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A B S T R A C T   

Characterizing the shear band of metallic glasses (MGs) is meaningful to understand its plastic deformation 
mechanism. However, the direct method for detecting the internal shear bands of deformed MGs with large field 
of view is still lacking. Inspired by the fact that surface defects have the enhanced absorption of laser energy, this 
study attempted to visualize the indentation induced sub-surface shear bands of Zr-based MG by nanosecond 
pulse laser irradiation in argon. The principle was first verified by laser irradiation of the surface scratch, and 
then implemented on the visualization of sub-surface shear bands. The experimental results demonstrated that 
the indentation induced sub-surface shear bands were successfully visualized by nanosecond pulse laser irradi-
ation, and meanwhile, the laser irradiated surface maintained the amorphous characteristic. This study may open 
a new window for exploring the shear band characteristics of MGs upon external loads.   

1. Introduction 

Due to the absence of grain boundary and dislocation, metallic 
glasses (MGs) have excellent wear and corrosion resistance, high hard-
ness and strength [1,2]. However, most of the MGs show quite poor 
plasticity at room temperature under tensile [3,4] or compression stress 
[5–8], which greatly restricts the application of MGs as structural and 
engineering materials. So, improving the plasticity of MGs has become 
one of the hot issues in the field of MGs, and currently, various methods 
have been proposed such as pre-deformation [9,10], introduction of 
elements [11–13], cryogenic cycling treatment [14,15], and ion irradi-
ation [16]. Although these methods have effectively promoted the 
plasticity of MGs, the plastic deformation mechanism of MGs is still not 
clearly clarified. Shear bands are regarded as the main carrier of the 
plastic deformation of MGs, and the brittleness of MGs is closely related 
to the highly localized shear bands [17]. Therefore, a deeper under-
standing of shear bands is the key to developing MGs with good me-
chanical properties. Nevertheless, shear bands are small in size and 
complex in spatial distribution, making them difficult to observe, 
especially to detect the distribution and evolution of internal shear 

bands. Currently, the internal shear bands of deformed MGs are nor-
mally observed by the transmission electron microscope (TEM) [18,19]. 
However, due to its narrow field of view, TEM can only capture very 
limited local information of shear bands, far less than the complete in-
formation. X-ray and other detection methods can be used to reconstruct 
the image of internal shear bands in MGs [19–21], but these methods are 
not a direct way. Therefore, a more direct method with the ability of 
capturing large field of view is required to detect the internal shear 
bands of MGs. Inspired by the fact that surface defects have the 
enhanced absorption of laser energy [22,23], shear bands, as a kind of 
“defects” compared to the MG matrix, might be visualized by laser 
irradiation. Accordingly, to verify this idea, taking the indentation 
induced sub-surface shear bands of Zr-based MG as an example, we 
attempted to realize their visualization by nanosecond pulse laser irra-
diation. By tuning the peak laser power intensity, the indentation 
induced sub-surface shear bands were successfully visualized. 

2. Materials and experiments 

A typical Zr-based MG, Zr41.2Ti13.8Cu12.5Ni10Be22.5 (at. %) was used 
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as the specimen in the experiments due to its high glass forming ability 
and commercial availability. The MG specimen was mechanically 
ground and then polished to achieve a mirror-like surface with a 
roughness around 10 nm. The scratch on the polished surface was a 
typical surface defect. To further demonstrate that the scratch as a 
surface defect had enhanced absorption of laser energy, the polished 
surface was irradiated by a nanosecond pulse laser (wavelength: 1064 
nm, pulse width: 7 ns, repetition frequency: 800 kHz, spot diameter: 
~43 μm) in argon atmosphere with pressure of 0.01 MPa. According to 
some pre-experiments, for visualization of the surface scratch, the 
employed peak laser power intensity, scanning speed and distance be-
tween two adjacent scanning lines were 8.7 × 1010 W/m2, 5 mm/s and 
10 μm, respectively. 

To visualize the indentation induced sub-surface shear bands, the 
indentation experiments of Zr-based MG were performed first by using 
an indentation instrument (DUH-211s, SHIMADZU, Japan) with a py-
ramidal indenter. The loading rate was 50 mN/s and the indentation 

load was 1200 mN. By optical observation using the laser scanning 
digital microscope (LSDM, OLS4100, Olympus, Japan), the indentation 
induced surface shear bands were confirmed around the residual in-
dents. Then, the sample was polished to remove these surface shear 
bands, which was confirmed by optical microscope observation. Finally, 
the sample was irradiated by the nanosecond pulse laser in argon. Fig. 1 
illustrates the experimental procedures mentioned above. Similarly, by 
some pre-experiments, four peak laser power intensities, 8.3 × 1010 W/ 
m2, 8.7 × 1010 W/m2, 9.0 × 1010 W/m2 and 9.5 × 1010 W/m2, were 
selected for the visualization of indentation induced sub-surface shear 
bands, and other experimental parameters were kept constant. 

Morphologies of the residual indents after laser irradiation were 
observed by the LSDM. The amorphous characteristic of the MG was 
checked by an X-ray diffractometer (XRD, D8 Discover, Bruker, Ger-
many) before and after laser irradiation. 

3. Results and discussion 

Fig. 2 shows the optical morphologies of the polished surface with 
two sides irradiated by the nanosecond laser. It is clearly seen that 
compared to the originally polished surface, the scratches on the laser 
irradiated regions become conspicuous, which confirms the fact that the 
scratch as a surface defect has the enhanced absorption of laser energy 
compared with the non-defect regions. 

Inspired by the phenomenon shown in Fig. 2, the feasibility to 
visualize the indentation induced sub-surface shear bands by nano-
second laser irradiation was further explored. Figs. 3(a) and (c) present 
the residual indent (obtained under the indentation load of 1200 mN) 
before and after mechanical polishing. It is confirmed that after me-
chanical polishing, the indentation induced surface shear bands as well 
as the pile-up have been completely removed. By comparing the cross- 
sectional profiles illustrated in Figs. 3(b) and (d), it is noted that after 
mechanical polishing, the change in depth of the residual indent is quite 
small, and only a very thin layer is removed during the mechanical 
polishing. 

The polished indents obtained under the load of 1200 mN were 
irradiated under various peak laser power intensities. Figs. 4(a)-(d) 
present the morphologies corresponding to the peak laser power in-
tensities of 8.3 × 1010, 8.7 × 1010, 9.0 × 1010 and 9.5 × 1010 W/m2, 
respectively. It is seen that the visualization of sub-surface shear bands is 
sensitive to the peak laser power intensity. When the peak laser power 
intensity is too low, the sub-surface shear bands would not be visualized 
as shown in Fig. 4(a); while, when the peak laser power intensity is too 
high, the ripples with a period of about 1 μm are observed on the MG 
surface, rather than sub-surface shear bands (see Fig. 4(b)). The 

Fig. 1. The experimental procedures for the visualization of indentation induced sub-surface shear bands.  

Fig. 2. Visualization of scratches on the polished surface by nanosecond pulse 
laser irradiation. 

M. Cui et al.                                                                                                                                                                                                                                     



Vacuum 202 (2022) 111141

3

formation of these ripples could be attributed to the interaction between 
the incident laser and excited molten surface waves, which has been 
elucidated in our previous study [24]. Nevertheless, as shown in Figs. 4 
(b) and (c), under the peak laser power intensities of 8.7 × 1010 and 9.0 
× 1010 W/m2, the sub-surface shear bands have been successfully 
visualized. As mentioned in the introduction, surface defects such as 
scratches and micro-cracks, have the enhanced absorption of laser en-
ergy compared to the flat surface [22,23]. Compared to the MG matrix, 
the sub-surface shear bands here are regarded as a kind of “defects”, and 
accordingly, more laser energy will be absorbed by them during the laser 
irradiation. This causes the sub-surface shear bands to be visible after 
laser irradiation. Moreover, by comparing Fig. 4(b) with its inset, it can 
be seen that the sub-surface shear bands almost reproduce the positions 
of the original surface shear bands, indicating that the laser irradiation 
does not change the spatial distribution of the shear bands. 

To check whether laser irradiation has changed the amorphous 
characteristic of Zr-based MG, XRD is used to detect the polished surface 
and the surface irradiated under the peak laser power intensity of 9.5 ×
1010 W/m2, respectively. The results shown in Fig. 4(e) indicate that the 
MG maintains amorphous characteristic after laser irradiation. 

4. Conclusion 

In summary, being similar to the surface scratch, the indentation 
induced sub-surface shear bands of Zr-based MG showed different 

absorption characteristic of laser energy compared with the surrounded 
MG matrix, and thus they could be visualized by nanosecond pulse laser 
irradiation in argon. When the other laser parameters were fixed, the 
visualization of sub-surface shear bands was dependent on the peak laser 
power intensity. Furthermore, the visualization by nanosecond pulse 
laser irradiation did not change the amorphous characteristic of the MG. 
This study provides a direct method to visualize the internal shear bands 
of deformed MGs, which is meaningful to the research on shear band 
distribution and evolution. 
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Fig. 3. The optical morphologies of the residual indent (obtained under 1200 mN): (a) before and (c) after mechanical polishing. (b) and (d) show the cross-sectional 
profiles of the dotted lines in (a) and (c), respectively. 
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