MG surface,
markedly enhances the serrated flow but substantially suppresses
the surface shear bands. Previous studies [34,35] reported that if
the serrated flow was enhanced, more visible shear bands should
appear around the indent edges. However, the opposite effect is
observed for the laser-irradiated surface in the present study, for
instance in case 1, as shown in Figs. 7 and 8. For this case, the
enhanced serrated flow suggests more operations of shear bands,
while the very few visible shear bands around the indent edges
imply less nucleation and propagation of new shear bands on the
top surface. A similar phenomenon has been reported in our pre-
vious study of pre-compression deformed MG [23], and was
ascribed to the operation of pre-existing shear bands inside the
sample. Recently, re-activation of pre-existing shear bands has
been experimentally confirmed by an adjacent nanoindentation
method [36], and the operation of these pre-existing shear bands
could also promote the serrated flow.

Taking into account the laser-MG interaction, the explanation
based on the re-activation of pre-existing shear bands inside the
sample could also be adopted to rationalize the observed behavior
of the laser-irradiated surface. Previous studies [20,37,38] reported
that after laser shock peening of a MG coated by aluminum foil as
absorption layer and immersed in water to limit the plasma
expansion, large amounts of shear bands appeared on the MG
surface. Fig. 10 presents an example showing the appearance of
shear bands induced by laser shock peening obtained in Ref. [20]
(Figure S2 in Supplementary information of Ref. [20]). Corre-
spondingly, in the present study, as shown in Fig. 11, the removed
layer of laser-irradiated surface by polishing can be regarded as the
absorption layer, playing a similar role to the aluminum foil, while
the argon shield gas has the function of limiting the plasma
expansion. Accordingly, due to the shock pressure, pre-existing
shear bands could have been generated in the subsurface layer of

Fig. 10. An example showing the appearance of shear bands induced by laser shock
peening obtained in Ref. [20].
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Fig. 11. The corresponding relationship between the laser shock peening and laser
irradiation in this study.

the laser-irradiated surface subjected to the nanoindentation tests,
even though they are not visible in the SEM image shown in
Fig. 5(a). For case 1, as only very few shear bands are present on the
top surface, it can be concluded that the enhanced serrated flow is
caused by the operation of pre-existing shear bands inside the
sample. Compared with the MG matrix, pre-existing shear bands
are relatively soft regions [21]. During nanoindentation, the applied
plastic strain is preferentially accommodated by propagation of
these pre-existing shear bands, while the nucleation of new shear
bands on the top surface is substantially suppressed. Therefore, the
indentation hardness decreases for case 1, compared with that of
the as-cast MG. Furthermore, a more prominent serrated flow can
be observed for case 1, for which only very few shear bands are
visible on the top surface. For the same average laser power of
0.422 W, when the laser scanning speed is increased to 5 and
10 mm/s (cases 2 and 3), the overlap width along the scanning
direction decreases, as shown in Fig. 2(b) and (c), i.e., the number of
laser pulses for the same irradiation region decreases. Thus, the
number of pre-existing shear bands for cases 2 and 3 decreases, and
the indentation hardness is slightly recovered. For the same scan-
ning speed of 10 mm/s (cases 3 and 4), the small increase in
indentation hardness for higher average laser power may result
from more significant thermal effects [39—41], which slightly
reduce the plastic flow ability of the MG. Moreover, when the
number of laser irradiation cycles increases from 1 (case 3) to 10
(case 5) at the same average laser power (0.422 W) and scanning
speed (10 mmy/s), the accumulated heat effect in the repeated laser
irradiation cycles may also result in a slight increase in indentation
hardness, although no significant differences emerge between the
surface morphologies shown in Fig. 2.

5. Conclusions

The mechanical properties of the nanosecond pulsed laser-
irradiated surfaces of Zr-based metallic glass (MG) were
compared with those of the as-cast MG surface using nano-
indentation. The results of the experiments indicate that nano-
second pulsed laser irradiation softened the irradiated regions; the
effect of the irradiation showed a slight dependence on the laser
irradiation parameters, and especially the laser scanning speed.
Under an average laser power of 0.422 W and a scanning speed of
1 mm/s, the indentation hardness decreased from 6.01 GPa for the
as-cast MG to 5.22 GPa for the irradiated surface. Furthermore,
compared with the results obtained for the as-cast surface, the
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load-depth curve obtained for the irradiated surface exhibited
enhanced serrated flows, but fewer shear bands were visible on the
top surface of the corresponding residual indents.
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