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A B S T R A C T   

Laser shock peening (LSP) has been shown to be an effective technique to improve the plasticity of metallic 
glasses (MGs) by inducing residual stress and structural rejuvenation. However, the microstructural evolution 
and viscoelastic properties of MGs after LSP remain largely unknown. In this paper, the dynamic mechanical 
properties of Zr-based MG before and after LSP treatment were investigated. An abnormal increase of storage 
modulus near the glass transition temperature (Tg) was observed after LSP. An increased deviation between the 
dynamic mechanical result and the quasi-point defect (QPD) theory prediction was also observed after the LSP 
treatment. A competing mechanism between the liquid-like region change and the pre-existing fringe-like pre
cipitations is proposed to explain the unusual dynamic behaviors of MGs after LSP treatment. The results provide 
insightful information about the microstructural changes and viscoelastic properties of the MGs after LSP.   

1. Introduction 

Laser shock peening (LSP) is an attractive surface strengthening 
technique and has been shown to be beneficial for improving the me
chanical properties of metallic components, such as fatigue life and 
plasticity [1–4]. This technique relies on a powerful compression shock 
wave generated by a high-energy density, very short duration laser pulse 
[5]. The amplitude of the shock wave is high enough to cause irrecov
erable deformation until the amplitude falls below the dynamic yield 
strength of the material. 

Due to ultra high shock pressure and extremely short loading time, 
LSP obviously modify the grain structure and size of polycrystalline 
metal materials, so as to change the mechanical properties of the ma
terial. Many researchers have paied their attention on it. For example, 
Zhang et al. researched the effects of multiple laser peening on the fa
tigue performance of Ti-6A-l4V alloy [6]. The highly tangled and den
sedislocation arrangements were found near the surface of LSP 
treatment specimen. LSP treatments with three overlapped laser spots 
provided three times increase in the fatigue life as compared with as cast 
sample. Based on a dislocation density-based con-stitutive model, Wang 

et al. studied the process of grain refinement induced by LSP in metal 
components by a finite element method, which shown that the surface 
dislocation cell sizes of copper decreased exponentially with the peak 
pressure of shock wave increased [7]. They also pointed out that the 
laser spot overlap ratio of 75% made more uniform distribution of the 
refined dislocation cell sizes. Besides, Prabhakaran et al. studied the 
topographical changes induced by laser shock peening without coating 
in austenitic stainless steel [8]. They found many significant changes, 
such as increased microhardness and decreased wettability on the sur
face. Multidirectional mechanical twinning, dislocations lines and 
stacking faults were also shown in the results of TEM. Furthermore, 
Kalainathan et al. systematically analyzed the development of low en
ergy LSP in recent years and believed that it was worth enough to study 
in the fields of metal matrix composites and single crystals [9]. 

However, the studies mentioned above mainly focus on the effects of 
LSP on crystal alloys. For metallic glasses (MGs), the absence of grain 
makes new response mechanisms to LSP and relevant studies are poorly 
reported. Although some researchers considered LSP as an effective 
method for reducing the brittleness of metallic glasses (MGs) due to the 
extra-deep residual stress region and obvious structural rejuvenation 
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[10–12]. For instance, Cao et al. achieved a 0.6% compression plastic 
increase of Zr-based MG by applying three consecutive tracks of LSP to 
the sample surface [13]. Ji et al. have also reported that LSP can facil
itate the formation of shear bands and promote the plastic deformation 
of MGs [14]. Our understanding of the micro-scale response of MGs to 
dynamic loading remains still limited. Wang et al. reported that a dual- 
step strain variation occurred in LSP-treated MGs during quasi-static 
compression tests, which was related to the homogenization and anni
hilation of interconnected “weak spots” [15]. Zhu et al. measured the 
change in the free volume of MG after LSP in terms of structural relax
ation exothermic enthalpy [16]. They attributed the decrease in hard
ness and increase in plasticity to the creation of excess free volume 
during LSP. By means of the depth-sensing method in grid nano
indentation, an abnormal change in free volume is also found in the 
shock-affected region of MGs in our previous work, which can be 
attributed to the fluctuations of the structural heterogeneity induced by 
the release stress wave [17]. However, this so called “weak spots” have 
thermodynamically and kinetically metastable nature. It has also been 
noted that a structural relaxation occurs when MGs are annealed below 
the glass transition temperature (Tg) [18], while LSP treatment can 
promote an obvious ‘‘rejuvenation’’ phenomenon [12]. This provides an 
interesting opportunity to investigate the relationship between the 
microstructural changes and dynamic mechanical responses in MGs 
after LSP treatment. 

In this study, the dynamic mechanical response of Zr-based MG 
before and after LSP was investigated by dynamic mechanical analysis 
(DMA). An abnormal increase in storage modulus was observed near the 
Tg after LSP. The origin of this unique phenomenon is discussed in detail. 
The LSP-induced structural changes in MG were also studied. Addi
tionally, the effects of structural changes on the dynamic mechanical 
response were evaluated. 

2. Experimental procedure 

A master alloy of Zr41.2Ti13.8Cu12.5Ni10Be22.5 (at.%) was prepared by 
arc melting the pure elemental constituents (99.99%) together in a pure 
argon atmosphere. The ingots were re-melted several times to ensure 
chemical homogeneity. Then, they were suck-casted into a water-cooled 
copper mold to prepare the MGs. A Q-switched Nd: YAG pulse laser with 
1,064 nm wavelength was used to perform the LSP (pulse duration: 30 
ns, maximum pulse energy: 2.5 J). The ablative coating layer was 
aluminum foil (~40 μm). Purified water was chosen as the confining 
medium to limit the laser irradiation. 

According to our previous work [12,19–21], the higher or lower laser 
energy may destroy sample or weaken the effect of LSP on structure 
evolution. The laser power density of 4 GW/cm2 presentes a better 
result, which can not only introduce a deeper plastic affect zone, but also 
keep sample unbroken. As a result, a large amount of free volume is 
induced due to microstructure change. In order to obtain the optimal 
effect, the same laser power density was selected in this paper. The 
impact spot was an approximate circle with a diameter of 2.5 mm. 
Moreover, a repetition rate of 50% between adjacent spots was adopted. 
The microstructure of the samples was examined by X-ray diffraction 
(XRD) analysis on a Philips PW 1050 X-ray diffractometer (Philips 
Electronics N.V., Amsterdam, The Netherlands) with Cu Kα radiation 
and transmission electron microscopy (TEM) on a FEI Tecnai G2 trans
mission electron microscope (FEI Co., Hillsboro, OR, USA) operating at 
200 kV. 

The dynamic mechanical measurements were carried out on a TA 
DMA Q800 dynamic mechanical analyzer (TA Instruments, New Castle, 
DE, USA) with a single-cantilever bending mode in a nitrogen-flushed 
atmosphere. The specimen was carefully pre-polished to reduce rough
ness and remove surface defects. To determine the temperature spec
trum, DMA experiments were performed at fixed frequencies of 1, 2, 8, 
and 16 Hz during continuous heating from room temperature (RT) to 
748 K with a constant heating rate of 3 K/min. The isothermal frequency 

spectrum was obtained at a given temperature with frequencies ranging 
from 0.1 to 16 Hz. Bar samples with a size of 35 mm× 2mm× 1mm were 
machined from the MG plate for the mechanical spectroscopy study. 

3. Results and discussion 

The temperature dependence of the storage modulus of MGs before 
and after LSP treatment at different loading frequencies are shown in 
Fig. 1. The results in Fig. 1(a) reveal that the storage modulus of the as- 
cast sample shows a slight change at the temperature lower than 550 K, 
the MG exhibits elastic behavior and the viscoelastic component is 
negligible. The slight decrease with increasing temperature can be 
attributed to the residual stress relief [22]. With further increase of the 
temperature, the storage modulus starts to decrease rapidly and exhibits 
a clear sigmoidal change near the Tg. The drastic drop in the storage 
modulus is associated with the mechanical relaxation related to atomic 
motion (reorganization of the metastable amorphous structure) as the 
transition from a glassy solid state to a viscous liquid occurs. The 
maximum change of the storage modulus usually occurs at the Tg point 
where two tangent lines intercept. Eventually, the storage modulus re
covers and increases drastically with increasing temperature due to the 
crystallization. It should be noted that an abnormal increase of the 
storage modulus near the Tg was observed at the frequency of 16 Hz. 
This unique phenomenon can also be quantified as the parameterΔE′/ 
E0

′. As shown in Fig. 1 (c), ΔE′/E0
′ has a slight change at the frequencies 

of 1, 2, and 8 Hz, and then increases to 0.08 at 16 Hz. In addition, the 
temperature of Tg has a little right shift at 16 Hz, compared with other 
frequencies. These results on the changes of the storage modulus with 
frequency near the Tg are consistent with those of previous studies 
[23,24]. The reason for this is that the glass transition acts as an atomic 
relaxation that involves cooperative segmental motion whose rate de
pends on temperature. With the increase of the test frequency, more 
movement of the atoms will be required to match the applied frequency, 
thus the temperature of the atomic relaxations shifts to a higher tem
perature. Consequently, the Tg point will increase with increasing fre
quency. However, this is not the actual case in MG after LSP. It should be 
noted that a delayed fall in E’ after LSP at 1 Hz can be observed in Fig. 1 
(b). With the increasing frequencies, the storage modulus in turn ex
hibits a slight increase near the Tg compared with the as-cast samples. As 
shown in Fig. 1 (d), the amplitude of ΔE′/E0

′ has a positive correlation 
with the frequency. Previous studies showed that the abnormal increase 
in the storage modulus near the Tg may be induced by the precipitated 
phase in the amorphous matrix [25–28]. Therefore, in this study, the 
microstructure of the samples was examined by XRD analysis (as shown 
in Fig. S1). For the MG before and after LSP treatment, only a broad 
diffraction peak, without distinct sharp crystalline peaks, can be 
observed, indicating their no grains exist. In addition, the second phase 
was also not detected in the samples that heated up to 633 K during the 
dynamic mechanical test. 

The TEM bright field (BF) images of as-cast and LSP-treated samples, 
as well as the as-cast sample continuously heated up to 633 K at a fre
quency of 16 Hz in DMA test (also called the post-DMA sample) are 
shown in Fig. 2. No distinct contrast is observed in the as-cast sample, 
and the corresponding selected area electron diffraction (SAED) pattern 
shows a broad diffraction halo, implying that the structure of the as-cast 
sample was completely amorphous. The HRTEM micrograph displayed 
in Fig. 2 (b) also confirms the amorphous structure without any nano
crystallization. The TEM image of the LSP-treated sample displayed in 
Fig. 2 (c) shows no significant change in the BF image and a SAED 
pattern is observed except that the diameter of the diffraction halo is 
increased from 0.8398 1/Å to 0.8489 1/Å. In fact, the size of the 
diffraction ring corresponds to the average atomic distance in amor
phous systems [29]. The change in the diffraction halo indicated that a 
shrinking of the mean nearest neighbor atomic spacing had occurred due 
to the LSP-induced residual stress. In addition, the microstructure of the 
LSP-treated sample was further analyzed by HRTEM analysis. Lattice 
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fringe-like precipitations of less than 3 nm are observed, which are clear 
evidence of the formation of a crystal-like ordered structure in a short- 
range scale. The TEM image of the post-DMA sample is shown in 
Fig. 2 (e) for comparison. It reveals that the diameter of the diffraction 
halo in the post-DMA sample shows a similar trend as the LSP-treated 
sample, which increases from 0.8398 1/Å to 0.8544 1/Å. Although 
both methods lead to the densification of the atomic structure, the 
process occurs through entirely different mechanisms. The compression 
residual stress induced by LSP results in atomic compaction in the MG 
samples, but the atomic densification during the DMA test is the result of 
relaxation, accompanied by the transition of the atom from its non- 
equilibrium state to its equilibrium state. More importantly, the length 
of the lattice fringe-like precipitations increased to a large scale (exceed 
to 5 nm) in the post-DMA samples, which corresponds to the obvious 
phase transformation that occurs during the dynamic relaxation at a 
high frequency. Martin et al. reported that the amorphous structure still 
retained a maze pattern in the HRTEM image if the samples were 
annealed near Tg [30]. The result does not reveal the reason for the 
thermal-induced structural transformation during dynamic mechanical 
loading. Therefore, the appearance of the lattice fringe-like pre
cipitations can be ascribed to the high frequency loading effect. In 
general, the lattice fringe-like precipitation has a higher elastic modulus 
compared to the glass matrix. It is well established that when polymers 
with disorder structure are blended together, the dynamic modulus E’ of 
the composite are often found to obey the “rule of mixtures” [31]: 

Ec(T) =
∑

i
φiEi(T) (1)  

where φi denotes the volume fraction of the ith component and Ei its 
modulus at temperature T. Similarly, for MG, the modulus measured by 
DMA can be regarded as a mixture modulus of the ordered and amor
phous phases. The widely distributed lattice fringe-like precipitations 
contribute to the increase of the storage modulus at a proper condition. 

In addition, the apparent storage modulus that can be efficiently 
modified is associated with the lattice fringe-like precipitations and the 
high-temperature induced disordered cohesive element (liquid-like 
zone). The fully disordered sample that became partly ordered after the 
LSP treatment at RT shows a higher storage modulus upon subsequent 
dynamic thermal-mechanical loading. A similar result can be obtained 
in cyclic loading with 0.4% elastic strain of the ZrCuFeAl MG [27]. Both 
cases show that the mechanical loading can result in the generation of a 
crystal-like ordered structure, which disappears upon subsequent heat
ing near the Tg. The structural transitions modify the behaviors of the 
storage modulus without affecting the rheological behavior. However, 
the change of the storage modulus may be insensitive at a lower fre
quency due to the different time scales for structural relaxation. 

In fact, the appearance of the pre-existing local precursor could 
significantly affect the dynamic viscoelastic behavior of MGs. The var
iations of ln(tanδ)vs the frequency and temperature at various temper
atures before and after the LSP treatment are shown in Fig. 3. According 
to the quasi-point defect (QPD) model, the ln(tanδ)can be expressed as 
[32–34]: 

ln(tanδ) = −
Eα

KT
− χlnω − χlnτ* + λ (2)  

Fig. 1. Temperature dependence of storage modulus at different frequencies: (a) as-cast samples, (b) LSP-treated samples. The inset is an enlarged version of the 
marked area. E0 denotes the initial storage modulus at RT and Tg is the glass transition temperature. The variation of the Tg and the different values of the storage 
modulus with respect to the as-cast sample under 1 Hz at the Tg: (c) as-cast samples, (d) LSP-treated samples. 
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where Eα denotes the apparent activation energy, and K is the Boltzmann 
constant, λ is a constant, ω is the angular frequency, χ is a correlation 
factor ranging from 0 (full order) to 1 (full disorder), which is linked to 
the quasi-point defect concentration. τ* = t0(τβ/t0)1/χ , t0is a time scale 
parameter, τβis the mean activation time of one structural unit, Within 
the framework of this model, the system remains in an iso-structural 
state when the temperature is below Tg, meaning that the correlated 

factor χ is constant [32]. As shown in Fig. 3 (a), the slope χ in the low- 
frequency region retains a constant value which is consistent with the 
predictions of the QPD theory. With the increased frequency, it trans
forms into a non-linear dependency, which does not fully obey the 
above-mentioned model. This phenomenon becomes more severe for 
samples after the LSP treatment. As shown in Fig. 3 (b), the nonlinear 
transformation occurs prematurely towards the lower frequency region. 

Fig. 2. . Changes in bright field images: (a) as-cast, (c) LSP-treated, (e) as-cast continuously heated up to 633 K at a frequency of 16 Hz in the DMA test. Inserts: 
corresponding selected area electron diffraction pattern. HRTEM images: (b) as-cast, (d) LSP-treated, (f) as-cast continuously heated up to 633 K at a frequency of 16 
Hz in the DMA test. The local ordered structure in nanometers scale is seen in the HRTEM images. 
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However, the microstructural evolution of MGs during dynamic me
chanical loading is a thermal-mechanical coupling process, which is 
induced by both the external thermally-activated effect and mechanical 
cycling excitation. A larger loading frequency can significantly influence 
the apparent activation energy of diffusion and nucleation, which can 
subsequently lead to partial nanocrystallization of MGs. The higher the 
loading frequency is, the more likely the crystallization is to occur [27]. 
On the other hand, when the MG is subjected to the LSP treatment, the 
stress wave is decomposed into two states, namely the shear stress along 
the maximum shear plane and the hydrostatic compression in the impact 
direction [35]. The shear stress causes the atoms to move along the 
shearing direction, thereby leading to an increase in the free volume 
associated with atomic dilatation [36]. However, the hydrostatic 
compressive stress can decrease the energy barrier of MGs for crystal
lization, which in turn results in increased nucleation rate and leads to 
the occurrence of the ordered phase [37]. The values of ln(tanδ) vs. 
1000/T for samples before and after LSP are displayed in Fig. 3 (c) and 
(d). When temperature is below Tg, it is noted that the internal friction of 
as-cast MGs with low-frequency loading (1, 2, 8 Hz) increases linearly 
with increased temperature, exhibiting an obvious elastic relaxation 
behavior. Instead, high-frequency loading (16 Hz) can induce power- 
exponential function distribution of ln(tanδ), which results from the 
appearance of the lattice fringe-like precipitations. It should be noted 
that the dynamical response of the pre-existing local precursor is also 
observed in the LSP-treated sample, as shown in Fig. 3 (b). 

Due to the limitations of the experimental conditions, the dynamic 
response within the frequency range across several orders of magnitude 
is difficult to obtain. Therefore, a master curve within a wide frequency 
range is obtained based on the time-temperature equivalence principle 
[38]. Firstly, a set of frequency spectra under different temperature were 
measured in the same frequency range. Then, the frequency spectra at a 
given temperature was took as a reference line, the others move hori
zontally to obtain the master curve. For simplicity, 633 K was selected as 
the reference temperature of the axial, A typical master curve of the 
storage modulus E’/Emax in MG before and after the LSP treatment is 
shown in Fig. 4(a). It reveals that the LSP-treated sample has a lower 
storage modulus in the low-frequency region, but exhibits a higher 
storage modulus in the high-frequency region, which is consistent with 
the results in Fig. 1. For loss modulus, after LSP, the peak of loss modulus 
shifts to a lower frequency region obviously, as shown in Fig. 4 (b). Since 
the relaxation time is close to the reciprocal of the frequency, the lower 
frequency implys lower atomic mobility and longer characteristic 
relaxation time at the same temperature, which is inconsistent with 
previous reports [39,40]. Based on the QPD theory, the structure of the 
amorphous material is frozen when the temperature is below Tg [32], 
which considers that the local movements can only occur in the “weak 
spot” when the material obtains activation energy from outside, thus the 
systems should be softening with higher atomic mobility. Certainly, the 
TEM results provide an appropriate alternative explanation. The MGs 
can be viewed as tightly bonded atomic clusters that overlap to form the 

Fig. 3. . Frequency dependence of the loss factor tan δ of (a) as-cast and (b) LSP-treated samples. The relationship between the internal friction ln(tanδ)and 1000/T 
for (c) as-cast samples and (d) LSP-treated samples. 
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percolating “skeleton” of the glassy structure with loosely bonded 
liquid-like regions when subjected to the pre-deformed treatment [41], 
which is also referred to as ‘‘mechanical rejuvenation’’. The LSP treat
ment can bring in a large number of liquid-like regions in the glass 
matrix due to the shear stress. Furthermore, the high pressure of the 
laser shock wave can significantly reduce the activation energy barrier 
for crystal nucleation, which is confirmed by the appearance of the 
lattice fringe-like precipitations of MGs after the LSP treatment. The 
abnormal increase in the storage modulus of MGs after LSP could result 
as a consequence of the competition between the liquid-like region 
change and the pre-existing fringe-like precipitations. 

4. Conclusion 

The dynamic mechanical properties of Zr-based MG before and after 
LSP treatment were investigated. An abnormal increase in the storage 
modulus near the Tg after LSP was observed, which was related to the 
appearance of the lattice fringe-like precipitations with several nano
meters. The fully disordered sample, which became partly ordered after 
the LSP treatment at RT, shows a higher storage modulus upon subse
quent dynamical thermal-mechanical loading. An increased deviation 
between the dynamic mechanical result and QPD theory prediction was 
observed at high frequency or after LSP treatment due to the effect of 
pre-existing local precursors. The equivalency of the time and temper
ature method was induced to explain the abnormal increase of the 
storage modulus based on the pre-existing local fringe-like pre
cipitations and the liquid-like region change from the perspective of the 
atomic movement. The results provide insightful information on the 
microstructural changes and viscoelastic properties of the MGs after LSP 
treatment. 

5. Data availability 
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study are available from the corresponding author on reasonable 
request. 
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