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a b s t r a c t 

Metallic glasses (MGs) possess exceptional properties, but their properties consistently deteriorate over 

time, thereby resulting in increased complexity in processing. It thus poses a formidable challenge to the 

forming of long-term aged MGs. Here, we report ultrasonic vibration (UV) loading can lead to large plas- 

ticity and strong rejuvenation in significantly aged MGs within 1 s. A large UV-induced plasticity (UVIP) 

of 80% height reduction can be achieved in LaNiAl MG samples aged at 85% of its glass transition tem- 

perature (0.85 T g ) for a duration of up to 1 month. The energy threshold required for UVIP monotonously 

increases with aging time. After the UV loading process, the aged samples show strong rejuvenation, with 

the relaxation enthalpy even surpassing that of as-cast samples. These findings suggest that UV loading 

is an effective technique for forming and rejuvenating aged MGs simultaneously, providing an alterna- 

tive avenue to explore the interplay between the property and microstructures as well as expanding the 

application prospects of MGs. 

© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Metallic glasses (MGs) are unique materials that are syn- 

hesized by quenching molten liquids at relatively high cooling 

ates to prevent crystallization [1–5] . Their unique characteristics 

tem from the absence of long-range ordering and conventional 

efects like dislocations and grain boundaries. As a result, MGs 

xhibit many desirable properties, including large elastic limits, 

igh strength, high wear resistance, and high corrosion resistance 

6–11] . However, as a kind of metastable material, MGs tend 

o present a transition toward a more stable low-energy state 

nder applied stress, high-temperature, or even natural conditions, 

nown as aging or structural relaxation, resulting in a deterioration 

n properties. 

For instance, thermoplastic forming is a commonly employed 

echnique for shaping MGs [12–15] , which has successfully pro- 

uced bulk MGs on a large scale [16] . However, the thermoplastic 
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orming process involves heating MGs to their supercooled liquid 

egion [17] , which unavoidably results in property degradation. 

onsequently, the MGs after thermoplastic forming necessitate 

ubsequent treatments to restore their properties, highlighting 

he significance of rejuvenation in MGs. Thus, the rejuvenation of 

Gs has been an important issue in MGs [18–39] . In recent years, 

umerous approaches have been employed to rejuvenate metallic 

lass. These methods either are closely associated with elastic 

eformation like elastostatic deformation [ 18 , 19 ], thermal cycling 

 20 , 21 ], and high-pressure annealing [ 22 , 23 ], or are tightly related

o plastic deformation, such as triaxial compression [24] , cold 

olling [25–28] , and high-pressure torsion (HPT) [29–32] . However, 

hese techniques are generally time-consuming and costly, making 

heir application in manufacturing processes challenging. Conse- 

uently, there is a pressing need to develop a convenient one-step 

rocessing approach that incorporates structural rejuvenation. 

On the other hand, property degradation in MGs is also in- 

vitable over time under natural conditions, namely the aging 

ffect, which is most notably seen in an increase in brittleness 

 40 , 41 ]. This aging effect significantly limits the potential ap- 

lications of MGs and poses challenges in their processing and 

anufacturing [ 40 , 42 ]. Therefore, it is of importance to explore 
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nnovative approaches to facilitate the processing and forming of 

ged MGs. 

Recently, it has been found that ultrasonic vibration (UV) load- 

ng can effectively soften MGs, leading to a pronounced UV- 

nduced plasticity (UVIP) [43–45] . The softening effect of UV on 

Gs enables the processing and fabrication of amorphous alloys 

t room temperature [ 43 , 44 ]. The mechanism responsible for the 

oftening effect is related to the excitation of flow units (or soft 

ones) induced by UV loading, which is primarily linked to the lo- 

alized β-relaxation process in MGs. Many studies have demon- 

trated that β-relaxation plays a central role in various proper- 

ies of MGs, including the mechanical behaviors and the aging ef- 

ect [46–50] . It has been reported that there are reversible and 

rreversible β-relaxations in MGs, while a long-time aging pro- 

ess may strongly decrease both of them [51] . Consequently, it in- 

ites an interesting question of whether or not UV loading can 

ause the softening effect in the long-term aged MGs, which holds 

onsiderable significance not only in the processing and forming 

f MGs but also in the adjustment of their energy states and 

roperties. 

In this study, we report that UV loading can make the long- 

erm aged MGs soften and strongly rejuvenate within short time 

cales. Despite that cylindrical samples are aged at 85% of their 

lass transition temperature (0.85 T g ) for a duration of up to 672 h

about 1 month), an excellent UV-induced plasticity of 80% height 

eduction is still achieved within 1 s. The energy threshold re- 

uired to achieve softening increases as the aging time increases. 

trong rejuvenation after UV loading is determined, which is ex- 

lained through a schematic energy landscape. Complex-shaped 

tructures of MGs are formed using ultrasonic vibration loading. 

ur work provides a feasible method to form and rejuvenate the 

ged MGs simultaneously. 

. Methods 

In this work, the La 60 Ni 15 Al 25 (at.%) alloy (abbreviated as La60 

ereafter) was synthesized by arc melting pure La (99.9 at.%), Ni 

99.999 at.%), and Al (99.999 at.%) in a high purity argon atmo- 

phere. The melting process was carried out using titanium get- 

ers at high temperatures to avoid oxidation. To ensure a homoge- 

eous composition of the molten alloy, each ingot was melted 8–10 

imes, then the ingots were cast into cylindrical rods with a diame- 

er of 2 mm by means of a water-cooled copper mold and cut into

mall cylinders with a height of 2.5 mm by using a low-speed dia- 

ond saw. The aged samples were obtained by annealing them at 

ifferent times in a tubular annealing furnace with the protective 

tmosphere of argon gas. 

The phase structure of the samples was examined using X-ray 

iffraction of Cu K α radiation (XRD, Rigaku MiniFlex 600). The 

hermal properties of the samples were determined using differen- 

ial scanning calorimetry (DSC, Perkin Elmer DSC-80 0 0) at a heat- 

ng rate of 20 K min 

–1 . The micromorphology and elemental distri- 

ution of the samples were characterized using transmission elec- 

ron microscopy (TEM, FEI F30) and energy-dispersive X-ray spec- 

roscopy (EDS). The TEM samples were prepared on a FEI Scios 

EM/FIB dual beam system. The relaxation features were analyzed 

y a dynamic mechanical analyzer (DMA, TA Q850). The morphol- 

gy of DMA samples is 20 mm × 1.5 mm × 2 mm. A single can- 

ilever mode was employed. 

The vibration loading was done by a homemade ultrasonic de- 

ice equipped with force and temperature detection attachments 

hat can vibrate at 20 kHz with an amplitude of up to 40 μm. 

uring the ultrasonic treatment, the sample was placed on a mold 

ith a limiting slot of 2.05 mm in diameter and 0.3 mm in depth.

 high-speed camera with a frame rate of 40 0 0 fps was used to

apture images of the UV process. 
232 
. Results and discussion 

.1. Property changes of samples annealed at 0.85T g over time 

Fig. 1 (a) shows the DSC curves of the La60 sample annealed 

t 0.85 T g (388 K). A broad exothermic peak below T g is found in

he DSC curve of the as-cast sample, corresponding to an irre- 

ersible structural relaxation with the annihilation of excess free 

olume or other structural defects [51–54] . As the annealing time 

ncreases, this broad exothermic peak gradually disappears, while 

n endothermic sub- T g peak takes place and shifts to the higher 

emperature. The sub- T g signal finally merges with the glass tran- 

ition and an overshoot above T g appears when the annealing time 

s longer than 168 h. These results are consistent with previous 

ork [51] . 

To separate the enthalpy contribution of the irreversible struc- 

ural relaxation and the sub- T g peak, we employed the method 

sed in the reference [51] . A standard sample was obtained 

hrough the following annealing treatment: heating the sample to 

 g + 30 K at a rate of 10 K min 

–1 , annealing it at this temper-

ture for 0.5 min, and subsequently cooling it down at a rate of 

00 K min 

–1 , this curve is taken as a reference, as shown by the

lack curve in the inset of Fig. 1 (b). Subsequently, the enthalpy 

orresponding to the irreversible structural relaxation (blue area) 

nd the sub- T g peak (red area) can be calculated. Fig. 1 (b) exhibits

he enthalpy change of the structural relaxation and sub- T g peak 

ith annealing time. It is noted that the enthalpy of the struc- 

ural relaxation gradually decreases, while that of the sub- T g peak 

radually enhances. According to the reference [51] , the enthalpy 

f the structural relaxation corresponds to the annihilation of the 

rreversible β-relaxation, while that of the sub- T g peak stems from 

he required activation energy to excite the reversible β-relaxation. 

s a result, these results in Fig. 1 (b) indicate the 0.85 T g -annealed

amples become more and more stable as the annealing time in- 

reases. 

To further quantify the thermodynamic stability of aged metal- 

ic glasses, we measured the fictive temperature T f which is de- 

ned as the temperature of equilibrium during the sudden return 

o the glassy state from a certain state [55–57] . T f is typically con- 

idered to be approximately equal to the T g from the cooling pro- 

ess [57] . It is obtained from the intersection between the extrapo- 

ated glass and liquid lines. Fig. 1 (c) shows that �T f (the difference 

etween T f in the as-cast curve and that in the post-aging curve) 

teadily increases with the increase in aging time, demonstrating 

he thermodynamic stability of the aged metallic glass enhanced 

ver aging time. 

The XRD spectra in Fig. 1 (d) after annealing all maintain halo 

eaks the same as those of as-cast samples, indicating that the 

ged samples remain an amorphous structure at the average struc- 

ure. The high-resolution transmission electron microscopy (HR- 

EM) image and the corresponding selected area electron diffrac- 

ion pattern (SAED) of the sample aged at 0.85 T g for 168 h are

hown in Fig. 1 (e). No visible crystalline phase is found, implying 

hat the annealed sample is fully amorphous at the atomic level. 

In Fig. 2 (a), the mechanical relaxation spectra of as-cast and 

ged MGs measured at 1 Hz by DMA are compared. The peak 

emperature of the β-relaxation increases and the peak intensity 

ecreases with an increase in the aging time. A much clearer 

iew of the peak temperature change can be found in the inset 

f Fig. 2 (a). We then calculated the activation energy barriers of 

-relaxation for different aging times according to the Arrhenius 

ormula. Fig. 2 (b) shows the relation of frequency and peak tem- 

erature for different aging times. The line is obtained from the 

rrhenius fitting f = f 0 × exp(–E a / RT β ), where f 0 is the prefac-

or, E a is the activation energy barrier of the β-relaxation, R is 

he gas constant, and T β is the peak temperature of β-relaxation 
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Fig. 1. Property changes of La60 MGs aged at 0.85 T g . (a) DSC plots of alloys aged at 0.85 T g for different times. The cyan arrow shows that the sub- T g peaks enhance and 

shift towards higher temperatures as the aging time increases. (b) Enthalpy values of sub- T g peak (red curve) and structural relaxation process (blue curve) of aged MGs. The 

inset shows the determination method of the enthalpy value of the sub- T g peak (red area) and structural relaxation process (blue area). (c) Enthalpy curves by integrating 

the heat capacity shown in (a). (d) XRD curves at different aging times. (e) HRTEM images and corresponding SAED images of the sample aging at 0.85 T g for 168 h. 

Fig. 2. Dynamic characteristics of aged MGs at different aging temperatures. (a) Loss moduli at 1 Hz for different aging time. The inset shows the peak temperature of 

β-relaxations as a function of aging time. (b) Arrhenius fitting of β-relaxation of the aged metallic glass. The inset shows the activation energy barrier change with aging 

time. 
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 49 , 58 , 59 ]. The value of E a is then yielded accordingly, which is

hown in the inset of Fig. 2 (b). It increases steadily with the in-

rease in aging time, with values of 86.638 ± 3.433 kJ mol –1 for as- 

ast, 88.427 ± 2.626 kJ mol –1 for 72 h annealing, 89.148 ± 2.115 kJ 

ol –1 for 168 h, and 90.618 ± 1.155 kJ mol –1 for 672 h. The in-

rease of peak temperature as well as the activation energy bar- 

iers also demonstrate that the longer the annealing time is, the 

ore stable the aged sample is. 

.2. Behavior of aged samples under ultrasonic vibration loading 

It is widely recognized that MGs with aging for an extended 

eriod of time have a marked increase in brittleness, which signif- 

cantly impacts their production and utilization of them. Thus, it is 

f utmost importance to overcome this shortcoming for the pro- 
233 
essing of aged MGs. On the other hand, as-cast MGs have been 

ound to exhibit ultrasonic vibration-induced plasticity, namely the 

VIP. Therefore, it is interesting to explore whether the aged MGs 

an also exhibit the UVIP. 

A schematic diagram of UV loading is shown in Fig. 3 (a), which 

llustrates the basic structure of ultrasonics as well as the state 

nd position of the sample. The ultrasonic horn moves downward 

t a uniform rate, contacts the sample, and imposes a compres- 

ive force on the sample. We choose a stress of 7 MPa as the trig-

er condition for ultrasonic release. Fig. 3 (b–d) presents the stress 

hange during UV loading with ultrasonic vibration release energy 

f 30 J in the as-cast sample and release energies of 30 and 45 J in

he 168-h heat-treated sample, respectively. It is evident that the 

oading stress is generally low ( < 65 Mpa) and the response time 

s as short as 0.5 s. The abrupt stress drops in Fig. 3 (b, d) originate
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Fig. 3. Behaviors of metallic glasses under UV loading for different aging times. (a) Schematic diagram of the ultrasonic equipment. (b–d) Stress versus time during UV 

loading, including (b) 30 J applied to As-cast MG, (c) 30 J applied to MG aged at 0.85 T g for 168 h, and (d) 45 J applied to MG aged at 0.85 T g for 168 h. (e) Sample pictures 

of MGs after ultrasonic loading. (f–h) Pictures taken by the high-speed camera during ultrasonic loading. 
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rom the deformation of the sample, which can be clearly seen in 

ig. 3 (e). As shown in Fig. 3 (e), the original sample is softened and

ventually compressed into a thin disk under the ultrasonic energy 

f 30 J, exhibiting a height reduction of ∼80%. In comparison, the 

68-h aged sample is not deformed under the energy of 30 J, but 

t is deformed into a thin disk with a reduction of ∼80% as the 

elease energy increases to 45 J. Fig. 3 (f–h) shows the sample pic- 

ures taken by a high-speed camera during the ultrasonic vibration 

oading process (also refer to Supplementary Videos S1–S3). The 

s-cast sample in Fig. 3 (f) exhibits an obvious fluid-like behavior 

nder a release energy of 30 J. In contrast, the 168-h aged sample 

hows no plastic deformation under the energy of 30 J in Fig. 3 (g).

hen the released energy increases to 45 J, the 168-h aged sam- 

le exhibits a fluid-like behavior, as shown in Fig. 3 (h). This finding 

uggests that the long-term aged sample can still exhibit a large 

xtent of plasticity under UV loading, but larger ultrasonic energies 
234 
re required to activate plasticity compared to that for the as-cast 

ample. 

To further quantify this phenomenon, we conducted a system- 

tic study to determine the critical energy values required for the 

oftening at different annealing times. UV loading tests were per- 

ormed on ten samples at different aging times and release ener- 

ies, as shown in Fig. 4 (a). It is evident that, at a given ultrasonic

nergy, the sample number of deformation decreases with increas- 

ng aging time. In addition, at a given aging time, the sample num- 

er of deformation keeps increasing with the increase of ultrasonic 

nergy. 

The detailed analysis is provided in Fig. 4 (b) where the statis- 

ical results of deformation success rate as a function of release 

nergy for different aging times were determined from Fig. 4 (a). 

t is thus clear that the deformation success rate increases as the 

elease energy increases at a given aging time. When the released 
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Fig. 4. Statistics of the softening of MGs by UV loading. (a) Photographs of samples obtained at different release energy values and aging times. Ten MG samples for each 

aging time and ultrasonic energy are shown. (b) Deformation success rate of MGs with different aging times as a function of UV loading energies. (c) Required ultrasonic 

energy as a function of aging time at different success rates. The curves represent the success rate below 20% (black curve), those around 50% (red curve), and 100% (blue 

curve). 
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nergy is fixed, the deformation success rate decreases with in- 

reasing the aging time, as illustrated by the red dashed rectan- 

le in Fig. 4 (b). The deformation behaviors corresponding to the 

oints in the red dashed rectangle are shown in Fig. S1 in the sup- 

lementary materials. The deformation success rate is determined 

ccordingly. 

In order to figure out the energy threshold change with the ag- 

ng time, the energy value for a fixed deformation success rate is 

ummarized in Fig. 4 (c). Here we define the success rate below 

0% as an unchanged region. It is clear that the required release 

nergy increases as the aging time increases for all three cases 

ith the success rate below 20%, around 50%, and 100%. As a re- 

ult, the energy threshold required for deformation monotonously 

ncreases with extending the aging time. 

.3. Rejuvenation of aged samples after UV loading 

It is clear that the long-term aged MGs can still be deformed 

y the UV loading, denoting that the processing and deformability 

f long-term aged MGs is no longer a technical problem in prin- 

iple. We then tried to figure out the mechanism underlying this 

nding. Fig. 5 (a) shows the enthalpy of the structural relaxation 

or the aged samples before and after the UV loading treatment. 

he blue dash line is the same as the enthalpy of the structural re-

axation in Fig. 1 (b), which gradually declines to zero as the aging 

ime increases. The orange dash line exhibits the enthalpy of the 

tructural relaxation of the samples after UV loading, which cor- 
235 
esponds to the cyan area in Fig. 5 (b). As shown in Fig. 5 (a), after

V loading, the enthalpy of structural relaxation strongly increases. 

uite intriguingly, the enthalpy value after UV loading is close to 

hat of the as-cast sample and seems to be independent of the ag- 

ng time. This result can also be confirmed by the DSC curves in 

ig. 5 (b), where the specific heat exotherms at different conditions 

lmost completely overlap with each other. The inset of Fig. 5 (b) 

xhibits the DSC curves of the samples with aging at 0.85 T g for 

72 h before and after UV loading. It is noted that the enthalpy of 

tructural relaxation is enhanced, while the enthalpy of the sub- 

 g peak lowers after UV loading. As a result, UV loading strongly 

ejuvenates the aged sample and recovers the energy of the aged 

ample to the level of as-cast ones irrespective of the aging time. 

The microstructure of the aged sample before and after UV 

oading is shown in Fig. 6 . According to the HR-TEM images 

n Fig. 6 (a) and XRD patterns in Fig. 6 (b), all samples remain

morphous from the average structure down to the atomic level. 

ig. 6 (c) shows the electron diffraction intensity of the halo rings 

n the SAED patterns of four samples under different conditions, 

ncluding an as-cast sample, 168-h aged one, 72-h aged one with 

V loading, and 168-h aged one with UV loading. It is noted that 

he radius of the halo ring increases with aging but decreases after 

V loading. The radius of the halo ring after UV loading is almost 

quivalent to that of the as-cast sample. The average atomic spac- 

ng is shown in Fig. 6 (d), which is inversely proportional to the 

adius of the halo ring. It is clear that the average atomic spacing 

f the aged sample becomes lower than that of the as-cast one, 
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Fig. 5. Enthalpy change of aged samples before and after UV loading. (a) Enthalpy of structural relaxation process of aged samples before and after UV loading. The red dot 

represents the enthalpy of the as-cast sample, the blue curve shows the enthalpy after aging, and the orange line indicates the enthalpy after UV loading. (b) DSC curves 

of samples with different aging time after UV loading. The black dot curve is the same as the black curve in the inset of Fig. 1 (b) and also serves as a standard curve here. 

The cyan area enclosed by the two curves corresponds to the enthalpy of the structural relaxation process. The black curve in the inset is the DSC curve aging at 0.85 T g for 

672 h before UV loading. The red curve shows the DSC curve after UV loading. 

Fig. 6. Structure Characterization of samples before and after ultrasonic vibrational loading. (a) HR-TEM figures and SAED patterns of samples undergoing different treatments 

(As-cast sample, 168h-aged one, 72h-aged sample after UV loading (72h-aged UV), 168h-aged sample after UV loading (168h-aged UV)). The illustration has a scale of 2 1/nm. 

(b) XRD patterns after UV loading. (c) Diffraction ring radius obtained by SAED in (a). (d) Average atomic spacing obtained by diffraction ring radius. 
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hich means that the amorphous structure becomes more densely 

acked after aging. Intriguingly, the average atomic spacing of the 

ged sample after UV loading is higher than that of the aged one 

efore UV loading and is quite close to that of the as-cast one. This

esult indicates that the amorphous structure reverts to a loosely 

acked state after UV loading, similar to the state of the as-cast 

Gs. This is a rejuvenation process, and similar change made by 

ther rejuvenation methods like cyclic loading has also been re- 

orted [ 44 , 60 ]. As a result, from the perspective of atomic struc-

ure, UV loading enables the aged MGs to rejuvenate, and the re- 

uvenated state is similar to the as-cast one. 

.4. Understanding the rejuvenation of aged glass by UV loading 

Figs. 5 and 6 show that a rejuvenation process takes place ac- 

ompanying the impressive UVIP. We then tried to explain the re- 

uvenation and deformation caused by UV loading according to 

 schematic microstructure and energy landscape. Fig. 7 (a–c) ex- 

ibits the exothermic relaxation enthalpy changes after aging and 

V loading. The broad exothermic peak disappears after aging 
236
n Fig. 7 (b) and reappears after UV loading in Fig. 7 (c). Accord- 

ng to the literature [51] , there are reversible and irreversible β- 

elaxations in as-cast MGs, which are illustrated by red atoms and 

yan atoms respectively in Fig. 7 (d). With increasing aging time, 

he cyan and red atoms gradually transform into blue atoms. Con- 

equently, the cyan regions fully become blue finally, and the red 

egions also largely shrink in Fig. 7 (e). As a result, the exothermic 

eak disappears and a sub- T g peak overshoot occurs, as shown in 

ig. 7 (b). After UV loading, the structure becomes loosely packed 

gain, so the red atoms increase and the cyan atoms reappear in 

ig. 7 (f), which corresponds to the reappearance of the exothermic 

eak at sub- T g in Fig. 7 (c). 

To explain the rejuvenation of the aged sample under UV load- 

ng, we established a potential energy landscape (PEL) in Fig. 7 (g), 

n which several potential energy minima/megabasins between dif- 

erent configurations are illustrated. The deepest energy minima on 

he PEL correspond to the stable crystalline phases, and other en- 

rgy minima represent some metastable glassy states [ 2 , 57 , 61 , 62 ].

s-cast MGs are formed by the rapid cooling of the melt, and these 

eep and narrow pits are easily bypassed during the fast-cooling 
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Fig. 7. Interpretation of the aging process and UV-induced rejuvenation of metallic glass. (a–c) DSC curves of metallic glass. (d–f) Schematic microstructures corresponding 

to DSC curves in (a–c). The red and cyan atomic regions represent areas contributing to reversible and irreversible β-relaxations in metallic glass, respectively. (g) Schematic 

diagram of the PEL of MGs. The dark blue ball denotes the energy state of as-cast metallic glass, the cyan ball stands for the energy state of metallic glass after aging, and 

the orange ball represents the energy state of metallic glass after UV loading. (h) The change in the energy state of aged metallic glass during UV loading (red arrow). (i) 

The change in the energy state of metallic glass during aging (gray arrows). (j–k) Schematic microstructure pictures during UV loading. (k) The atomic state corresponding 

to the activation of β-relaxation at the beginning of UV loading. (j) The atomic state corresponding to the fluid-like softening behavior during UV loading. 

Fig. 8. Various shapes composed of aged metallic glass obtained by UV loading. The shapes include (a) rectangular prism, (b) hexagonal prism, (c) gear, and (d) pentagonal 

prism. 
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rocess of the melt. During the aging process, the as-cast sam- 

les tend to move to a more stable state, as shown in Fig. 7(i) .

hen the aging time is long enough, the energy state of the aged 

G becomes relatively low, so the exothermic peak disappears, as 

hown in Fig. 7 (b). Once the aged samples undergo the UV load- 

ng treatment, the atomic regions corresponding to both the irre- 

ersible and reversible β-relaxations are excited, as illustrated in 

ig. 7 (k). Consequently, the state of the aged samples is injected to 

 higher energy level under UV loading in Fig. 7 (h) and thus may

rigger α-relaxations and cause a fluid-like softening behavior, as 

llustrated in Fig. 7 (j). After UV loading, the MGs are located at an

nergy level similar to that of the as-cast MGs, so the connected 

ed region in Fig. 7 (j) transforms into localized red and cyan re- 

ions in Fig. 7 (f). 

Based on the above discussion, it is clear that UV loading en- 

bles the processing and molding of the aged MGs and makes 

hem rejuvenate simultaneously, which is very suitable for shap- 

ng the aged MGs. We then tried to mold some shapes of the aged

Gs through UV loading. The MGs aged at 0.85 T g for 48 h were

sed. As shown in Fig. 8 , a variety of shapes are molded, includ-

ng complex structures like gear ( Fig. 8 (c)) and pentagonal prism 

 Fig. 8 (d)). Moreover, the whole process is carried out at room tem- 

erature through very low stress within a short time scale of 1 s. 

herefore, we confirm that UV loading is a simple, feasible, and 

ost-effective solution for processing long-term aged metallic glass. 

. Conclusions 

In summary, we have found that the aged MGs still exhibit ex- 

ellent UVIP, even though they may achieve a relatively stable state 

ith long-term aging. The UV energy threshold required to deform 

he aged sample monotonously increases with aging time. A strong 

ejuvenation is found accompanying the UVIP, and the relaxation 

nthalpy recovers to a level comparable to that of as-cast sam- 

les. This strong rejuvenation is explained through schematic mi- 

rostructure pictures together with a schematic energy landscape. 

omplex-shaped structures are formed by using aged MGs under 

V loading. This work indicates that UV-loading is a convenient 

nd effective technique to deform and rejuvenate the aged MGs si- 

ultaneously, and thus may be a promising method to extend the 

pplication prospects of MGs. 
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