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Abstract: Recent attention has been directed towards tailoring the internal structure and enhancing the plasticity of 
metallic glasses (MGs) via rejuvenation treatments. This work aims to comprehensively review the various approaches 
and underlying mechanisms of inducing rejuvenation in MGs, including thermal-activated methods for deep-cooling 
cycling treatments and annealing-induced regeneration, mechanical-driven methods of pre-elastic loading and plastic 
deformation, thermo-mechanically coupled methods for thermo-mechanical creep and thermoplastic forming, and 
irradiation-induced rejuvenation. Additionally, strategies such as gradient rejuvenation for promoting a favorable 
distribution of free volume gradients to deflect shear bands are discussed for enhancing plasticity. Finally, the review 
delves into the challenges and prospects associated with advancing the development of MGs exhibiting high plasticity 
at ambient conditions. This review is anticipated to contribute to fostering a systematic understanding of the diverse 
methods and mechanisms employed to enhance the plasticity of MGs via rejuvenation treatments. 
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1 Introduction 
 

Compared with traditional crystalline alloys, 
amorphous alloys, commonly referred to as metallic 
glasses (MGs), are characterized by rapid cooling 
from a supercooled liquid, resulting in a three- 
dimensional disordered arrangement of atoms. The 
unique atomic structure of MGs contributes to their 
exceptional mechanical, chemical, and physical 
properties, such as high strength [1−4], high 
hardness [1,5,6], corrosion resistance [7−9], high 
magnetic properties [10−12], and efficient catalysis 
[13−15], which have important application potential 
in the aerospace, military, and electric power 

industries, as well as in medicine, sports, catalysis, 
and other fields (see Fig. 1). 

As we know, the deformation of MGs exhibits 
highly localized characteristics, that is, a large 
amount of plastic strain is concentrated in the shear 
band (SB) region with a thickness of only tens to 
hundreds of nanometers. Once the SB is generated, 
it is easy to expand, leading to the catastrophic 
fracture of the MG during deformation. MG 
exhibits typical room-temperature brittleness, one 
of the biggest problems hindering its development 
and applications [16]. For a long time, enhancing 
the plasticity of MGs has been the focus of 
researchers, who have made many efforts and 
attempts, such as customizing composition [17−19], 
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Fig. 1 Excellent properties and applications of MGs 
 
adjusting Poisson ratio [20−23], controlling free 
volume [19,24−31], designing heterogeneous 
structures [32−34], tailoring stress states [25−40], 
and developing composite materials [41,42]. 

It is well known that MGs are metastable 
materials with different energy states under 
different preparation conditions. The process of 
changing from a high energy state to a low energy 
state is termed relaxation, whereas the process of 
changing from low energy to a high energy state is 
called rejuvenation. Figure 2 shows a schematic 
diagram of the rejuvenation and relaxation process 
of MGs [43]. In general, the more rejuvenated the 
bulk metallic glasses (BMGs), the larger the shear 
transition zone volume (ΩSTZ). The increase in ΩSTZ 
implies an increase in the average atomic spacing, 
and the BMG acquires a loose structure [25]. At the 
same time, the rejuvenation BMG in the higher 
energy state has more free volume (FV) and  
greater plasticity [44−47]. Many methods have been 

 
Fig. 2 Schematic diagram of rejuvenation and relaxation 
process in MGs [43]  
 
attempted to promote the rejuvenation of MGs. To 
reach higher energy states, such as thermal- 
activated (e.g., deep cryogenic cycling treatment 
(DCT)) [26,27,48−53] and annealing-induced 
rejuvenation [44,54−58]), mechanical-drive (e.g., 
elastic preloading [52,59−64] and plastic 
deformation [46,65−71]), and thermo-mechanical 
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coupling (e.g., thermo-mechanical creep [45,72−75] 
and thermoplastic deformation [76−80]). Besides, 
irradiation can also promote local defect generation 
and atomic rearrangement, leading to the 
rejuvenation of MGs [30,81,82]. While the 
researchers proposed various methods and effects of 
rejuvenation on MGs, there is no specific review 
paper on enhancing plasticity via rejuvenation and 
will contribute to a systematic understanding of the 
diverse methods and mechanisms used to enhance 
the plasticity of MGs via rejuvenation treatments. 
 
2 Thermal-activated approach for 

rejuvenation 
 
2.1 Deep cryogenic cycling treatment 

DCT can effectively improve the plasticity   
of BMGs [26,27,48−53,83,84]. Table 1 lists the 
thermal, physical, and mechanical properties of 
some Zr-based BMGs after DCT [25,28,29,48−50, 
85−89]. After DCT, the relaxation enthalpy (∆Hrel) 
upon heating of these Zr-based BMGs increases, 
the density decreases, and the plasticity of the 
BMGs increases. Compared with the as-cast BMG, 
the BMG after DCT has a higher SB population 
density in the vicinity [26], and the formation of a 
large number of SBs promotes the homogenization 
of the BMG deformation, resulting in increased 
plasticity. As shown in Fig. 3(a), the compressive 
plasticity of Zr62Cu24Fe5Al9 BMG increases from 
4.9% to 7.6% after 60 cycles of DCT (DCT60). For 
MG composite, DCT does not affect the size and 
volume fraction of the second phase, and the 
increase in plasticity is only caused by the 
rejuvenation behavior of the amorphous matrix 
[50,90]. The Ta-rich (Zr0.55Cu0.3Ni0.05Al0.1)90Ta10 
BMGC exhibited up to 50.7% compressive 
plasticity under the combined action of matrix 
rejuvenation and the second phase after DCT [49]. 

It is well known that BMG is considered to be 
composed of a loosely packed core and a densely 
packed shell, and the core has a lower modulus and 
a higher coefficient of thermal expansion (CTE) 
than the shell [91]. DCT consists of two opposite 
effects: contraction caused by cooling and 
expansion caused by heating. Once the BMG is 
inserted into liquid nitrogen from boiling water, an 
instantaneous extensive temperature drop is 
imposed on the processed BMG, and vice versa. 
Under the stimulation of this instantaneous 

temperature gradient, the mismatched thermal 
expansion and contraction must be generated in the 
heterogeneous microstructure [92]. Consequently, 
the adjacent nanoscale regions will experience 
deformation incompatibility, inducing high local 
internal stress and inelastic strain [88]. The 
microscopic deformation of the core region by the 
internal stress may be equivalent to the macroscopic 
SB deformation of the external stress, causing the 
evolution of the core region and the increase of free 
volume (FV) [85]. Meanwhile, due to the faster 
response on the surface of the BMG than the 
interior during DCT, the sample temperature is 
spatially non-uniform during thermal cycling, 
which may cause a larger FV gradient. As shown in 
Fig. 3(c), α and β relaxations can occur in MGs at a 
temperature reaching 0.6 times the glass transition 
temperature (Tg). To avoid relaxation during 
thermal cycling, the upper limit temperature of 
DCT should be much lower than Tg, which is 
usually set at room temperature or boiling water 
temperature (Fig. 3(d)). While BIAN et al [93] 
investigated the temperature-dependent atomic 
structure evolution of Zr64.13Cu15.75Ni10.12Al10 MG 
using in-situ high-energy X-ray diffraction to 
explore the atomic origin for rejuvenation of a 
Zr-based MG at cryogenic temperature, and the 
results showed that interatomic distances shrank at 
cryogenic temperatures, and this shrinkage occurred 
in different atomic shells as the temperature 
decreased. The shrinkage was non-uniform, and at 
the same time, the shrinkage in the first shell caused 
thermal expansion in other regions. 

After DCT, the sample is in a high-energy state 
(rejuvenated), introducing more FV and flow 
defects. As the number of cycles increases, the 
hardness of the samples decreases (insert in 
Fig. 3(b)), mainly due to the increase of flow 
defects in the samples after DCT. The flow defects 
of BMG are mainly related to its FV, and the 
increase of FV after DCT also promotes the 
formation of more soft regions. The SB-induced 
deformation process of BMG is mainly coordinated 
by the defect assistance. The defects here can be 
thought of as liquid-like regions of loosely packed 
atoms. On the one hand, a high content of defects 
can significantly promote the initiation of SB.   
On the other hand, the propagation of SB has a 
greater probability through defect regions with higher 
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Table 1 ΔHrel, density (ρ), and plastic strain (εp) of DCTed Zr-based BMGs 
BMG Temperature range Cycle ΔHrel/(J∙g−1) ρ/(g∙cm−3) εp/% Ref. 

Zr52.5Cu17.9Ni14.6Al10Ti5 77 K→373 K 
0   8.00 

[25] 
100   28.00 

Zr59.5Nb4.8Cu14.4Ni11.6Al9.7 77 K→373 K→RT 

0 ~11.450  ~0.91 

[28] 
10 ~12.150  ~1.17 
20 ~13.180  ~2.13 
30 ~12.340  ~1.28 
40 ~11.580  ~0.90 

Zr55Cu30Al5Ni10 
220 K→RT 30  6.8195  6.50 

[29] 180 K→RT 30  6.8184  7.50 
140 K→RT 30  6.8174  9.80 

Zr46Cu46Al8 108 K→RT 

0 5.451  0.22  

[48] 
10 9.356  0.50 
20 8.053  0.82 
60 7.033  2.02  

(Zr0.55Cu0.3Ni0.05Al0.1)99Ta1 108 K→RT 
0 13.600 6.8290 4.40 

[49] 
30 15.700 6.8200  12.50 

(Zr0.55Cu0.3Ni0.05Al0.1)97Ta3 108 K→RT 
0 9.200 6.8370  5.60 

[49] 
30 10.800 6.8270 13.10 

(Zr0.55Cu0.3Ni0.05Al0.1)95Ta5 108 K→RT 
0 10.800 6.8460 9.00 

[49] 
30 12.800 6.8360  14.40 

(Zr0.55Cu0.3Ni0.05Al0.1)93Ta7 105 K→RT 
0 10.300 7.689 0 20.70 

[50] 
30 12.200 7.6750 27.20 

(Zr0.55Cu0.3Ni0.05Al0.1)91Ta9 105 K→RT 
0 10.900 7.9280 32.80 

[50] 
30 13.300 7.9070 37.80 

(Zr0.55Cu0.3Ni0.05Al0.1)90Ta10 105 K→RT 
0 10.600 7.9680 43.50 

[50] 
30 13.100 7.9430 50.70 

Zr55Cu30Al10Ni5 180 K→RT 
0 12.700 6.8243 4.00 

[85] 
30 14.600 6.8162 11.00 

Zr55Al10Ni5Cu29Y1 77 K→373 K 

0 0.840  0.570 

[86] 
20 1.230  1.16 
40 1.510  1.40 
60 2.140  1.98 

TiZrHfBeCu 77 K→RT 

0   0.62 

[87] 
5   2.10 
10   3.11 
15   3.64 
20   5.38 

Ti20Zr20Hf20Be20Cu7.5Ni12.5 77 K→373 K 

0   0.60 

[88] 

15   2.90 
30   3.40 
60   4.20 
90   4.40 

120   4.60 
240   5.20 

Zr55Cu30Ni5Al10 77 K→343 K 
0   2.10 

[89] 
40   8.30 
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Fig. 3 (a) Stress−strain curves of Zr62Cu24Fe5Al9 of DCTed BMGs; (b) Plastic strain of Cu46Zr46Al7Gd1 BMG in 
different states after DCT; (c) Loss modulus as function of T/Tg; (d) Samples cycled from near room temperature to 
liquid-nitrogen temperature [26] 
 
defect density. After DTC treatment, the defect 
density in the BMG increases, eventually enhancing 
the plasticity of BMG. The plasticity and defect 
density of the BMG are modelable by the 
percolation theory of composites [94]:  

c
p d d( )V V βε −∝ −                          (1) 

 
where Vd

c is the percolation threshold or the critical 
defect volume fraction to form local shear transition 
zone (STZ) percolation around the defect site, Vd is 
the volume fraction of the defect site, and β is a 
power exponent. In two-phase composites, the 
percolation threshold depends on the morphology 
and size of the second phase and the size ratio of 
the constituent phases [95−97]. The volume fraction 
(Vd) of defect points is not only related to defect 
density (i.e., the number of defect points or the 
average interval λ between defect points in Fig. 4) 
but also related to the characteristic volume 
(determined by the average diameter d of defects in 
Fig. 4) of defects. Therefore, the value of d/λ will  
be a key parameter for the occurrence of local 
percolation in STZ around the defect site. d is 
considered the geometric barrier for the STZ around 
the defect to penetrate the matrix, and λ represents 

the mean free path of STZ acceleration or 
development towards SB around the defect [48]. As 
shown in Fig. 4, compared with the as-cast BMG, 
the BMG after DCT has a larger defect density and 
a smaller activation volume. 
 

 

Fig. 4 Schematic illustration of local configuration of 
BMGs with different defect densities and defect activation 
volume before (a) and after (b) proper DCTs [48] 
 

The rejuvenation effect of DCT is affected by 
the internal heterogeneity before DCT [26,98,99], 
the number of cycles [25,28,48,87,88], and the low 
limit temperature [29]. Firstly, as shown in Fig. 3(c), 
the less initial FV inside the BMG (large casting 
size or incomplete annealing) results in poor 
rejuvenation. Once the heterogeneity or FV is 
eliminated (fully annealing), DCT becomes 
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ineffective and cannot rejuvenate the BMG [26,99]. 
Secondly, lower temperature during cycling can 
restore the glass to a higher energy state due to 
higher internal stress [29]. At the same time, the 
plasticity of most BMGs increases with the number 
of cycles. For BMGs of the same composition, ΩSTZ 
increases as the number of DCT cycles increases, 
and a larger ΩSTZ is beneficial to creating multiple 
SBs, resulting in larger plastic deformation [100]. 
For example, the ΩSTZ of Zr55Al10Ni5Cu29Y1 BMG 
after 60 DCT cycles (DCT60) increased from 
as-cast 1.28 to 2.83 nm3, and the increase in 
plasticity was about four times [86]. However, 
when the number of cycles exceeds a certain 
amount, the plasticity does not increase but 
decreases [28,51,101]. ZHU et al [28] claimed that 
since atoms with high mobility occupied the extra 
space of the initial icosahedron, the internal stress 
activated the soft regions and the icosahedron with 
relatively low mobility of atoms acted as a hard 
region, impeding the soft zone movement. 
Therefore, the internal stress of the icosahedron is 
raised to a high level, and the proliferation of the 
icosahedral short-range ordered structure leads to a 
decrease in plasticity. 

Not all BMGs show apparent rejuvenation 
behavior after DCT, and BMG rejuvenation 
behavior is affected by the system’s fragility. For 
example, WAN et al [102] suggested that the 
plasticity of MGs is positively correlated with the 
fragility (m) of the supercooled liquid (Fig. 5(a)), 
i.e., MGs with greater fragility exhibit higher 
plasticity, and plasticity−fragility satisfies the 
following relationship: 

p 92exp[ 73/( 15)]mε = − −                   (2) 

As shown in Fig. 5(b), for the same MG 

system, when the same rejuvenation means are 
applied, the degree of BMG rejuvenation is 
positively correlated with the magnitude of fragility, 
and MGs formed from stronger fluids tend to be 
more rejuvenated [71]. Some loosely packed 
regions are embedded in the densely packed matrix, 
and the FV is locked by surrounding atoms. A BMG 
with a higher fragility means a more stable 
amorphous structure. Therefore, relative to the 
strong BMG with a low fragility, the fragile BMG 
with a high fragility requires more activation energy 
to grow the cage for a certain distance, which 
makes it more difficult to induce excessive FV and 
rejuvenation [87,103,104]. As PENG et al [51] 
found that, Vit1 BMGs with high fragility (47−50) 
and high glass forming ability (GFA) exhibited 
insignificant rejuvenation behavior and limited 
improvement in plasticity after DCT. However, it is 
important to note that the degree of MG 
rejuvenation varies considerably for different MG 
systems or by imposing different means of 
rejuvenation. It can be seen from Fig. 5(b) that 
compared with other BMG systems, the 
rejuvenation effect of Zr-based BMG is more 
sensitive to fragility. That is, a small change in the 
fragility can cause a large change in ∆Hrel. 
Obviously, for Zr-based BMG, it is particularly 
important to pay attention to its fragility. 

DCT has the advantages of being non- 
destructive, simple to operate, and highly 
rejuvenating. Furthermore, it should be recognized 
that DCT-induced rejuvenation has a memory for 
the original state of MG, i.e., the ∆Hrel value will 
relax to that of the casting state after DCT has been 
stopped and held at room temperature (RT) for 
some time [105]. 

 

 
Fig. 5 (a) Plastic strain vs fragility near supercooling region reported for some glasses [102]; (b) ΔHrel obtained by 
various rejuvenation methods vs fragility of processed samples [71] 
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2.2 Annealing-induced rejuvenation 
Pure thermal rejuvenation can also achieve 

high-energy state transitions of BMGs [44,54−58]. 
Annealing temperature [106,107] and cooling rate 
after isothermal [44,56,108,109] are important 
factors affecting pure thermal rejuvenation. The 
thermal rejuvenation procedure for MG entails a 
sequence of steps, including swift heating, 
maintaining a steady temperature at an annealing 
point (Ta) that exceeds the glass transition 
temperature (Tg), and rapid quenching with a high 
cooling rate. A higher cooling rate after isothermal 
annealing in rejuvenation annealing than that in the 
initial quenching process is necessary for thermal 
revival, and thermal tempering can only be 
achieved when Ta is above a certain critical 
temperature (Tc). The former is required to suppress 
relaxation during quenching, while the latter is 
required to achieve high-energy states [56,57,110]. 
The Tc levels of BMG in different systems are 
different, but all require Tc be higher than Tg. 
Figure 6 shows a schematic diagram of the 
energy/volume changes in the initial melt 
quenching (A→D) and the subsequent thermal 
loading process (D→G) to explain the thermal 
loading conditions required for thermal 
rejuvenation: (1) Ta is much higher than a certain 
critical temperature Tc (Ta >> Tc), and then the 
amorphous metal may rapidly relax to an 
equilibrium liquid state during the heating phase 
before the annealing process begins (green curve in 
Fig. 6). As the equilibrium liquid is cooled (F→G), 
sooner or later, the liquid will deviate from the 
equilibrium liquid, and the final structure will 
freeze into the glass. The cooling rate of annealing 
(Ri 

q ) > melt-quench cooling rate ( qR ) induces an 
earlier deviation from the equilibrium liquid state 
and leads to higher energy/volume regenerated 
glass (red curves in Figs. 6(a) and (b)), while     
Ri 

q < qR  leads to MG aging (blue curve in Fig. 6(c)).  
(2) Ta>Tc, then the annealing time (ta) becomes a 
key factor in addition to the cooling rate, because 
the relaxation time to reach the equilibrium liquid is 
longer compared with the heating and annealing 
time. As shown in Fig. 6(b), a longer annealing time 
leads to a larger energy/volume increase during 
isothermal annealing and eventually motivates the 
rejuvenation of the cooled glass (solid red curve), 
while a shorter annealing time may cause glass 
aging (red dashed curve). Therefore, there is a 

critical minimum annealing time (tc) when Ta is low, 
and rejuvenation can only be achieved if ta>tc.    
(3) As shown in Fig. 6(d), if Ta < Tc, the annealing 
process always leads to the aging of the MG 
without rejuvenation. 
 

 
Fig. 6 Schematic of energy/volume change during 
thermal loading processes: (a) Ta ≫Tc and Ri 

q  > qR ;    
(b) Ta > Tc and R i 

q  > qR ; (c) Ta  ≫Tc and R i 
q  < qR ;      

(d) Ta <Tc and Ri 
q > qR  [56] 

 
Rapid annealing (flash annealing) can heat the 

BMG to a higher temperature than Tg in a relatively 
short time (millisecond level) [55], driving the 
BMG to a higher energy state. Currently, means to 
achieve rapid heating include resistive Joule heating 
with high-density current [111−114], electrical 
pulses [111−114] and capacity-discharge [115−117], 
and induction heating [118−120] and infrared 
heating [121], etc. Joule heating is widely used 
because there is no skin effect like induction 
heating but overall heating. 

Flash annealing and subsequent rapid 
quenching can input energy to the MG, which can 
manipulate its energy state. MG can relax or 
rejuvenate in different energy states by controlling 
the temperature of flash annealing. Annealing in the 
supercooled liquid region (SLR) decreases the 
volume fraction of crystal-like ordered (CLO) 
regions or SLRs, and the MG is reactivated and 
placed in a high-energy state. However, flash 
annealing of MGs below Tg typically undergoes 
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relaxation, leading to embrittlement [122]. In 
particular, electrical pulse treatment (EPT) utilizes 
resistive Joule heating, where the electrons dissipate 
part of the electrical energy as heat, rapidly heating 
the BMG [114]. BMGs are heated above Tg into a 
state with increased enthalpy and heterogeneity 
within milliseconds, and then snap-frozen to 
suppress relaxation and maintain disordered 
structures [55]. In addition, part of the electrical 
energy can transfer momentum to atoms through 
electron bombardment, creating electromigration 
(EM) force. Electron scattering forces or electron 
winds prompt EM to promote atomic diffusion in 
the direction of electron transport [123−125]. 
Electrical pulses can accelerate FV motion, achieve 
plastic forming and tailor mechanical properties 
[126−128]. The synergistic effect of rapid heating 
and cooling and the enhancement of atomic 
mobility may contribute to the rejuvenation of 
BMGs [112]. Due to the unique EM contribution, 
even the annealing temperature of EPT is slightly 
lower than Tg to promote rejuvenation [114]. 
However, it has also been reported that EPT 
significantly accelerates relaxation or crystallization, 
so embrittlement occurs [127]. 

Understanding the synergistic effect of 
annealing temperature and time on the 
embrittlement of MG is key to tailoring the 
properties through heat treatment. KUMAR       
et al [129] investigated the time−temperature 
relationship between thermal relaxation and 
embrittlement of MGs. As shown in Fig. 7, a 
processing window exists at a high temperature and 
short processing time, so annealing does not induce 
brittleness in this regime. The window is divided 
into ductile and brittle regions by the brittleness 
curve. Brittleness below Tg is associated with 
structural relaxation, and the difference between 
embrittlement and relaxation time narrows with 
increasing temperature. In the annealing process of 
Ta ≥Tg, because the relaxation time is very short 
(102−10−2 s), it is not related to the embrittlement 
kinetics, which is related to the crystallization time. 
It is generally annealed at a high temperature and in 
a short time for thermal rejuvenation, which can 
well avoid the embrittlement curve. 

Although the recovery annealing technique 
opens up a new path for regulating the energy state 
of MGs, the requirement for an extremely high 
cooling rate presents considerable challenges in 

practical applications, especially when treating 
large-sized BMGs. 
 

 

Fig. 7 Schematic illustration of embrittlement in BMG 
originating from relaxation and crystallization [129] 
 
3 Mechanical-driven rejuvenation 
 
3.1 Pre-elastic deformation 
3.1.1 Elastostatic loading 

Pre-elastic deformation is one of the 
techniques to improve the rejuvenation of BMG  
[52,59−64,130], and no SB is formed during the 
rejuvenation. MG slowly undergoes irreversible 
non-affine deformation under loads (σl) below the 
yield stress (σy) for a long time, leading to the 
rejuvenation of the structure. The main mechanism 
for pre-elastic deformation-induced rejuvenation is 
considered to be volume expansion caused by an 
increase in the average atomic bond length [64]. 
Table 2 lists the ∆Hrel and εp of some Zr-based 
BMGs after elastic precompression [59,61,62,64, 
131−133]. The rejuvenation effect of elastic 
preloading is affected by compressive load and 
loading time. Rejuvenation in elastic pre- 
compression mode requires a critical load value 
[134,135]. As shown in Fig. 8(a), when loading at a 
stress P below σy, coalescence of the loosely packed 
and densely packed regions may occur (i.e., 
coalescence of negative and positive FV), resulting 
in volume shrinkage and permanent deformation, as 
indicated by the decrease in loose and the increase 
in density of elastically compressed BMGs, 
stress-driven coagulation of loose and dense regions 
will contribute to the uniform deformation of MGs 
at ambient temperature. This stress-induced FV 
annihilation is also called the mechanical annealing 
effect [134]. Once the applied stress is higher than 
the yield stress, the shear expansion will lead to the 
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Table 2 Some events of pre-elastic loading promoting rejuvenation of Zr-based BMGs 
BMG (σl/σy)/% Loading time/h ∆Hrel/(J·g−1) εp/% Ref. 

Zr55Cu30Ni5Al10 

0* 24  1.90 

[59] 
5* 24  2.70 
10* 24  4.30 
15* 24  6.80 
20* 24  7.20 

Cu50Zr50 90 
0 4.700 4.00 

[61]  
12 5.260 4.40 

Zr46Cu46Al8 

0 2  ~0 

[62] 
28 2  0.20 
56 2  ~0.50 
84 2  ~1.00 

Zr55Cu30Al10Ni5 

0 24 6.200 3.75 

[64] 
40 24 7.460 4.12 
70 24 9.710 4.47 
80 24 11.630 5.29 
90 24 13.200 8.97 

Aged Zr64.13Cu15.75Ni10.12Al10 60** 
0  27.30 

[131] 
1  39.40 

Zr64.13Cu15.75Ni10.12Al10 0 0 4.840 2.50 [132]  

Aged Zr64.13Cu15.75Ni10.12Al10 60** 
0 2.190 1.60 

[132] 1 3.280 3.50 
4 2.430 ~0 

Zr48Cu36Al8Ag8 

0 0 5.833 2.80 

[133] 

~20 60  4.30 
~40 60 6.141 4.60 
~80 30 6.197 6.70 
~80 60 5.499 1.90 
~80 120  0.70 

*: Tensile load; **: Lateral load; Others: Compressive load 
 
generation of FV, i.e., the structural rejuvenation of 
the BMG, as shown in Fig. 8(b). There is a certain 
critical stress (σc) that divides relaxation and 
rejuvenation, which is about 70% of σy, and only at 
pressures above σc does the effect of stress lead to 
the rejuvenation of the BMG. Figure 8(c) shows   
a schematic diagram of the transition from 
mechanical relaxation to rejuvenation. When the 
stress is lower than the σc, the effect of stress will 
accelerate the aging, that is, mechanical relaxation, 
otherwise, the stress effect will rejuvenate the 
amorphous structure. When the stress is above σy, 
plastic flow begins [136]. 

The holding time of elastostatic loading also 
significantly affects the rejuvenation effect of MG. 
CUI et al [137] found that after applying a constant 
load with 0.87σy to Vit1 MG, the MG underwent 
rejuvenation and relaxation successively with 
increased holding time. In the early stage of load 
application, the ∆Hrel and FV of MG increased with 
holding time, more defects with larger sizes were 
activated, and the compressive plasticity was also 
increased from 1.4% to 3.4% of the as-cast alloy 
after holding for 40 h. Further, after increasing the 
holding time to 60 h, the MG undergoes a relaxation 
transition, and the plasticity decreases significantly. 
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Fig. 8 Schematic diagrams of LLRs and SLRs at above 
(a) and below (b) yield stress, and mechanical relaxation 
to rejuvenation transition (c) [136] 
 

Notably, the pre-elastic deformation technique 
typically requires a longer loading time to achieve a 
high-level regeneration effect, resulting in a higher 
time cost for processing. 
3.1.2 Cyclic elastic loading 

In recent years, cyclic elastic loading via 
mechanical cycling to induce rejuvenation has also  

received increasing attention [138−140]. When the 
MG is subjected to cyclic load within the elastic 
limit, the stress also causes local non-affine atomic 
displacements, i.e., the atoms undergo jumping. The 
jumped atoms with potential energy higher than the 
original state introduce FVs and flow defects, 
leading to a rejuvenation process. This rejuvenation 
increases atomic disorder, which puts the atomic 
arrangement in a more unstable state [139]. YE   
et al [141] suggested that the softening behavior of 
cyclic elastic loading was related to the activation 
of string-like liquid sites and atomic bond breaking 
in the glass structure. ZHANG et al [138] suggested 
that the coupling of thermal activation and stress 
led to most flow defects being excitedly activated 
through collective rearrangement. The density of 
the liquid-like flow defects, potential energy,    
and fictive temperature increased (Fig. 9(c)). 
Furthermore, the intensity of the β relaxation peaks 
originating from flow defects increased and shifted 
to the low activation energy side after rejuvenation, 
and their relaxation time distributions were more 
extensive, as shown in Fig. 9(a). 

Compared with elastostatic loading, the range 
of adjustment under cyclic loading is relatively 
large, including the number of cycles [142], stress 
amplitude [138], stress rate [138], mean stress 
[138,143], and frequency [140], etc. Generally, the  

 

 

Fig. 9 (a) Evolution of relaxation time with temperature for MGs accompanied by different energy states (Inset shows 
the evolution of relaxation and atomic mobility with aging or rejuvenation); (b) Competitive behavior of aged and 
rejuvenated MGs during mechanical cycling; (c) Indicators of rejuvenation and aging behavior of MGs [138] 
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balance between structural relaxation and 
deformation-induced structural recovery depends 
on various factors, mainly the mechanical cyclic 
strength, including stress amplitude, stress rate, and 
mean stress. Moreover, there exists a threshold 
value for the mechanical cycling strength, and only 
if the threshold value is exceeded can additional 
thermal/mechanical energy input to the MGs 
compensate for and exceed the enthalpy lost in the 
structural relaxation process, thus realizing an 
improvement in the energy state of the MGs 
(Fig. 9(b)). LI et al [142] suggested that there was 
also a critical value for the number of cycles, below 
which the potential energy increased with the 
number of cycles, and rejuvenation saturated when 
the critical value was reached. 

Ultrasonic vibration [144−147] is also an 
important cyclic loading method for inducing 
rejuvenation of MG. The rejuvenation of 
conventional pre-elastic compression takes a long 
time, and reverse relaxation intervention is 
inevitable during this time-consuming process, 
thereby mitigating the effect of rejuvenation. In 
contrast, ultrasonic vibration largely avoids time- 
varying structural relaxation and crystallization 
[146]. Ultrasonic vibration pre-compression can 
achieve the rejuvenation of Zr-based BMGs in    
a short time, improving ΔHrel and plasticity 
[144−146]. First, the high-frequency strain energy 
is converted into heat/internal energy. The 
combined effects of externally applied elastic stress, 
internally converted heat, and ultrasonic vibration 
resonance of the atoms promote the acquisition of 
more loose atoms while introducing more FV into 
the structure of the BMG [145,147,148]. Ultrasonic 
amplitude and prestress/prestrain are the main 
factors affecting the rejuvenation effect of 
ultrasonic vibration preload. With the increase of 
ultrasonic amplitude or pre-pressure, ∆Hrel of BMG 
increases, indicating a significant rejuvenation 
effect [144−146]. LI et al [149] applied high- 
frequency ultrasonic loading (20 kHz) to BMG, 
which can be used in a few seconds well below its 
yield strength (~35 MPa) and well below the glass 
transition temperature (close to room temperature). 
Uniform plastic rheology is rapidly generated in the 
interior. The superplasticity is attributed to the 
dynamic heterogeneity in the BMG and the cycle- 
induced expansion at the atomic scale, which leads 
to the remarkable rejuvenation and eventual 

collapse of the BMG, leading to the overall 
fluid-like behavior. It should be noted that too large 
of an amplitude or too long of a sonication time will 
lead to the precipitation of the crystal phase and 
affect the performance of BMGs [146,150]. 
 
3.2 Plastic deformation 
3.2.1 Non-uniform plastic deformation 

Plastic deformation, such as pre-compression 
[66,151], is one method for rejuvenating MGs. For 
example, FAN et al [66] increased the ∆Hrel of 
Cu48Zr48Al4 BMG through plastic compression, and 
after the plastic strain reached 10%, the ∆Hrel 
increased from 8.54 J/g in the as-cast BMG to 
11.91 J/g. During pre-deformation, FV generation 
competes with annihilation. FV production is 
annihilated in equilibrium when a state of dynamic 
equilibrium between the two competing processes 
is reached. Therefore, the FV can reach a saturation 
state at a critical strain/stress state. DING et al [152] 
designed a tipping shock compression technique to 
achieve ultra-fast rejuvenation of the MG, which 
was attributed to the fact that higher stress levels 
can be quickly reached at high shock velocities, 
resulting in faster shear transformation activation 
and generating FV. The shock compression 
technology can realize the rejuvenation of MG in 
the nanosecond time scale, which is the shortest 
time-consuming among many rejuvenation methods 
and is accompanied by high levels of rejuvenation. 

In addition to conventional pre-compression, 
severe plastic deformation under mechanical 
constraints [73], including cold rolling, wire 
drawing, high-pressure torsion (HPT), shot peening, 
mechanical milling, equal-channel angular pressing, 
etc., can achieve a large plastic flow and also 
induce rejuvenation of MGs [46,65,67,69,70, 
153,154]. JOO et al [153] observed enhanced 
tensile ductility and work hardening behavior of 
HPT-BMG, with more pronounced changes in FV 
caused by severe plastic strain than hydrostatic 
pressure. The introduction of new FV with larger 
size by HTP creates a heterogeneous structure of 
BMGs at the nanoscale and leads to the 
multiplication of SBs. Compared with other 
methods to rejuvenation by plastic deformation, 
such as cold rolling or shot peening, HPT can 
induce higher strains and deform the entire sample, 
not just the surface. LI et al [154] achieved extreme 
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rejuvenation of MG by exploiting the severe plastic 
deformation between MG powders due to frequent 
shearing and collisions during mechanical milling. 
As shown in Fig. 10, most thermal and mechanical 
processing-induced energy states are lower than 
those induced by mechanical milling. Therefore, 
mechanical milling-induced rejuvenation is 
considered an easy and efficient method of 
promoting MG into a high overall energy state. 
3.2.2 Uniform plastic deformation 

The introduction of uniform plastic deforma- 
tion is believed to promote the rejuvenation of 
BMG [68,155]. PAN et al [68] effectively suppressed  
 

 
Fig. 10 Comparison among various rejuvenation 
methods in terms of energy [154] 

shear deformation by introducing a three- 
dimensional stress state and achieved uniform 
deformation of Zr64.13Cu15.75Ni10.12Al10 BMG under 
room temperature compression by introducing a 
notch to the central region (see Fig. 11(a) for the 
process [3]). The structural change during the 
deformation of MGs can be viewed as competing 
mechanisms between shear-induced FV generation 
and diffusion-induced FV annihilation. Three- 
dimensional compressive stress inhibits atomic 
diffusion, and the rate of FV generation is always 
greater than the annihilation rate. At the same time, 
since the shear stress is lower than the σc generated 
by SB, strain localization is effectively avoided. 
Under the confinement of the three-dimensional 
stress, the FV of the BMG continues to increase 
steadily during the deformation process and finally 
produces a violent rejuvenation and softening 
[156−158]. Figure 11(b) shows the hardness 
contour map after 40% compression deformation; 
the BMG softens in a large area due to the 
confinement of the notch. As shown in Figs. 11(c) 
and (d), the ΔHrel of the deformed BMG is larger 
than that of the as-cast BMG, and the deformation 
energy stored by this method is close to 30%, which  

 

 

Fig. 11 (a) Process diagram leading to BMG recovery after introduction of 3D stress through circumferential notching 
[3]; (b) Hardness contour map with 40% strain; (c) DSC traces of as-cast and notched specimen compressed to 40% 
strain; (d) ΔHrel of BMGs compressed to different strains and annealed heat treatment [68] 
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is three times that of the conventional uniaxial 
compression method. With or without three- 
dimensional stress field confinement, the ∆Hrel of 
the BMG increases with the amount of deformation, 
but the latter increases much more for the BMG 
induced by the three-dimensional stress field. MG 
under a 3D compressive stress field can be 
deformed to obtain an amorphous state equivalent 
to a cooling rate of up to 1010 K/s. This is a much 
higher rejuvenation effect compared to other 
rejuvenation methods and an order of magnitude 
higher than the equivalent cooling rate of the 
rejuvenated energy state induced by mechanical 
milling (see Fig. 10). 

Although severe plastic deformation and 
uniform plastic deformation have notable effects on 
enhancing the energy state of MGs, the sample size 
of MG that can be processed via severe plastic 
deformation is limited. Moreover, uniform plastic 
deformation, such as notched compression, 
constitutes a destructive rejuvenation method. 
These disadvantages somewhat restrict their 
application to large-sized samples. 
 
4 Thermomechanical coupling 
 
4.1 Thermomechanical creep 

In addition, applying a temperature below Tg 
during pre-elastic loading can form thermo- 
mechanical creep, promoting MG rejuvenation 
effect [45,72−75]. A reasonable temperature setting 
has a positive effect on rejuvenation, while a too 
low temperature has no noticeable effect on 

rejuvenation [144]. The thermomechanical creep 
method has the advantage of continuously tuning 
the MG structure by controlling temperature, stress, 
and time [74]. Thermomechanical creep causes 
structural disorder only when the applied stress 
exceeds a critical value. When the applied stress 
exceeds a critical value numerically close to the 
steady state flow stress, the creeping glass will 
return to a high enthalpy disordered state; 
conversely, the MG will age [159]. 

Applying pressure may simultaneously 
promote thermal regeneration [54,57,160,161] and 
introduce a short-range ordered (SRO) structure 
[160]. Figure 12 shows a schematic representation 
of the properties of pure thermal regeneration and 
pressure-promoted thermal regeneration, which 
summarizes the energy, density, and SRO for 
unquenched, pure thermally aged and rejuvenated, 
and pressure-promoted thermal rejuvenation. 
Compared with thermal rejuvenation, both the 
application of high pressure and the slow cooling 
phase after thermal annealing promoted more SRO 
formation, resulting in an increase in density. On 
the other hand, the rejuvenation effect of high 
pressure on the matrix is particularly significant, 
resulting in a high overall energy state of the MG. 

It is essential to emphasize that thermo- 
mechanical creep does not always achieve the 
rejuvenation of MG; it can also push MG into a 
state of low energy or even exacerbate its structural 
relaxation. The key of promoting rejuvenation via 
thermomechanical creep is controlling temperature, 
stress, and time. However, there are still difficulties  

 

 

Fig. 12 Schematic illustration of rejuvenation and aging with and without pressure [160] 
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in precisely controlling these parameters. Moreover, 
the competitive behavior between rejuvenation and 
aging under thermomechanical creep conditions 
remains to be further investigated. 
 
4.2 Thermoplastic deformation 

The above plastic deformation promoting 
rejuvenation is carried out at room temperature, and 
some special thermoplastic deformation in the 
SLRs can also promote the rejuvenation of BMGs 
[76,77]. Applying a high strain rate to a supercooled 
liquid can excite the liquid, while cooling causes 
the excited liquid to freeze into a glass with a 
higher fictive temperature. During the thermoplastic 
treatment in the subcooled liquid region, the atomic 
structure of the MG undergoes an extensive shear 
rearrangement, which will cause uniform expansion 
of the entire sample and lead to the generation of a 
large number of FVs [76]. The high strain causes 
the MG structure to expand, which energetically 
pulls the structure to the high-energy region. After 
further cooling, the resulting excitation liquid 
freezes into an excitation glass. The resulting 
excited liquid stems from the changing competition 
between structural relaxation and strain recovery. 
The strain of the supercooled liquid counteracts the 
relaxation process and prevents the liquid from 
exhibiting its metastable equilibrium, resulting in an 
excited state that is in contrast to the unstrained 
state. The ductility is significantly improved 
compared to constrained materials [77]. Several 
BMG processing techniques can be extended to 

excited liquid cooling, including drawing/ extrusion, 
hot rolling, cold die blow molding [77], and 
hot-drawn [76]. High strains are introduced in the 
deformation zone due to geometrical changes, and 
the cooling rate continuously increases due to 
changes in cross-section or surface area. 

Moreover, ZU et al [78−80] proposed a high 
rheological rate forming (HRRF) method to transfer 
mechanical work into the supercooled liquid to 
enhance the internal energy of BMG and 
significantly improve its plasticity. As shown in 
Fig. 13(a), BMG heated into the SLR was extruded 
through narrow channels at high molding pressure 
and finally compressed into a predetermined shape 
in a mold (example of molded samples in 
Fig. 13(b)). The BMG was extruded through the 
narrow channels to achieve large thermoplastic 
deformations and then rapidly formed at high 
molding pressures to reach the HRRF. Due to the 
atomic rearrangement inside the HRRF-treated MG, 
it has high plasticity, which can be achieved 
through the HRRF method. Since the atoms in   
the HRRF-treated MG are rearranged and have  
high internal energy storage, the sparseness of the 
atomic arrangement in the soft zone and hard zone 
in the MG is closely related to the change of 
potential energy. As shown in Fig. 13(c), with the 
increase of potential energy, the soft zone atoms  
are more loosely arranged (from B to D), while  
the hard zone is more densely arranged (from A   
to C). In other words, introducing high energy   
can effectively enhance the microscale inhomogeneity. 

 

 

Fig. 13 (a) Schematic of HRRF method; (b) Pre-treated and treated BMG samples; (c) Schematic diagram of Lennard- 
Jones-like potentials (Insets are schematic illustration of the atomic arrangement structures) [80] 
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5 Irradiation-induced rejuvenation 
 

In addition to the effects of force and thermal 
rejuvenation on MGs, irradiation also induces the 
rejuvenation of MGs, enhancing plasticity 
[30,31,82,162−169]. During irradiation, incident 
electrons, protons, neutrons, ions, etc, various 
high-energy particles and target atoms in the MG 
create a severe inelastic collision, resulting in target 
atom delocalization. These delocalized atoms 
continue to expand with the neighboring atoms, and 
the sustained displacement cascade leads to the 
generation of local defects and atomic 
rearrangement [31]. Moreover, the displacement 
cascades resulting from interactions disrupt the 
short-range ordered structure of MGs, which is 
believed to be the key to inducing rejuvenation 
[166,170,171]. HEO et al [82] found that 
displacement cascades due to multiple collisions 
disrupt the atomic configuration and reduce the 
initial icosahedral density by breaking local 
symmetry. Moreover, irradiation splits large 
icosahedral clusters into small ones. As shown in 
Fig. 14, the pair distribution function curve of the 
irradiated MG has a lower and broader peak 
compared to unirradiated MG, indicating that the 
neutron collision cascade promotes structural 
disorder in MG, i.e., irradiation induces regeneration 
[166]. Furthermore, annealing eliminated the 
irradiation-induced rejuvenation effect. 
 

 
Fig. 14 Pair distribution function for neutron-irradiated 
and annealed Zr52.5Cu17.9Ni14.6Al10Ti5 BMG [166] 
 

Irradiation can induce MG rejuvenation, 
relaxation, and crystallization, depending mainly on 
the initial state and irradiation conditions. 

Remarkably, the irradiation dose significantly 
affects the structural evolution of MG [31,172]. 
Low-dose irradiation is usually favorable for 
inducing rejuvenation and enhancing the plasticity 
of MG. For example, BIAN et al [31] found that 
low-dose (0.5 dpa) irradiation not only promotes 
viscous flow and FV homogeneity in Zr50.7Cu28- 
Ni9Al12.3 MG but also increases the FV fraction, 
leading to an increase in the plasticity from ~7.5% 
to ~11.0% after irradiation. FV annihilation occurs 
after the irradiation dose further increases, and 
structural relaxation gradually dominates, even 
forming nanocrystals in the MG matrix. Altogether, 
regulating the irradiation dose is key to promoting 
the rejuvenation of MG. Furthermore, it is essential 
to emphasize that irradiation-induced rejuvenation 
usually occurs only on the MG surface or in a 
limited size range, whereas achieving rejuvenation 
of BMG with a large size is difficult. 
 
6 Free volume gradient rejuvenation 
 

Gradient structure design has been widely used 
to improve material properties. FV gradients, 
including soft shell-hard core, hard shell-soft core, 
and two-dimensional distributions structures, etc, 
are considered effective in enhancing the plasticity 
of BMGs [173−176]. Gradient rejuvenation is a 
crucial method to prepare an FV gradient. A number 
of gradient rejuvenation methods have been 
developed, including specially designed asymmetric 
recovery annealing [174], modified DCT and fast 
cooling (FC) methods that exploit the difference in 
cooling rates between the center and edge of the 
sample [173], lateral elastostatic preloading [132], 
and surface mechanical attrition treatment (SMAT) 
[175], etc. Among them, asymmetric recovery 
annealing and modified DCT and FC methods 
belong to thermal-based approaches, while lateral 
elastostatic preloading and SMAT are mechanically 
driven. 

The enhanced plasticity of BMG due to this 
FV gradient is attributed to the ability of the FV 
gradient to produce SB deflection, which can cause 
branching of the SB and enhance plasticity 
[173−175]. What is the reason for the change in SB 
deflection? According to the Mohr-Coulomb 
criterion, the effective shear stress (τc) and σc 
formed by the SB are calculated as follows [174]: 

c 0 n=τ τ α σ− ⋅                             (3)  
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where τ0 is a constant, σn is the normal stress, θ is 
the SB angle between the shear surface and the 
loading axis, α is the normal stress coefficient, θc is 
the SB angle, and σc has the minimum value at this 
angle. 

The values of local α and θc are determined by 
the FV. The local FV content controls the SB angle 
and the maximum effective shear stress [174]. The 
LLRs share in the high FV region is so large that it 
can suppress cavitation/fracture while promoting 
SB formation [175−177]. The lower the FV in the 
BMG, the greater the atomic friction, the greater the 
α, and the smaller the SB angle formed during the 
compressive deformation. Therefore, the SB angle 
at a low FV position should be smaller than that at a 
high FV position (Fig. 15(a)). In addition, the 
increased atomic friction makes initiating and 
propagating SBs more difficult [178]. When SB 
propagates at an angle of θc, the value of σc is 
minimized. If θc changes at some stage during 
propagation, the SB plane may form a non-uniform 
surface with a curved shape. The primary SB starts 
at low FV and propagates to high FV. Two 
deflections occur during the propagation, forming a 
curved shear surface, and further propagation is 
stopped. During the progression from low FV to 
high FV, the SB is deflected, producing a large SB 
angle, which indicates that θc is large in the region 
of high FV. It is noteworthy that the tangential angle 
between the deflection point and the two SBs forms 
a branch SB. However, the SB propagating from the 
high FV to the low FV stops without significant 
deflection. Therefore, it is better to stop rather than 
deflect and propagate the SB as it progresses from 
the region of high FV to low FV. Figure 15(a) 
shows a schematic diagram of SB propagation and 
branching, which stops when two different SBs start 
from the low FV and high FV regions and 
propagate in opposite directions in a BMG sample 
with gradient FV content. The SB is interrupted 
during propagation, forming a flat, complete shear 
plane across the BMG sample. In further plastic 
deformation, other new SBs are initiated in new 
locations. Multiple SBs intersect during propagation, 

which causes the shear stress at the shear surface to 
dissipate. As a result, the formation of a complete 
shear zone becomes more difficult, and hence, the 
fracture is delayed, which facilitates the subsequent 
initiation of a new shear zone, achieving plasticity 
enhancement (Fig. 15(b)). 
 

 
Fig. 15 (a) Schematic diagram of propagation, deflection, 
branching, and stopping of SBs initiated on surfaces of 
low FV and high FV parts; (b) Schematic diagram of 
initiations of new SBs without forming complete SB 
during deformation of heat-treated BMG sample [174] 
 

It should be noted that only a proper FV 
gradient will improve the plasticity of BMG, while 
too high FV gradient value will lead to the sudden 
release of the large stress concentration in the 
gradient region and lead to brittle fracture, which is 
not conducive to the enhancement of plasticity 
[24,177]. 
 
7 Summary and outlook 
 

The imperative need to improve room- 
temperature plasticity in MGs remains a critical 
challenge for their utilization as advanced structural 
materials. This study comprehensively consolidates 
a range of methodologies and mechanisms 
enhancing the plasticity of MGs via rejuvenation. 
The FV content and plasticity of low-fragility  
MGs can also be increased by thermal-activated, 
mechanical-driven, thermo-mechanically coupled, 
and irradiation-inducing rejuvenation. The 
rejuvenation treatments can increase the free 
volume content within the MGs, enhance structural 
heterogeneity and promote SB formation. Moreover, 
gradient rejuvenation can promote the gradient 
distribution of FV, leading to SB deflection and 
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plasticity enhancement. 
Although great progress has been made in 

exploring and enhancing the plasticity of MGs, and 
these methods can be learned or applied in most 
MG systems, more work is still to be expected, as 
follows. 

(1) At present, MGs can have extensive 
compressive plasticity after DCT, but tensile 
plasticity has not been found so far. The 
microstructure that can effectively relax the stress 
concentration and inhibit the rapid expansion of SB 
may be expected to significantly improve the plastic 
deformation ability of MGs and even produce 
tensile plasticity and work hardening effects. 

(2) Although DCT, the introduction of 3D 
stress state and deformation can effectively promote 
rejuvenation, these methods have many short- 
comings, such as the limited size of DCT 
rejuvenation specimens, and notching could destroy 
the integrity of the MG. Pure thermal rejuvenation 
may be the most meaningful means of rejuvenation, 
but the work reported so far is mostly single pass 
pure thermal annealing + quenching, and whether 
multiple cycles of pure thermal annealing + 
quenching can achieve a higher level of MG 
rejuvenation will be worth further studying. 

(3) What factors determine the upper limit of 
rejuvenation for MGs? Can tensile plasticity in 
MGs be achieved through continuous rejuvenation? 

(4) What effect does the coupling of multiple 
rejuvenation methods produce? Can plasticity be 
further improved? 
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摘  要：近年来，通过回春处理调整金属玻璃的内部结构并增强其塑性已成为人们关注的焦点。本文全面综述了

在金属玻璃中诱导回春的各类方法及其内在机制，包括深冷循环处理和退火诱导回春的热激活法、机械驱动的预

弹性加载法和塑性变形法、热−机械耦合的热机械蠕变和热塑性变形法以及辐照诱导的回春。此外，还探讨了通

过梯度回春促进自由体积梯度分布，诱导剪切带偏转从而增强塑性的策略。最后，本文深入探讨了在室温条件下

开发高塑性金属玻璃所面临的挑战与前景。本综述有望为系统理解通过回春处理来提升金属玻璃塑性的手段及其

机制提供参考。 

关键词：金属玻璃；塑性；回春；自由体积；剪切带 

 (Edited by Xiang-qun LI) 


