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Metallic glasses (MGs) have been found to exhibit unex-

pected ultrasonic-vibration-induced plasticity (UVIP),

which provides a promising way to realize room temper-

ature processing and molding of MGs. However, whether

all MGs possessing UVIP remains a mystery. Here, we

report that metallic glacial glasses (MGGs) which are a

new glass state obtained through a liquid–liquid transition,

show a different behavior without UVIP. While the as-cast

La65Ni20Al15 MG exhibits UVIP, consistent with conven-

tional MGs, the MGG counterpart obtained by heat treat-

ment exhibits brittleness under ultrasonic vibration loading.

The MGG possesses higher a-relaxation and b-relaxation

peak temperatures and a weaker boson heat capacity peak,

indicating that it is more stable than the as-cast MG, con-

sistent with its ultrastable nature. A schematic energy

landscape is established accordingly. This work may pro-

vide new insights into the understanding of the ultrasonic

plasticity of MGs as well as the nature of the MGGs.

Metallic glasses (MGs), also called as amorphous alloys,

are a unique state with the disordering of atomic packing,

which are generally formed by quenching molten liquid at

a high cooling rate to avoid the crystallization process

[1–4]. MGs possess excellent properties, including large

elastic limit, high specific strength, good wear resistance

and high corrosion resistance [5–10]. As a result, these

alloys exhibit potential wide applications in various occa-

sions ranging from medical devices to electronic equip-

ment [11]. However, the size of bulk metallic glasses

(BMGs) is generally limited to the centimeter scale [1–3].

Therefore, it is still a huge hurdle to overcome the size

limitation of BMGs [12, 13]. Furthermore, MGs frequently

exhibit brittleness due to the lack of crystal defects (e.g.,

dislocations) and localized plastic deformation in shear

bands [14–17]. Recent studies have shown that rejuvena-

tion is an important way to enhance the mechanical prop-

erties of MGs, in particular, the compression plasticity of

MGs [6, 18, 19]. However, the brittleness of MGs still

restricts their extensive applications.

Recently, an intriguing phenomenon has been reported

in MGs that large compression plasticity takes place at

room temperature (far below the glass transition tempera-

ture, Tg) under ultrasonic vibration (UV) loading, which

means that a compression load together with an ultrasound

at 20 kHz are applied on the sample simultaneously.

[17, 20–22]. This ultrasonic-vibration-induced plasticity

(UVIP) of MGs provides an opportunity to realize

advanced processing such as room temperature welding or

embossing in MGs, serving as a promising approach to

overcome the size, compositional and especially forming

limitations of BMGs in principle [20]. The origin of the
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UVIP is considered to be related to the inherent dynamic

heterogeneity and UV-induced atomic-scale dilations in

MGs, which lead to the final softening of the solid-like

amorphous structure, resulting in an overall fluid-like

behavior. Many MG systems have been found to exhibit

the UVIP [17, 20–22]. However, since the properties of

MGs are generally sensitive to many conditions including

compositions, temperature and thermal history, it is still an

open question whether the UVIP is a universal behavior of

all kinds of MGs.

A polyamorphic phase transition between two distinct

glass states has been reported in some MGs recently

[23–30]. A new glassy phase in these MGs is called as

metallic glacial glass (MGG), which is considered to be

linked to a liquid–liquid phase transition in the molten

liquid state and thus provide a new perspective to under-

stand the microstructure and nature of MGs [27, 28]. The

MGG possesses a higher glass transition temperature (Tg)

and a less enthalpy change (i.e., smaller areas under

exothermic peaks during heating) than that of the original

one, so it is a thermodynamically more stable glass state

[26, 27, 31]. It thus invites an interesting question: whether

the MGGs as more stable glassy states can also exhibit

UVIP or not?

In this work, we report that the MGGs exhibit a different

behavior without showing UVIP. For two MGG composi-

tions, La65Ni20Al15 and La32.5Ce32.5Co25Al10, the as-cast

MGs exhibit excellent UVIP. In contrast, the MGGs exhibit

embrittlement under UV loading. A compositionally sim-

ilar MG, La60Ni15Al25 (which is a conventional MG with

only one exothermic peak), exhibits UVIP with slight

crystallization after heat treatment, ruling out the possi-

bility of crystallization responsible for the ultrasonic brit-

tleness of MGGs. MGGs are found to exhibit higher a-

relaxation and b-relaxation peak temperatures and weaker

boson peak capacity peak. These results reflect that MGGs

are more stable than the as-cast state, which is consistent

with the ultrastable glass nature of MGGs [26, 27]. This

work may provide new insights into the nature of the

MGGs as well as the mechanism underlying the ultrasonic

plasticity of MGs.

Two MGG compositions, La65Ni20Al15 (abbreviated as

La65 hereafter) and La32.5Ce32.5Co25Al10 (abbreviated as

LaCe hereafter), and one conventional MG composition

La60Ni15Al25 (abbreviated as La60 hereafter) were syn-

thesized by arc melting. The amorphous structure was

examined using X-ray diffraction of Cu-Ka radiation

(XRD, Rigaku MiniFlex 600) and a scan rate of

2 rad�min-1 was used. The thermal behaviors were deter-

mined using differential scanning calorimetry (DSC, Per-

kin-Elmer DSC-8000) with a heating rate of 20 K�min-1.

The microscopic morphology and elemental distribution

were characterized using a transmission electron

microscope (TEM, FEI Titan Cubed Themis G2 300) with

energy dispersive spectroscopy (EDS). The relaxation

features were performed by the dynamic mechanical ana-

lyzer (DMA, TA DMA-Q850), the morphology of DMA

samples was 20 mm 9 1.5 mm 9 2 mm. A single can-

tilever mode was employed. The specific heat Cp was

measured in the Physical Property Measurement System

(PPMS, Quantum Design dynaCool).

UV loading was performed by a self-developed ultra-

sonic setup with a frequency of 20 kHz. The strain

amplitude of our ultrasonic equipment could be adjusted in

a range of 4–40 lm, and an amplitude of 40 lm was used

in this work. All specimens for UV loading were cylin-

drical samples with a diameter of 2 mm and a height of

2.5 mm. The high-speed camera has a frame rate of

4000 fps and was used to capture images of the UV

process.

Figure 1 shows the glass features of the MGG compo-

sition of La65 at different heat treatment temperatures. The

black curve in Fig. 1a is the DSC curve of the as-cast La65

sample, and the Tg is determined * 438 K. The as-cast

sample shows a quite narrow supercooled liquid region of

10 K, and a sharp exothermic peak takes place with further

heating above T1 (i.e., the onset temperature of the first

exothermic peak) * 448 K. Then, the as-cast samples

were heated up to 463, 473 and 483 K at a heating rate of

10 K�min-1 and then cooled down at a cooling rate of

100 K�min-1 immediately. DSC results after heat treat-

ment are shown in Fig. 1a. It is noted that the first

exothermic peak gradually disappears and the supercooled

liquid region expands with the heat treatment temperature

increasing from 463 to 483 K. Meanwhile, XRD patterns

after heat treatment in Fig. 1b all maintain halo peaks

similar to those of the as-cast sample, which may suggest

that these samples still possess a complete amorphous

structure. More interestingly, the second halo peak

enhances with the heat treatment temperature increasing,

suggesting that phase change emerges in the heat-treated

sample [28]. According to the references [27], it is a new

glass phase, namely the MGG, that appears after heat

treatment.

High-resolution electron micrograph and the corre-

sponding diffraction pattern of the MGG sample heat-

treated at 473 K are shown in Fig. 1c. The image indicates

that the MGG still maintains an amorphous structure down

to the atomic level. In addition, EDS patterns in Fig. 1d

exhibit a homogenous element distribution, suggesting that

the heat treatment does not cause obvious element segre-

gation. As a result, the MGG state is determined in the

heat-treated La65 samples.

As a new glass phase, it is of interest to explore its

ultrasonic behavior. Figure 2a shows the schematic dia-

gram of the UV loading equipment. The parameters of UV
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loading can be referred to the experimental section. In each

UV loading process, the ultrasonic sonotrode first descends

at a constant speed to contact the sample. When the load

exceeds the ultrasonic triggering threshold which is set as

16 MPa, the sonotrode starts to apply the ultrasonic

vibrations to the sample, and the energy of each loading is

50 J. Figure 2b, c exhibits the sample pictures before and

after the UV loading for the as-cast MG and MGG of La65

alloy respectively. The original sample in Fig. 2b is finally

compressed into a thin disk, exhibiting a good UVIP, while

the MGG sample in Fig. 2c breaks into pieces, displaying

no UVIP. Figure 2d exhibits the sample pictures during

UV loading taken by the high-speed camera (also refer to

Supplementary Video S1). The top part of the as-cast

sample becomes viscous-fluid-like at the very beginning of

UV loading, and the sample continues deforming into a

plate with the increase of time. In comparison, the MGG

sample in Fig. 2e does not exhibit a fluid-like state but

break into pieces under UV loading (also refer to Supple-

mentary Video S2). The right figures in Fig. 2b, c show the

load change with time in the process of UV loading for the

as-cast MG and MGG respectively. The as-cast sample

exhibits a low load around 50 MPa and never reaches to

zero. In comparison, the load of the MGG sample

decreases to zero suddenly in the middle, which corre-

sponds to the occasion when the MGG sample fractures.

According to Figs. 1, 2, it is clear that the MGG in La65,

as a new amorphous phase, does not display plasticity

under UV loading, distinct from the UVIP behavior of the

as-cast MG. However, it is still unclear whether the

absence of UVIP is a universal behavior of MGGs. To

check whether it is a common behavior, we performed the

same experiment on another MGG composition

La32.5Ce32.5Co25Al10 (LaCe). As shown in Fig. S1, the as-

cast MG of LaCe exhibits UVIP, whereas there is no UVIP

in MGG. As a result, it seems that the absence of ultrasonic

plasticity is a common behavior of MGGs.

Since the MGGs are obtained by heat-treating the

sample above Tg, there may be some doubts on the exis-

tence of nanocrystals in the heat-treated sample, and thus

the influence of crystallization on the ultrasonic behavior

must be taken into consideration. Thus, the ultrasonic

behavior of a conventional amorphous alloy (La60) with a

similar composition to La65 but without an MGG phase

was studied.

Figure 3a exhibits DSC curve of the as-cast MG sample

of La60, in which only one single exothermic peak takes

place. The XRD pattern of the as-cast sample shows an

amorphous structure. After the heat treatment at 483 K for

30 min, a sharp peak appears in the XRD pattern, indi-

cating that slight crystallization occurs in the heat-treated

sample. Figure 3b shows the sample picture before and

Fig. 1 Glass features of La65 alloys: a DSC curves of La65 alloys after heat treatment at temperatures ranging from 463 to 483 K,
where up and down arrows illustrate Tg and T1, respectively; b XRD patterns after heat treatment between 463 and 483 K; c HRTEM
image of an MGG heat-treated at 473 K and (inset) corresponding SAED image; d EDS chemical mapping figures of MGG
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after the UV loading for the heat-treated La60 sample, and

UVIP can be clearly observed. Figure 3c shows the load

change with time. The load is at the same level as that of

the as-cast La65 sample in Fig. 2b. The sample picture

during the UV loading is shown in Fig. 3d (also refer to

Video S3). A fluid-like deformation is observed, similar to

the behavior of the as-cast La65 sample in Fig. 2b.

The results in Fig. 3 indicate that a slight crystallization

does not destroy the ultrasonic plastic deformation ability

of the conventional MGs. However, no obvious crystalline

phase is observed in MGG samples according to XRD and

TEM results in Fig. 1 and the results in the references

[27, 28]. Hence, even if there were some nanocrystals in

MGGs, they could not largely damage the ultrasonic

Fig. 2 Comparison of ultrasonic behavior of as-cast MG and MGG sample (heat-treated at 473 K) of La65: a schematic diagram of
ultrasonic equipment; b sample picture before and after UV loading of as-cast MG sample and corresponding load curve as a function
of time; c sample picture before and after UV loading of MMG sample and corresponding load change, where red arrow illustrates time
point when sample cracks; sample pictures of high-speed camera of d as-cast MG and e MGG during UV loading
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plasticity. As a result, the influence of crystallization on the

ultrasonic brittleness of MGGs can be excluded.

The exclusion of the influence of crystallization suggests

that the absence of UVIP is an intrinsic feature of MGGs.

Thus, it is worth exploring the underlying mechanism behind

the ultrasonic brittleness of MGGs, which may provide new

clues to understand the nature of MGGs. Figure 4a shows the

loss modulus curves of the as-cast MG and MGG of La65, in

which frequencies of 0.2, 0.4, 1, 2, 4, 10 and 20 Hz are used.

Two relaxation peaks can be observed in their curves: the low

temperature peak is the b-relaxation peak and the high

temperature one corresponds to the a-relaxation. The peak

temperatures of both a-relaxation and b-relaxation of the

MGG are higher than those of the as-cast one. The peak

temperature increase of the b-relaxation is * 24 K, while

the increase of the a-relaxation is up to 40 K. The peak

temperature increase indicates that the MGG is more

stable than the as-cast one in energy.

Figure 4b shows the relation of frequency (f) and peak

temperature (Tb) of b-peaks in both as-cast MG and MGG,

which are well fitted by an Arrhenius relation:

f ¼ f0 � expð�Ea=RTbÞ ð1Þ

where f0 is the prefactor, Ea is an apparent activation

energy of b-relaxation and R is the gas constant. The Ea of

the as-cast MG and MGG are yielded (75.4 ± 2.3) and

(88.7 ± 1.8) kJ�mol-1, respectively. A higher Ea of the

MGG means that it is harder to activate the b-relaxation in

the MGG.

It is well known that the MGs all exhibit a unique boson

vibrational anomaly, i.e., an excess of low-frequency

vibrations over Debye contributions at the level of 1 THz,

different from the crystalline counterpart [32–34]. This

anomaly is referred to as the boson peak, which is a peak

upon plotting the reduced density of states g(x)/x2 over x
(x is the frequency) * 1 THz, and can also be manifested

by a peak in the specific heat (Cp) at 5–20 K in a plot of Cp/

T3 vs. T. Similar anomaly has also been found in other

disordered solids [35–37]. The boson peak of MGs is

generally believed to stem from the localized loosely

packed regions in MGs [38]. Thus, the peak intensity and

peak temperature can also reflect the relative stability of

the as-cast MG and MGG.

We thus performed specific heat measurements of the

as-cast and MGG samples of La65 and LaCe alloys (the

data for LaCe samples are shown in Fig. S2). For non-

magnetic alloys, the low temperature specific heat mainly

comes from the contribution of electrons and phonons. In

order to obtain the contribution of phonons, we need to

remove the contribution of electrons. According to the

textbook [39], the electron specific heat is proportional to

temperature, while the phonon specific heat is proportional

to the cube of temperature. Thus, the low temperature Cp

data can be fitted by:

Fig. 3 Ultrasonic behavior of La60 with crystallization: a DSC curve of an as-cast sample together with XRD patterns before and after
heat treatment, where treatment temperature (labeled as THT) is 483 K (THT = Tg ? 30 K), aged time is 30 min; b photographs of aged
sample before and after UV loading; c load as a function of time for aged sample during UV loading; d high-speed camera
photographs of aged sample during UV loading
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Cp=T ¼ cþ bT2 ð2Þ

where c is the calorimetric linear coefficient corresponding

to electronic contributions, and b is the calorimetric cubic

coefficient [39]. Figure 4c exhibits a scatter plot of Cp/T vs.

T2 between 2 and 8 K of both as-cast MG and MGG in

La65 alloys. The corresponding specific heat curves from

150 to 2 K are shown in the inset of Fig. 4c. In Fig. 4c, it is

found that the data can be well fitted by Eq. (2), except for

sharp peaks below 10 K2, which are caused by supercon-

ducting transitions [38]. As a consequence, the contribution

of electrons can be eliminated.

Then, the (Cp–cT)/T3 as a function of T for La65 is

shown in Fig. 4d. Humps can be clearly seen around 10 K

in the two curves, which are the boson peaks. It is noted

that the boson peak of the MGG exhibits a lower magni-

tude and shifts to a higher temperature than that of the as-

cast one. The weaker boson peak also indicates that the

MGG is more stable than the as-cast MG.

According to the data in Fig. 4, it is clear that the MGG

is a more stable state than the as-cast one. These results are

consistent with the fact that the MGG actually is a ther-

modynamically ultrastable glass state, owing to its higher

Tg and much lower enthalpy change [27]. Accordingly, we

tried to explain the absence of UVIP of MGGs from the

view of potential energy landscape (PEL). Figure 5 exhi-

bits the schematic PEL diagram, in which several potential

energy minima/megabasins between different configura-

tions are illustrated. The deepest energy minima on the

PEL corresponds to the stable crystalline phases. During

the rapid cooling of the melt, these deep and narrow

minima cannot be reached due to energy barriers, resulting

in the formation of as-cast MGs [4, 26, 40]. The as-cast

MGs are generally high energy states, since the system is

readily trapped in many relatively high-energy

metastable megabasins [4, 40]. However, the MGG for-

mation process is accompanied by energy release, and thus

the MGG is relatively stable, locating in another lower

potential energy basin on the PEL. Higher energy is

demanded to excite the system to other states with higher

potential energy. As a result, the UV loading fractures the

MGG before it can be excited to higher energy state during

Fig. 4 Dynamic features of as-cast MG and MGG of La65. a Loss modulus curves of MG and MGG (heat-treated at 463 K) at
frequencies of 0.2, 0.4, 1, 2, 4, 10 and 20 Hz; b Arrhenius plots of peak temperature and frequency of b-relaxation; c plots of Cp/T vs.
T2 from 2 to 8 K, where solid lines are obtained by fitting and (inset) curves of Cp vs. T of La65; d curves of (Cp-cT)/T

3 vs. T for La65,
where BP is labeled by red arrows
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the loading process. That is, the MGG cracks before it

softens and thus does not exhibit UVIP.

In recent years, experts have made significant

diskoveries regarding liquid–liquid phase transitions in

various systems, including Fe-based [41] and Mg-based

[42] MGs. These findings have provided us with a better

understanding of the nature of glass. Additionally, we have

observed that MGG does not exhibit UVIP under UV-

loading, which offers a unique perspective for compre-

hending the liquid–liquid phase transition in MG.

It is important to note that the explanation regarding to

the energy landscape in this work is merely a qualitative

explanation. This theory has limitations in terms of its

phenomenological nature and inability to quantitatively

describe many issues related to amorphous and glass

transitions. Moreover, obtaining an accurate energy barrier

for a particular system is challenging, making it difficult to

connect energy barriers with specific real-world systems.

Therefore, additional efforts are required to establish a

theoretical model that can explain the different ultrasonic-

vibration-inducec behaviors observed in MGGs as com-

pared to conventional MGs. Fortunately, some reliable

multiscale computational methods have been proposed,

which can potentially contribute to future theoretical

studies on this topic [43–45].

In summary, we have found that the MGGs exhibit a

unique behavior without UVIP, distinct from the conven-

tional MGs. Crystallization is excluded to be responsible

for the ultrasonic brittleness of the MGGs, indicating that

the absence of UVIP is an intrinsic property of MGGs.

MGGs possess higher a-relaxation and b-relaxation peak

temperatures and a weaker boson heat capacity peak, so

they are more stable than the corresponding as-cast MGs,

consistent with the ultrastable nature of the MGGs.

According to their ultrastable nature, a schematic energy

landscape is established to explain the absence of UVIP of

the MGGs. This work not only sheds new light on the

understanding of the ultrasonic plasticity of MGs, but also

provides a new perspective to explore the nature of MGGs.
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