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Abstract
The aging of glassy materials is an inevitable process leading to progressive property
degradation. In metallic glasses (MGs), aging-induced property degradation poses a persistent
challenge to their applications. Over the years, rejuvenating or even reversing the aged glasses
remains a critical elusive goal. Here we report that ultrasonic vibration (UV) treatment can
reverse aging in a Zr-based MG within 0.5 s, achieving plasticity up to 14.5% that is 1.5 times
that of the as-cast MG. This intriguing plasticity enhancement results from a UV-induced
higher-energy state, as evidenced by structural enthalpy recovery, boson peak restoration, and a
more disordered structure revealed by the pair distribution functions. This higher-energy state
can be properly explained through the framework of ‘anti-free volume defects’ with a high
atomic packing density. Furthermore, we propose a novel ‘aging-assisted UV loading’ method:
pre-aging stabilizes the MG, enabling subsequent UV to amplify plasticity. This strategy
achieves exceptional plasticity improvement, demonstrating that controlled aging can
paradoxically enhance material properties.
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1. Introduction

Glassy materials, including amorphous polymers, oxide
glasses, and metallic glasses (MGs), generally undergo struc-
tural relaxation over time. This time-dependent evolution is
known as the aging effect, which originates from the intrinsic
thermodynamic metastable stability of these amorphous sys-
tems, so that the initial state can transition toward a more
stable state with time [1]. While the relaxation process primar-
ily occurs at the local structure level, it can lead to changes
in macroscopic properties, resulting in significant perform-
ance deterioration. This is particularly evident in the case of
MGs, which are considered as a prototype of structural glasses
due to their relatively simple atomic packing, also known as
amorphous alloys [2–4].

MGs are fabricated by quenching glass-forming metal-
lic liquids at relatively high cooling rates to prevent
crystallization [5, 6]. Owing to their unique amorphous struc-
ture, MGs exhibit superior properties such as large elastic
limits, high strength, good wear resistance, and remarkable
soft magnetic properties [7–9]. However, their inherent brit-
tleness has limited their applications. Considerable efforts
have been made to enhance the plasticity of MGs through
various approaches, such as composition modifications [10],
external pressure application [11], and the introduction of
nano-scale structure [12]. In particular, Liu et al have suc-
cessfully developed bulk MGs that exhibit both ultra-high
plasticity and ultra-high strength at room temperature [13]. As
a result, the plasticity ofMGs has been significantly improved,
which helps to expand their application range.

Unfortunately, the aging effect poses a significant chal-
lenge for the applications of MGs. Like other glassy mater-
ials, MGs undergo continuous aging in the natural environ-
ment. Moreover, shaping MGs into desired components often
involves thermo-plastic deformation, which requires heating
the sample to the supercooled liquid region. However, this
heating process significantly exacerbates the aging effect,
leading to a rapid deterioration in properties, particularly in
terms of plasticity. This greatly restricts their processing and
applications [14]. Therefore, finding ways to mitigate the
effect caused by aging is a critical challenge in this field.

Extensive attempts have been made to address this prob-
lem and reverse the aging effect in MGs by thermomechan-
ical approaches, such as rejuvenation by elastic loading [15],
cryogenic thermal cycling [16], ion irradiation [17], and severe
plastic deformation [18, 19]. For example, Pan et al [20, 21]
have used constrained compression loading to induce substan-
tial plastic flow in a zirconium-based BMG, leading to reju-
venation and strain-hardening. In addition, non-affine thermal
strain induced by thermal cycling between room temperature
and liquid nitrogen temperature can also lead to significant

changes in the local atomic structure [16]. However, these
techniques are often time-consuming, expensive, and opera-
tionally cumbersome; more importantly, these methods can-
not restore the plasticity of over-aged MGs [22], posing a
challenge in practical applications. Therefore, there is an
urgent and critical need to develop a fast, simple and effi-
cientmethod for reversing the aging ofMGs, thereby regaining
their plasticity.

Recently, it has been found that ultrasonic vibration (UV)
loading can effectively soften MGs, leading to a pronounced
UV-induced plasticity (UVIP) [23–28]. The mechanism of the
softening effect is related to the excitation of flow units (or
soft zones) induced by UV loading, which is mainly linked
to the localized relaxation processes in MGs [24, 28–30].
Meanwhile, studies have shown that mechanical oscillations
can soften and rejuvenate MGs [31, 32]. These findings sug-
gest that UV loading is an effective technique for rejuven-
ating aged MGs. However, the mechanical properties of the
aged samples after UV treatment have not been studied. More
importantly, La-based MGs exhibits significant UVIP and
rejuvenation at the same time. The deformation during UV
loading renders a challenge to determine the exact origin of
rejuvenation as being either substantial shear deformation or
UVs. Therefore, the underlying mechanisms of UV-induced
rejuvenation in the MGs remain an open question.

In this study, we report that UV loading can rapidly reverse
aging and restore excellent plasticity in MGs within 0.5 s.
Using the as-cast Zr62Cu15.5Ni12.5Al10 (Zr62) MG with a plas-
ticity of 9.6%, we accelerated the aging process by annealing
the samples at the glass transition temperature (Tg), mimick-
ing the thermoplastic deformation. After aging, the samples
lost their compressive plasticity, but after being subjected to
UV loading, the samples exhibited a significant recovery in
mechanical performance, reaching a large plasticity of 14.5%.
The plasticity recovery is found to align with the strong res-
toration of structural enthalpy and boson peak (BP), as well as
the more disordered structure revealed by the pair distribution
functions. Negligible structural anisotropy was found, indicat-
ing that the rejuvenation is induced by UV, instead of plastic
deformation. A framework of ‘anti-free volume defects’ was
introduced, which provides a plausible interpretation of our
experimental results. This work presents a fast and simple
method to reverse the aging effect of MGs. More importantly,
a method of ‘aging-assisted UV loading’ was proposed, which
could be a viable recipe to enhance the properties of MGs.

2. Methods

In this work, the Zr62Cu15.5Ni12.5Al10 (at.%) alloy (abbreviated
as Zr62 hereafter) was synthesized by arc melting pure Zr
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(99.9 at.%), Cu (99.999 at.%), Ni (99.999 at.%), and Al
(99.999 at.%) in a high purity argon atmosphere. The ingots
were cast into cylindrical rods with a diameter of 2 mm by
means of a water-cooled copper mold. The samples were
sealed in quartz tubes to prevent oxidation during annealing.
The samples were held at a temperature in a box furnace for
different periods of time. After that, the samples were cooled
down to room temperature in air.

The ultrasonic sonotrode was made of cemented carbide
(TC4 titanium alloy) and was combined with a booster and
transducer (figure 1), which converted the electrical signals
into high frequency vibrations. Therefore, the sonotrode can
applymechanical vibrations perpendicular to the sample under
the set pressure. The vibration frequency is 20 000 Hz (with a
frequency tolerance range of ±500 Hz), which is a character-
istic inherent to the ultrasonic instrument. The instrument per-
mits operation in two control modes: time-control and energy-
control. In this work, we used the energy-control mode. The
stress was measured by a force gauge located at the base
of the sample.

The phase structure of the samples was examined using x-
ray diffraction of Cu K α radiation (XRD, Rigaku MiniFlex
600). The thermal properties of the samples were determined
using differential scanning calorimetry (DSC, Perkin Elmer
DSC-8000) at a heating rate of 20 K min−1. The micromor-
phology of the samples was characterized using transmission
electron microscopy (TEM, FEI F30). The morphology was
captured using a field emission scanning electron microscope
(SEM) (FEI QUANTA FEG 450). The specific heat of the
samples was measured in a physical property measurement
system (PPMS 6000) from quantum design through a thermal
relaxation method from 2 to 300 K. Macroscopic compres-
sion tests were conducted at a strain rate of 5 × 10−4 s−1

using a Zwick Z050 testing machine. At least three independ-
ent samples were repeated at each condition for data reli-
ability. The samples were cylindrical rods with a height of
4 mm and a diameter of 2 mm. All samples were polished to a
mirror finish.

A part of the contact ultrasonic sonotrode was cut off and
spliced into a sample, for the x-ray measurements. High-
energy x-ray scattering experiments were performed at the
BL12SW beamline of the Shanghai synchrotron radiation
facility (SSRF) [33]. A beam with an energy of 112 keV
and size of 0.5 × 0.5 mm was used. Each sample data
collection time was 60 s. Calibration was performed using
a CeO2 NIST powder standard. Diffraction was performed
in a transmission mode by using a two-dimensional (2D)
detector (Pilatus3 X CdTe 2M). The one-dimensional diffrac-
tion patterns were obtained by integrating the 2D diffraction
images using GSASII software [34]. The total scattering factor
S(Q) and pair-distribution functions G(r) were obtained using
PDFgetX3 software package [35].

3. Results and discussion

The DSC curves of the Zr62 sample annealed at Tg (653 K)
for different times are shown in figure 1(a). A schematic

diagram of the annealing process of MGs is given in the inset
of figure 1(a). To accelerate the aging process, the samples
were sealed and heated up to Tg for different aging times
and then cooled down to room temperature. A broad exo-
thermic peak below Tg is found in the DSC curve of the as-
cast sample, corresponding to an irreversible structural relax-
ation with the annihilation of excess free volume or other
structural defects [36]. As the annealing time increases, this
broad exothermic peak gradually disappears, accompanied by
the reduction of structural relaxation enthalpy (∆Hrel). The
sub-Tg signal finally disappears when the annealing time is
longer than 1 h, and an overshoot above Tg appears when
the time is above 10 min. These results are consistent with
previous work [36]. The as-cast and annealed samples are
fully amorphous. (Structure data of all the samples are shown
in suppl. figures S1 and S2).

The stress–strain curves of as-cast and aged Zr62 MGs are
shown in figure 1(b), which were measured at a strain rate of
5 × 10−4 s−1. (Summary of the mechanical properties and
structure relaxation enthalpy (∆Hrel) of the aged samples is
shown in suppl. table S1). The as-cast MGs exhibit a com-
pressive plasticity of 9.6% and a strength of 1.55 GPa. As the
annealing time increases, the plasticity gradually decreases.
The plasticity finally disappears, and the strength decreases to
1.49 GPa when the annealing time is 10 h. Therefore, we took
the samples annealed for 10 h as the initial samples subjected
to UV treatment.

To investigate the effects of UV loading on aged MGs,
UV loading was applied to the well-annealed MGs, and the
property evolution under different UV loading conditions was
studied. A schematic diagram of UV loading is shown in
figure 1(c). The ultrasonic horn moves downward at a uniform
rate, contacts the sample, and imposes a compressive force
on the sample. The sample processing procedure is shown in
figure 1(d). We applied UVs on one side of the sample with a
certain ultrasonic energy. To achieve a uniform UV processing
effect, the sample was then flipped over and UV were applied
on the other side with the same energy. Therefore, each side of
the sample was treated with the same energy levels, including
75 J, 100 J and 125 J, respectively (abbreviated as UV-75J, UV-
100J, UV-125J hereafter). To ensure the accuracy of the com-
pressive stress–strain curve measurement, the upper and lower
surfaces of the cylindrical sample were polished to make them
parallel and smooth. The photos in figure 1(d) exhibit the shape
of the samples at each stage. Figures 1(e) and (f) present the
stress and temperature change during UV loading (with vibra-
tion amplitudes of 35.5 µm). With the increase in the input
energy, the UV loading time increases, accompanied with the
increase in the loading stress maximum. It is evident that the
loading stress is generally low (<30MPa) and the temperature
increases but is far below Tg. The loading time is as short as
around 0.5 s, indicating that UV loading is an efficient method
to treat the sample.

We also investigated the influence of vibration amplitude.
The amplitude maximum of the ultrasonic instrument is
44.4 µm, which can also be adjusted. Thus, we tested the
thermal behaviors of the samples under UV loading with dif-
ferent vibration amplitudes. The DSC results are shown in
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Figure 1. Property changes of Zr62 aged MGs and UV loading process. (a) DSC plots of alloys aged at Tg for different times. The red
arrow shows that the reduction of structural relaxation enthalpy as the aging time increases. Inset: schematic diagram of the annealing
process of MGs. (b) Stress–strain curves of as-cast and aged Zr62 MGs. (c) Schematic diagram of the ultrasonic vibrational equipment. (d)
Schematic diagram of the UV treatment procedure and photos of the samples at each step. (e) Stress versus time during UV loading. (f)
Temperature versus time during UV loading.

suppl. figures S3 and S4. As can be observed from figure S4,
the largest enthalpy change takes place with an amplitude of
35.5 µm (80%). Consequently, this amplitude was selected in
this work.

The property evolution of the MGs treated under different
UV conditions is presented in figure 2(a). The black curve of
the as-cast sample serves as a reference, exhibiting a plastic
strain of 9.6% and a yield strength of 1.547 GPa, while the
Tg-10 h aged (abbreviated as Tg-10 h hereafter) MG displays
zero plastic strain. In comparison, the UV-75J sample starts
to exhibit a plastic strain of 4.2% and a yield strength of

1.43 GPa. When the UV energy increases to 100 J, the plas-
ticity of the samples further increases to 14.5% and the yield
strength increases to 1.68 GPa, even surpassing those of the
as-cast samples. When the energy continues to increase, the
plastic strain of the UV-125J sample decreases to 3.4%, and
the yield strength decreases to 1.52 GPa. As a result, the best
performance is observed in the UV-100J sample, exhibiting
the plasticity superior to that of the as-cast sample by 50%.
We conduct the mechanical property tests for each energy at
least five times. Figure S5 in supplementary materials shows
the replica data of the compression test for different energy
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Figure 2. Property evolution of the samples undergoing different treatments. (a) Stress–strain curves of aged samples after UV loading. (b)
DSC curves of the aged samples after UV loading. (c) (Cp-γT)/T3 versus temperature (T) for samples before and after UV loading. (d)
Relaxation enthalpy, plastic strain and boson peak intensity of samples at the aging treatment and the UV treatment stages. (e) Excess
relaxation enthalpy of MGs as a function of the time scale of various rejuvenation methods. It includes UV loading in this study, elastostatic
compression [43], cycling compression [44], triaxial compression [20, 21], high-pressure annealing [45], thermal cycling [16, 46],
high-pressure torsion [47], and shock compression [41]. (f) Performance variation of MGs subjected to UV treatment with different initial
states (The y-axis represents the percentage relationship of plastic strain between differently treated samples and the as-cast sample).

values, and the corresponding margins of error are shown in
suppl. table S1. These data confirm that the plasticity results
are reproducible.

The DSC curves for the aged samples before and after the
UV loading treatment (the sample is taken from a cross-section
of one end of the cylinder) are shown in figure 2(b). After
long-time annealing, the∆Hrel decreases from 0.393 kJmol−1

to 0 kJ mol−1. However, when UV loading is applied to the
well-annealed sample, the ∆Hrel begins to recover. As the

UV energy increases, the ∆Hrel recovers to 0.104 kJ mol−1

for UV-75J and 0.075 kJ mol−1 for UV-125J. Specifically,
the ∆Hrel recovers to 0.510 kJ mol−1 for UV-100J, exceed-
ing that of the as-cast sample. Under UV loading, rejuvena-
tion and aging compete with each other, and excessive energy
can lead to the aging of MGs [26, 37, 38]. Therefore, there
is an optimal energy threshold for UV-induced rejuvenation.
The hardness and modulus are shown in suppl. figures S6 and
S7. It is found that aging increases the hardness and modulus,
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while UV loading leads to a decrease in them. This tendency
is consistent with the influence of aging and UV treatment on
other properties.

The state of MGs is further characterized by the low tem-
perature heat capacity. At terahertz frequencies, glasses can
display an excess of vibrational modes over the Debye level,
forming a vibrational anomaly called BP [39]. These addi-
tional vibrations enhance the low-temperature specific heat
capacity Cp, and the BP appears as a hump in the plot of Cp/T3

versus T at the temperature of ∼10 K. For MGs, the elec-
tronic part Cele p of the low-temperature Cp is known to be
equal to γT, where γ is the electronic specific heat coefficient
[40, 41]. The Cele p is subtracted to make the BP more pro-
nounced. Then, we plotted the curve of (Cp-γT)/T3 vs. T in
figure 2(c), where the BP is clearly visible at ∼10 K. It is
noted that the BP intensity shows a positive correlation with
the ∆Hrel change in figure 2(b) [42]. The BP value of the
as-cast sample is 0.1751 mJ (mol−1 K−4), and it decreases
to 0.1598 mJ (mol−1 K−4) at the Tg-10 h sample. After UV
treatment, the BP intensities are all higher than that of the Tg-
10 h sample. Among processed samples, the BP intensity of
the UV-100J sample is highest and close to the as-cast sample.

The property evolution of aged samples before and after
UV loading treatment is summarized in figure 2(d), with the
corresponding mechanical properties, relaxation enthalpy, and
BP intensity listed in suppl. table S1. During the annealing
treatment stage, the∆Hrel decreases to 0 kJmol−1 at 1 h, while
the plastic strain gradually decreases to 0% until 10 h. During
theUV treatment stage, the∆Hrel, plastic strain and BP intens-
ity all initially increase, reaching maximum values at 100 J,
and decrease with further increasing the applied UV energy. In
comparison, the UV-100J sample exhibits higher yield stress,
larger plasticity and higher relaxation enthalpy than the as-cast
one, while displaying a smaller BP intensity.

An extensive comparison between this study and pre-
vious methods (treating bulk specimens) is summarized in
figure 2(e) by plotting the ∆Hrel as a function of time. The
aging reversal process is achieved within an exceptionally
short time scale of just 0.5 s in this work. This time scale is sig-
nificantly shorter than that of currently available rejuvenation
techniques, being at least 2 orders of magnitude faster. While
the shock compression method is rapid, it can cause significant
destructive effects on the samples. Therefore, it is evident that
UV loading is a rapid and effective way to reverse the aging
process and facilitate mechanical recovery in aged BMG.

The above results demonstrate that the samples subjected
to UV loading after aging display larger plasticity than the as-
cast counterparts. It indicates that rejuvenation does not sig-
nify a return to the initial state but rather a transition to a new,
higher-energy state. This observation leads to an interesting
question: whether superior plasticity can be achieved through
UV loading by selecting different initial states.

To explore this question, we examined the plasticity of
as-cast samples after UV loading. Figure 2(f) presents the
performance variation of MGs subjected to UV treatment
with different initial states. After UV treatment, the plasti-
city of the aged sample increased from 0 to 14.5%, which is
approximately a 50% increase compared to the as-cast sample.

When the as-cast sample was subjected to 100 J of ultrasonic
energy, its plasticity increased by approximately 15% com-
pared to the as-cast sample (The mechanical properties of
the ‘as-cast +UV loading’ sample are presented in the suppl.
figure S8). As a result, the optimal performance is observed in
the sample undergoing UV loading after aging. Notably, sim-
ilar enhancement in catalysis property has also been found in
Pt-basedMGs treated by post-agingUV loading, whichwill be
detailed in forthcoming publications. Therefore, we propose a
‘aging-assisted UV loading’ approach that is a viable strategy
to enhance the properties of the MGs.

To explore the mechanism of the plasticity enhancement
through the aging-assisted UV loading method, we studied the
evolution of the microstructure after each process. Figure 3
shows the SEM images and schematic diagram of the Zr62
rods after compression tests. A high density of multiple shear
bands (SBs) marked by golden arrows appears on the side
surface of the as-cast rod (figure 3(a)). These SBs branch
and interact with one another (marked by the golden circle in
figure 3(a)), and the interactions prevent the rapid expansion of
the main SBs along a single direction. The SEM image of the
fracture surface exhibits vein-like patterns and dimples which
are typical features of the fracture surface in highly plastic
MGs, as shown in figure 3(b). Similar results are observed
in other MGs with good compression plasticity [13, 48]. A
schematic diagram of dimples is shown in figure 3(c). In
figures 3(d)–(f) of the Tg-10 h aged sample, SBs and dimples
disappear, and smooth regions appear (marked by orange
circles in figures 3(e) and (f)), which is consistent with the
disappearance of plasticity in the well-aged sample. When the
aged samples undergo the UV loading, the SBs and vein-like
patterns reappear (figures 3(g)–(o)). It is noted that the UV-
100 J sample displays the densest SBs in figure 3(k), consistent
with its largest plasticity among all the samples.

To further investigate the structural differences associated
with the aged and rejuvenated samples, high-energy x-ray dif-
fraction experiment was conducted. The obtained structure
factors S(Q) of the samples undergoing different treatments
are shown in figure 4(a). The first two peaks were enlarged
for a better distinction (see figures 4(b) and (c)), which qual-
itatively reflect the medium-range order (MRO) of the atomic
structure of glasses [49]. A sharpening of these two peaks can
be seen for the aged sample, while a downward peak shift is
discernible for the UV-100J sample. The sharpening of the
peaks has been widely observed in aged MGs [50], being
attributed to the relaxation-generated more ordered configur-
ation of the structure. In contrast, the decreased peak height
indicates that the UV treatment pulls the aged structure back
to a more disordered state.

The short-range order (SRO) as well as short- to medium-
range information can be extracted from the atomic pair distri-
bution functions (PDFs) G(r), which quantify the probability
of atomic pairs occurring at specific intervals from a central
atom. TheG(r) of samples undergoing different treatments are
shown in figure 4(d). For better observation, the first four peaks
are enlarged and denoted as r1, r2, r3, r4 in figures 4(e)–(h),
respectively. The peak heights of the r1, r3, r4 in the well-aged
sample exhibit a significant increase compared to those in the
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Figure 3. SEM images of the sides and fracture surfaces of samples under different treatments. As-cast sample: (a) side, (b) fracture surface
and (c) Schematic diagram of dimples. Tg-10 h sample: (d) side, (e) fracture surface and (f) Schematic diagram of dimples. UV-75J sample:
(g) side, (h) fracture surface and (i) Schematic diagram of dimples. UV-100J sample: (j) side, (k) fracture surface and (l) Schematic diagram
of dimples. UV-125J sample: (m) side, (n) fracture surface and (o) Schematic diagram of dimples. SBs and vein-like patterns (dimples) are
denoted by golden arrows. Intersection points of SBs are marked by golden circles. Smooth regions are highlighted by orange circles. The
purple arrow shows the plastic change of different treated samples.

as-cast sample. This is a typical signature of structural relaxa-
tion in glasses [51], indicating a tighter local structure. In com-
parison, for the UV-100J sample, these three peaks decrease
and lie between the aged and as-cast samples. The change
in peak area can quantify the coordinate number of differ-
ent atomic shells, and the change in peak height can indicate
changes in the degree of structural disorder. To gain insights
into the coordination number of samples undergoing differ-
ent treatments, we carefully compared the nearest-neighbor
peak r1 of G(r). We conducted subpeak analysis and integ-
ration in suppl. figures S9(a)–(c) [52, 53], and found that the
trends in peak area and peak height are consistent, as illustrated
in suppl. figure S9(d). It indicates that the material becomes
more ordered after aging, but becomes disordered again after
post-aging UV loading.

The decrease in r1 peak area and height for the UV-100J
sample evidences a less coordinated SRO. This is a signature
of the rejuvenation of MGs, concurring well with reported

results [53]. The structural rejuvenation extends to at least
4 atomic shells, as illustrated in figures 4(e)–(h). However,
the second peak r2 of UV-100J sample shows no declination,
instead a slight increment. This may originate from the dif-
ferent effect on the atomic structure between ultrasonic sound
and temperature. The peak change indicates the UV treatment
causes a change in medium-range order, but the path under
UV loading is not a simple return to the original aging path.
A more detailed study on the PDFs of UV loading is required
in the future.

The above results exhibit that the rejuvenation effect takes
place after UV loading, which is similar to that of La-
based MGs in the previous work [31]. However, there is a
notable distinction between La-based and Zr-based MGs in
their response to UVs. La-based MGs exhibit rejuvenation
accompanied by large ultrasonic-vibration-induced plasticity
of 80% [31], whereas Zr-based MGs demonstrate rejuven-
ation with only a minute deformation of 1%, as shown in
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Figure 4. PDFs and the atomic structures of samples undergoing different treatments. (a) Synchrotron x-ray diffraction results of samples in
Q-space. (b) Enlarged first diffraction peak in the red box. (c) Enlarged second diffraction peak in the red box. (d) Synchrotron x-ray
diffraction results of samples in real space. (e) Enlarged image of the first diffraction peak (r1). (f) Enlarged image of the second diffraction
peak (r2). (g) Enlarged image of the third diffraction peak (r3). (h) Enlarged image of the fourth diffraction peak (r4). (i) Schematic of
structural anisotropy detection and two-dimensional diffraction patterns of UV-100J samples. The horizontal direction is designated as the X
direction, and the vertical direction is designated as the Y direction. (j) Diffraction patterns integrated over the X and Y directions with a
range of ±5◦. (k) Enlarged image of the diffraction peak (R1).
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Figure 5. Atomic structure and corresponding elemental distribution of the samples undergoing different treatments. (a)–(c)
HAADF-STEM images of the (a) as-cast, (b) Tg-10 h and (c) UV-100J samples. (d)–(f) Corresponding EDS chemical mappings for the (d)
as-cast, (e) Tg-10 h and (f) UV-100J samples.

suppl. figure S10. Consequently, the origin of the rejuvena-
tion effect, whether due toUVs or plastic deformation, remains
an unresolved question.

In order to solve this question, we have studied the struc-
tural anisotropy change of the UV-100J sample, which was
explored by high-energy synchrotron radiation x-ray aniso-
tropy testing as proposed by Dmowski et al [54]. Figure 4(a)
is a schematic illustration for structural anisotropy detection.
Figure 4(b) shows the 2D diffraction pattern obtained from
the anisotropy test, and no obvious structural anisotropy is
observed. To better contrast the differences in the diffraction
pattern along the X and Y directions, we performed integ-
ration over these directions (with a range of ±5◦) to obtain
two curves, as shown in figure 4(c). The inset in figure 4(c)
is an enlargement of the diffraction peak within the red box,
where the consistent peak positions indicate that the structural
anisotropy of the UV-100J sample is negligible. In MGs, sig-
nificant structural anisotropy appears during creep and plastic
deformation under anisotropic loads such as uniaxial compres-
sion or tension, which is caused by localized plastic deform-
ation leading to bond opening and closing [55, 56]. In con-
trast, negligible structural anisotropy was observed in UV-
treated samples in this work. Therefore, this result indicates
that the structural rejuvenation effect is not attributed to plastic
deformation, but induced by UVs.

To further confirm the origin of rejuvenation in the UV-
treated sample, we performed experiments to detect the pos-
sible sub-Tg exothermic peak in Zr-based MGs with the same
plasticity level under conventional compression. As shown in
suppl. figures S11(a), (c) and (e), Tg-3 h samples demonstrate a
plasticity of 0.3%, 0.7% and 1% under conventional compres-
sion test, respectively. It is noted that none of these deformed
samples exhibit a sub-Tg exothermic peak in the DSC curves
shown in suppl. figures S11(b), (d) and (f). These results also

indicate that the rejuvenation is not due to plastic deformation,
but rather caused by UVs.

It is well known that the plasticity of MGs is related to their
spatial heterogeneity in the nanoscale domains [57]. Scanning
TEM (STEM) analysis with a high-angle annular dark-field
(HAADF) detector was performed to characterize the local
atomic structure. In figure 5(a), the HAADF-STEM image
of the as-cast sample presents obvious structural heterogen-
eity with dark regions sizes of ∼2.5 nm [58–61]. In com-
parison, the structure of the well-annealed MG is more uni-
form and dark regions become indistinguishable in figure 5(b).
Strikingly, the structural heterogeneity reappears in the UV-
100J sample, as shown in figure 5(c). No detectable composi-
tion difference between the dark and bright domains is found
in figures 5(d)–(f), suggesting all the samples are composition-
ally homogenous. Therefore, these results reveal that the struc-
tural heterogeneity after UV loading is not accompanied by the
compositional heterogeneity.

As shown in figure 2(b), compared to the as-cast sample, the
DSC curve of the UV-100J sample shows an earlier onset of
enthalpy relaxation, suggesting a softening effect with a lower
activation barrier for structural relaxation. In comparison, the
UV-treated sample in figure 2(c) exhibits a rightward shift in
the position of the BP (higher frequency) compared to the as-
cast sample. This indicates a hardening effect whereby the
population of defect-like excitations increases after UV treat-
ment, while these defects require higher activation energy for
excitation. Thus, there is an apparent contradiction between
the softening effect in DSC data and the hardening effect
in BP. This intriguing contradiction can be well explained
by the framework of the ‘anti-free volume defects’ proposed
by Egami [62].

From a microscopic perspective, the microstructure of
MGs can be conceptualized as structural defects randomly
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Figure 6. Aging process and UV-induced reverse aging process interpreted through a potential energy landscape. (a)–(c) Stress–strain
curves. (d)–(f) DSC curves and (g)–(i) Schematic microstructures of MGs under different treatments. The red, green and blue atomic
regions represent the free volume defects, anti-free volume defects and solid matrix, respectively. (j)–(l) Schematic diagrams of the PEL of
MGs. (k) The change in the energy state of MGs during aging (orange box). (l) The change in the energy state of aged MGs during UV
loading (red box).

distributed in a solid matrix [63, 64]. The structural defects
are generally considered to be regions of low density with
free volumes (also known as the ‘liquid-like region’ or ‘soft
zone’). However, there are also another type of defects with
higher density and higher energy, which are the anti-free
volume defects [45, 62]. Free volume defects are loosely struc-
tured defects characterized by a high-energy state, low dens-
ity, and low modulus. In contrast, anti-free volume defects,
also referred to as negative flow units, are tightly structured
defects characterized by a high-energy state, high density, and
high modulus [45, 62].

In the context of the anti-free volume defects, the appar-
ent contradiction can be properly interpreted. The anti-free
volume defects have a higher structural density than free
volume defects, so their activation frequency is higher than
that of free volume defects, corresponding to the rightward
shift in BP position. Conversely, as high-density structural
defects, anti-free volume defects are more sensitive to thermal
expansion. During heating, these defects are activated earlier
due to their higher density, leading to the leftward shift in the

exothermic peak position. Consequently, this apparent contra-
diction indicates that UV loading introduces unusual anti-free
volume defects into the UV-treated sample.

These anti-free volume defects can also well explain the
enhanced plasticity in UV-treated aged samples. There are
abundant free volume defects in as-cast samples. The anti-
free volume defects introduced by UV treatment may anni-
hilate the free volume defects, thereby reduce the net defect
density and limit plasticity enhancement. In stark contrast,
aging reduced free volume defects in aged samples, leading to
a homogenous densified structure. The subsequent UV treat-
ment introduces anti-free volume defects, which act as stress
concentrators to facilitate SB nucleation, leading to a strong
plasticity enhancement.

We then attempted to explain the property evolution based
on the schematic diagram of the structure defects and energy
landscape. The plastic deformation changes after aging and
UV loading are shown in figures 6(a)–(c). Figures 6(d)–(f)
exhibit the exothermic relaxation enthalpy changes after aging
and UV loading. The free volume, anti-free volume defects
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and the solid matrix are represented by red, green, and blue
atoms, respectively, in figures 6(g)–(i). After a certain period
of aging, free volume defects are eliminated, and the system
relaxes to a more homogeneous state, as shown in figure 6(h).
Consequently, no plasticity is observed in figure 6(b), and the
sub-Tg exothermic peak disappears in figure 6(e). After UV
loading, new anti-free volume defects are introduced, which
corresponds to the reappearance of the plastic deformation and
the sub-Tg exothermic peak in figures 6(c) and (f).

To explain the energy evolution of the aged sample under
UV loading, we also established a potential energy land-
scape (PEL) in figures 6(j)–(l), in which several potential
energy minima/mega basins between different configurations
are illustrated. The deepest energy minimum on the PEL cor-
responds to a stable crystalline phase, while other energy min-
ima represent metastable glassy states [31]. As-cast MGs are
formed by the rapid cooling of the melt, leaving some energy
trapped in the glass, which corresponds to the formation of free
volume in themicrostructure. During aging, the as-cast sample
tends tomove towards amore stable state.When the aging time
is long enough, the energy state of the aged MGs becomes
relatively low in figure 6(j), so soft zones are annihilated in
figure 6(h), which is responsible for the disappearance of the
exothermic peak in figure 6(e). Intriguingly, UV loading can
inspire the state of the well-aged samples to a higher energy
level as illustrated in figure 6(l), corresponding to the anti-free
volume defects in figure 6(i). Simultaneously, this process is
accompanied by the recovery of plasticity in figure 6(c) and
the emergence of an exothermic peak in figure 6(f).

4. Conclusions

In summary, we reported that UV loading can make out-
standing plasticity recovery of the aged MGs in a short time.
The well-aged samples have completely lost their compress-
ive plasticity, while post-aging UV treatment results in even
better plasticity than that of the as-cast ones. The signific-
ant plasticity recovery is attributed to the rebound to a higher
energy state induced by UV treatment, which is evidenced
by the strong restoration of the structural enthalpy change
and BP intensity, as well as the more disordered structure
revealed by the pair distribution functions. Negligible struc-
tural anisotropy indicates that the rejuvenation is induced by
UVs, instead of plastic deformation. The conceptual frame-
work of anti-free volume defects offers a compelling explan-
ation for these experimental observations. Accordingly, we
proposed a method of ‘aging-assisted UV loading’ that can
improve the performance of MGs. This work offers an altern-
ative approach to heal and repair degenerate glasses and fur-
ther helps to unveil the mechanism behind the structural
evolution of MGs.

5. Future perspectives

MGs show great prospects both in fundamental research and
engineering applications due to their unique amorphous struc-
ture and excellent properties. However, the aging of glassy

materials is an inevitable process, ultimately leading to prop-
erty degradation. This work demonstrates that aging is no
longer a detrimental process, but an essential prerequisite to
facilitate the following UV treatment to achieve even better
plasticity than that of as-castMGs. This finding breaks through
the traditional perception of aging effects and opens up a new
research direction for the property modulation of MG.

From a theoretical standpoint, the anti-free volume defect
framework offers a compelling explanation for our experi-
mental observations. However, the direct experimental evid-
ence for these defects remains elusive, representing a crit-
ical gap in our understanding of their structural manifesta-
tion. Future studies are needed to obtain direct evidence for
the formation of anti-free volume defects through molecular
dynamics simulations or positron annihilation spectroscopy.
Such investigations will not only validate the anti-free volume
defects, but also offer critical insights into the atomic-scale
mechanisms governing defect-mediated plasticity in MGs.

From a broader perspective, this strategy offers new possib-
ilities for the functional application of amorphous alloys and
may potentially be extended to multiple functional material
fields, such as catalytic performance modulation (in Pd-based
or Pt-based MGs) and soft magnetic property optimization
(in Fe-based MGs), holding significant scientific and applic-
ation value. Moreover, the relationship between the energy
threshold exhibited in this work and the amorphous compos-
ition, as well as the long-term stability of the samples after
ultrasonic treatment, still warrant further investigation.
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