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A B S T R A C T   

Nanosecond laser shock peening (NLSP) has been proved to be an effective way to enhance the mechanical 
properties of metallic components through modifying the surface microstructures. However, the micro-
mechanism of structure and property fluctuations induced by shock wave propagation is still limited due to the 
intrinsic defects in crystalline materials. Here, NLSP treatment has been performed into the Ti-metallic glasses. 
Owing to the absence of dislocations, grain boundary and phase segregation, the structural signals caused by the 
shock wave could come into sight. According to grid nanoindentation results, the shock-affected region can be 
divided into three sections: (I) the rapid softening region, (II) the recovery region and (III) the matrix region. The 
fronted first pop-in event and the reduced hardness found in the subsurface region provide clear evidence of the 
release wave-induced structural rearrangement. The abnormal change of the average volume of the shear 
transformation zone (STZ) could be explained by a two-step transformation mechanism, due to the fluctuations 
of the “weak spot” induced by the release stress wave. By means of these results, this work provides an op-
portunity to shed light on the common laser-solid interaction.   

1. Introduction 

As an attractive surface treatment technique, Nanosecond laser 
shock peening (NLSP) is usually used to modify metallic component 
surface and enhance their mechanical properties [1–3]. This technique 
relies on a powerful compressive shock wave generated by a high energy 
density, very short duration laser pulse, which propagates from the 
surface deep into the target material to induce a strong compressive 
residual stress that strengthens it [4]. NLSP has obvious advantages, 
such as no contact and heat-affected zone, exceptional controllability 
and impact [5]. Earlier research has shown that NLSP can enhance the 
fatigue and wear resistance performance in the presence of near-surface 
work-hardened layers in conventional metal materials [6–8]. The in-
crease of strength and hardness was attributed to the slip, twinning and 
network of tangled dislocations [9]. NLSP can also be recommended as 

an effective method for reducing brittleness in metallic glasses (MGs). 
The effect of NLSP on the mechanical properties has been studied 
widely, which is beneficial for plasticity improvement in MGs due to the 
appearance of the extra-deep residual stress region, structural rejuve-
nation and abundant embryonic shear bands [10–13]. In addition, the 
combined effect of high hydrostatic and shear stresses was found to be 
able to induce a crystalline-to-amorphous transformation when the 
shock pressure was above a critical threshold value [14,15]. 

Although the response of materials to NLSP has been studied for 
decades, our understanding of the micro-scale response of metals to 
rapid loading remains limited. The residual stress or microhardness 
usually reaches its maximum value nearby the top surface and slowly 
decreases along the laser shocked direction [16,17]. However, a long 
laser pulse duration and high power density may give rise to the loss of 
the compressive stress in the laser spot center in some metal systems [18, 
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19]. The extremes of pressure and temperature produced by shock 
compression may significantly hinder the interaction between the 
microstructural change and shock wave propagation. On the other hand, 
intrinsic defects in metals, such as dislocations, grain boundary and 
phase separations, may cause the impedance mismatch, which in turn 
increases complexity for obtaining the evolution of atomic rearrange-
ment during the propagation of the shock wave [20,21]. A full 
description of shock-induced elastic-plastic deformation is still required 
in some simple systems with simple method. Fortunately, MGs can be 
viewed as suitable candidates for investigating the underlying interac-
tion between the shock wave and solid, due to the absence of disloca-
tions, grain boundary and phase segregation. In addition, numerous 
experimental studies and computational simulations have revealed the 
existence of micro spatial heterogeneity in MGs, which could serve as a 
feasible structural indicator to evaluate their mechanical properties and 
deformation behavior [22–24]. These shock wave-induced microstruc-
tural fluctuations may also provide a new approach to gain a better 
understanding of the common laser-solid interactions. 

The nanoindentation test is commonly used today to explore the 
mechanical properties of MGs, where the depth-sensing method pro-
duces a representative load-displacement curve from the quantitative 
value of the properties [25–27]. Other traditional methods can be 
replaced by a novel grid nanoindentation test, which not only can be 
used as a two-dimensional (2D) tool to determine the local elastic and 
plastic properties of the shock-affected region, but also gain insight into 
the understanding of the structural rearrangement and fluctuations of 
MGs at a particular length scale. 

In this study, the local mechanical properties of NLSP-treated Ti- 
metallic glasses (Ti-MGs) were studied by grid nanoindentation method. 
A large compressive stress loss region was observed around the laser 
spot center. It can be attributed to the dynamical rebound of the stress 
wave in the boundary, which corresponds to an edge effect arising from 
the impossibility of a discontinuity existing between the inner and outer 
sides of the impact region [28]. The structural rearrangements and local 
plastic deformation at the micro-scale are also investigated. 

2. Experimental details 

2.1. Preparation of the samples 

A master alloy of Ti34.3Zr31.5Ni5.5Cu5Be23.7 (at.%) was prepared by 
arc melting high pure metals (99.99%) in a Ti-gettered argon atmo-
sphere. The ingots were remelted more than 5 times to ensure compo-
sitional homogeneity, followed by suction casting into a copper mold. 
Eventually, a 5-mm diameter rod was obtained. 

2.2. Experimental procedures 

Two specimens (20� 4� 3 mm3) cut off from the cylindrical samples 
were clamped with the adjacent surfaces polished. The gap between 
them was less than 5 μm. Then, the specimens were attached to the 
backplate with glue. A Q-switched Nd: YAG pulse laser with 1064 nm 
wavelength was used to treat the samples. The diameter of the focused 
laser spot was about 2 mm, resulting in the power density of 3.9 GW/ 
cm2. During the NLSP process, the ablative coating layer material 
covered on the target was aluminum foil, the purified water was chosen 
as the confining medium, as depicted in Fig. 1(a). 

After NLSP treatment, the nanoindentation tests were conducted at 
room temperature using a Nano Indenter G200 with a Berkovich dia-
mond indenter. The indentations were performed in load-controlled 
mode with the loading rate kept constant at 0.05 mN/s. The 
maximum loading was fixed at 20 mN. For the sake of removing the 
thermal effect, the thermal drift below 0.05 nm/s was maintained. The 
grid indentation was performed by using an indentation matrix (8� 10 
indents), which covered about half of the impact region, as illustrated in 
Fig. 1(b). 

3. Results 

When the pressure wave penetrates the substrate surface and prop-
agates as a shock wave, irreversible plastic deformations can be created 
deep into the shock affected region, which, in turn, can impact the 
mechanical properties and local structural rearrangement in Ti-MGs. 
The 2D maps of the local hardness, local residual plastic depth, local 
elastic modulus, and local viscosity in half of the shock-affected region 
along the laser beam direction, which were prepared by using data from 
the ultra-fast grid indentation experiments with a space of 100 μm, are 
shown in Fig. 2(a)-(d), respectively. The map in Fig. 2(a) reveals the 
presence of an obvious work-hardened layer on the surface resulting 
from the compressive effect of the shock wave. Different from conven-
tional metals, the Ti-MGs in the hardness map display a distinct soft-
ening behavior in the sub-surface when the peened layer depth is 
increased, and then the value is restored at a deeper peened layer depth. 
The shock-affected region was approximately divided, according to the 
value of the local hardness, into three sections, namely the rapid soft-
ening region in subsurface (I), the recovery region in the middle (II) and 
the matrix region (III). The average value of the hardness in these re-
gions was about 4.75, 6.17 and 7.17 GPa, respectively. Notable, the 
boundary of these regions exhibits an oval shape, which may be closely 
associated with the path of the shock wave propagation. Similarly, the 
local plastic depth also displayed a trend corresponding to the hardness 

Fig. 1. (a) Schematic descriptions of the experimental setup for the laser shock treatment, (b) schematic representation of the grid indentation, the y axis represents 
the incident laser beam direction. 
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in the map, as shown in Fig. 2(b). However, there is little consistency 
among the local elastic modulus, viscosity and hardness. 

The indentation hardness and elastic modulus are critical parameters 
for evaluating the elastic-plastic deformation and plastic flow of the 
structural materials. Additionally, the relationship between them is of 
enormous interest to material research. The indentation hardness is 
conventionally defined as the average pressure under the indenter which 
resists to the permanent indentation. The elastic modulus is determined 
by the bonding forces between the constituent atoms, which depend on 
the interatomic distance. From the statistical trend, indentation hard-
ness is viewed as a function of elastic modulus in crystalline structures. 
The ratio of hardness to elastic modulus is a key constraint, which 
reflects the ability for energy dissipation during plastic deformation 
[29]. For MGs with homogenous structure relative to their counterpart 
polycrystal, the ratio of hardness to elastic modulus follows the empir-
ical relationship of H/E�0.05 [30]. However, this is not the actual case 
in NLSP-treated MG systems. The data in Fig. 3(a) reveals that a good 
linear fit was achieved in the matrix region, where there was a high 
correlation with the empirical linear relationship, with a ratio of 0.055. 
In the subsurface region, the ratio was about 0.064, which is slightly 
larger than that in matrix region, while in the middle region, the ratio 

was close to 0.03. The unique ratio of hardness to elastic modulus may 
serve as important evidence to understand the physical mechanisms 
underlying the laser-solid interaction, as will be discussed below. 

The plastic deformation of MGs is essentially different from that in 
crystalline solids, which is usually caused by intense shearing in narrow 
shear bands [31]. The plastic flow is confined in the tiny space along the 
indenter tip. As a result, the shear band propagation is halted once the 
plastic strain is controlled by the cooperative atomic shear motion in the 
shear band. Accordingly, the initiation of plastic deformation in MGs 
during the nanoindentation process is frequently related to a displace-
ment burst, or pop-in Ref. [32]. The first deviation from the elastic stage 
with the first pop-in event indicates a transformation to plastic defor-
mation [33]. In order to systematically analyze the so-called “displace-
ment burst” in the three above-mentioned regions, the representative 
P-h curves are supplied in Fig. 3(b), which exhibit the emblematic 
parabolic shape as well as obvious displacement bursts. Additionally, it 
is observed that the P-h curve in the matrix region shows the ideal 
stair-step-like serrations. In contrast, the pop-in events become weaker, 
and substantially transform into the ripple-shaped or even smooth 
parabolic curves in the middle or subsurface region. Essentially, the 
pop-in events represent the localized inhomogeneous plastic flow under 

Fig. 2. 2D maps of (a) local hardness, (b) residual plastic depth, (c) elastic modulus and (d) viscosity.  
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loading. With more pronounced serrations, the flow is more localized. In 
other words, weaker serrations mean better plastic deformation capac-
ity. In our study, the loading rates for different impacted regions were 
kept constant. Thus, it can be expected that the capacity of plastic flow 
of MGs is changed by the laser shock wave. As shown in the inset of 
Fig. 3(b), the values of the applied load corresponding to the first pop-in 
events, Pc, were determined to be 2.47, 1.76, and 0.98 mN for the ma-
trix, middle and subsurface regions, respectively. This indicates that the 
first pop-in events occur gradually in advance in the subsurface region. 
The decrease of the intensity of the first pop-in event in the subsurface 
region may due to the reduced hardness and resistance to the shear 
event after NLSP treatment. 

In thermal-mechanical coupled framework, the activation of the 
shear transformation underneath the indenter of MGs may occur in any 
stress level. The plastic deformation of MGs is controlled by a cooper-
ative atomic rearrangement termed as STZ [34]. The STZ with dozens of 
atoms is preferentially rooted in the free volume or flow unit-riched 
regions. Thus, the structural rearrangement and fluctuations (the 
change of the content of free volume or flow unit) in different shock 
affected regions can effectively be identified from the activated state of 
the shear event. According to Hertzian elastic contact theory, the acti-
vation volume can be evaluated by means of the statistical analysis. The 
cumulative distribution of strength (Fig. 4) can be regarded as [35]: 

f¼ 1 � exp
�

�
kT _γ0

V�ðdτ=dtÞ
exp
�

�
ΔF�

kT

�

exp
�

τV�

kT

��

(1)  

where kT denotes the thermal energy, ΔF� denotes Helmholtz activation 
energy, and V� is the activation volume of the shear event. The V� can be 
identified as the slope of the linear fit curves shown in inset of Fig. 4, and 
its value obtained by logarithmic conversion. The volume of STZ (Ω) can 
be expressed by Ref. [36]: 

Ω¼
τC0

6R0G0γ2ξð1 � τCT=τC0Þ
1=2V� (2)  

where G0 denotes the shear modulus near absolute zero; τCT and τC0 
represent the shear strengths at finite temperature and near absolute 
zero. 

As shown in Fig. 4, a clear trend can be observed that the upper limit 
of τm is shifted to smaller values from the matrix region to the subsurface 
region, indicating that the yielding occurs more easily after NLSP. The 
parameters for the three regions are shown in Table 1. The volume 

change of the STZ seems to be more complex in those three regions, 
which initially increased from the matrix region to the middle region, 
and then its value decreased from the middle region to the region near 
the surface. However, the value in the subsurface region is still higher 
than that in the matrix region. The structural rearrangement of MGs can 

Fig. 3. (a) Hardness as a function of the elastic modulus: the hardness has a linear relationship with the elastic modulus; (b) the representative load-depth curves in 
the three different regions, the purple arrow indicates the pop-in events. The inset in Fig. 2(b) shows the first pop-in events. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. The cumulative distribution of the shear strength associated with the 
first pop-in event. Inset: Linear fits to the ln [ln (1-f)-1]⋅kT vs τm curves, used to 
estimate the size of STZ in three different regions. 

Table 1 
The values of average hardness, activation volume of the shear event (V*) and 
STZ volume (Ω) in different regions.   

Average 
hardness 
H (GPa) 

Activation volume of the shear event, 
V* (nm3) 

STZ 
volume 
Ω (nm3) 

region I 4.75 0.0101 0.214 
region II 6.18 0.0141 0.299 
region 

III 
7.17 0.0081 0.172  
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be determined by the cooperative shear motion of STZ, which inherently 
depends on the activation volume. From the perspective of the “struc-
tural rejuvenation theory” [12,37], additional free volume or flow unit 
was preferentially activated in the subsurface region, the number and 
size of STZ should be the largest, which is contrary to the 
above-mentioned results. Thus, an unknown mechanism accounting for 
the change of Ω may exist, directing the interaction between solid and 
wave propagation. 

4. Discussion 

Several modelizations have been developed to estimate the induced 
shock wave formation and propagation based on a one-dimensional 
planar geometry, however, which were only valid for short laser pulse 
duration or moderate power density [38–40]. A good understanding of 
the residual stress or hardness distribution requires the accurate pre-
diction of the stress wave propagation during NLSP process. As shown in 
Fig. 5(a), except for the main peak, a release wave was created in the 
subsurface region which tends to create tensile stresses [41]. Therefore, 
the structural rearrangements in the subsurface region can be signifi-
cantly affected by the release waves owing to the change of stress state. 
It has been established that MGs are indeed microscopic heterogeneous 
with discretely distributed “weak spots” (the free volume or flow 
unit-riched regions) [42]. When the shock wave generated by laser 
penetrated MGs, it would promote the diffusive rearrangement of atoms 
and then lead to an increase of the volume fraction of“weak spots” and 
its length scale. However, the residual compressive stress may hinder the 
homogeneous nucleation of “weak spots” in the shocked affected re-
gions. Due to the effect of the surface release wave, the atomic structures 
were rearranged at a particular length scale, in which the larger “weak 

spot” was decomposed into smaller one with concomitant increase in the 
number. The two-step transformation process is shown in Fig. 5(b). 
Thus, from a 2D perspective, MGs behave as a gradient fluctuation in 
both mechanical properties and microstructures in the shock affected 
region. 

5. Summary and conclusions 

In this study, the mechanical and structural fluctuations in Ti-MGs 
after NLSP treatment were characterized by the grid nanoindentation 
method. The shock-affected region was approximately divided, ac-
cording to the dynamical rebound of the released stress wave, into three 
sections: the rapid softening region in the subsurface, the recovery re-
gion in the middle and the matrix region. The first pop-in event 
appearing early as well as the reduced hardness in the subsurface region 
may be attributed to the structural rearrangement and fluctuations 
induced by the release waves. The limit value τm showed a similar trend 
to the nanoindentation hardness in the three regions, which was 
consistent with existence of a link between the elastic-plastic de-
formations in MGs. The average volume of STZ initially increased from 
the matrix region to the middle region, and then its value decreased 
from the middle region to the region near the surface. Additionally, a 
two-step transformation mechanism explained the abnormal change of 
STZ, due to the fluctuations of the ‘weak spot’ induced by the release 
stress wave. 
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Fig. 5. Schematic illustrations of (a) the generation of the release wave by the boundary effect, (b) the two-step transformation process experienced by “weak spots” 
during NLSP process in the subsurface region. 
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