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a b s t r a c t
The range of supercooled liquid region (T) is the key parameter for evaluating the thermal stability
and glass-forming ability of metallic glasses. The enhancement of T is of signiﬁcance not only for the
glass formation and stability, but also for their thermoplastic forming ability. Traditional approaches to
increase T are composition regulation or dynamical modulation, which are either time-consuming or
diﬃcult to be controlled. Here, through a high-frequency ultrasonic vibration treatment, we show that the
T of a La-based metallic glass can be signiﬁcantly widened from 64 K to 83 K, around 30% increment.
This behavior is physically originated from the denser atomic packing and a lower stable basin in the
energy landscape induced by the ultrasonic vibration energy. This work might provide a ready route to
stabilize the supercooled liquid and glass, and give an insight into the understanding of the glass-forming
of amorphous materials.
© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

A glass is a vitriﬁed liquid with disorder atomic structure and
metastable energy state [1–3]. Upon heating, the glass will enter into supercooled liquid above the glass transition temperature
Tg , and then crystallized at a higher temperature Tx . The difference between Tg and Tx deﬁnes the range of supercooled liquid
region (SLR) T (i.e. T = Tx - Tg ), which is an important parameter for evaluating the glass forming ability (GFA) and stability of a glass [4–7]. Compared to organic and oxide glasses, metallic glass (MG) has attracted extensive attention due to the excellent mechanical properties [8–10]. Since its discovery [11], researchers have dedicated to searching new MGs with good GFA and
high stability [12–14]. Many MGs with large T show good GFA
have been exploited, such as Pd40 Cu30 Ni10 P20 (T ~ 79 K) [15],
Zr46.25 Ti8.25 Cu7.5 Ni10 Be27.5 (Vit4, T ~ 105 K) [16]. On the other
hand, the thermal stability of MGs is usually quantiﬁed by the
range of T. Generally, a larger T means a higher thermal stability, which would beneﬁt for the studies of thermodynamic or
relaxation behavior and the measurements of the properties for
undercooled liquids. On the technology side, a wider T provide
a better processing time window for the thermoplastic forming to
fabricate high-precision and high-performance components [17,18],
which would broaden the application ﬁled of MGs. Thus, an effec-
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tive method to tune T will beneﬁt for the deep understanding of
GFA as well as the development and processing of glasses.
Many routes have been used to tune T of MGs [19–23]. One
of the common ways is to adjust the constituent elements of the
alloy, i.e., increasing or decreasing the content of some elements,
minor addition or microalloying [19,24,25]. For example, Al addition dramatically enhances the thermal stability and GFA of a
(Cu50 Zr50 )100-x Alx system [19]. With 8% Al addition, the Tg and Tx
increased about 30 K and 66 K, respectively. Meanwhile, the GFA
was raised from 2 mm to 5 mm. However, such composition regulation is time-consuming and also diﬃcult to be controlled. Annealing below Tg can slightly change T, which is ineﬃcient and
causes embrittlement of MGs [20]. Recently, a number of ultrastable MGs have been prepared by magnetron sputtering (MS) or
deposition techniques with extreme low deposition rate [21–23].
These MGs exhibit excellent thermal stability with higher Tg and
Tx . For example, the ion beam assisted deposition can obtain a ultrastable amorphous Cu50 Zr50 thin ﬁlm which shows an increase of
60 K for the crystallization temperature [21]. The super-low vapor
deposition can produce ultrastable glass with a substantial increase
in the glass transition temperature Tg [22]. However, it was found
that most ultrastable MGs show a narrower supercooled liquid region as compared with ordinary MGs. So far, how to increase T
of an existing system intrinsically without composition or dynamic
modulation remains an open challenge.
In this work, an ultrasonic vibration (UV) method was introduced to treat a typical La55 Al25 Ni5 Cu10 Co5 MG. It is shown that
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Fig. 1. Schematic diagram of ultrasonic treatment process and the variation of temperature and structure of the samples. (a) Ultrasonic vibration process sketch: ultrasonic
vibration with 20 kHz is transmitted to the horn, and the horn exerts pressure and vibration on the sample. (b) The temperature variation of the samples obtains by high
precision infrared thermometer during the ultrasonic process with different energy. The inset shows the temperature proﬁle at different moments during UV at 30J. (c) XRD
patterns for as cast sample and processed samples, which show no observed crystallization occurred.

both Tg and Tx can be manually tailored with different input energy. With appropriate input vibration energy, a maximum 19 K
enhancement of T, around about 30% increment can be achieved
in the MG. The underlying physical mechanism of the phenomenon
is rationalized in terms of vibration induced the disappearance of
a high energy metastable structure with a relatively lower activation energy in MG. The results might provide an effective route to
enhance the thermostability and widen T of MGs, which would
beneﬁt for the thermoplastic processing and properties tailoring of
MGs at the SLR.
The
alloy
ingots
with
nominal
composition
of
La55 Al25 Ni5 Cu10 Co5 were prepared by arc melting a mixture
of elements with a purity of at least 99.9% under a Ti-gettered
puriﬁed Ar atmosphere. To make sure a homogeneous composition, each ingot was remelted for ﬁve times. Cylindrical rods with
diameters of 2 mm were prepared by copper-mold suction casting.
Disks of 0.9 mm thickness were cut from the as cast rods and the
ends were polished to ensure parallel surfaces. Then, these disks
were processed by the ultrasonic vibrational equipment comprised
a transducer for converting electrical energy to mechanical vibrations with a frequency of 20 kHz (see Fig. 1a for sketch) [26]. This
equipment comprised a transducer for converting electrical energy
to mechanical vibrations, a booster for amplifying the amplitude
of vibrations, and a horn to transfer mechanical vibrations to
the specimens. When the specimen was placed on the bottom
mold, a minimal loading was preloaded to ensure close contact
between the specimen and the horn. Then, different setting values
of ultrasonic energies were applied to the specimen. Generally,

the entire process only lasts for seconds depending on the energy
input. The input energies of 5, 8, 10, 13, 15, 20 and 30 J were
used. To obtain the thermal effect during the process, an infrared
instrument with high precision of 1 K was used to monitor the
temperature change. The phase structure of the as cast and UV
processed specimens was conﬁrmed by X-ray diffractometry (XRD,
Bruke D8) with Cu Kα radiation. The samples for TEM observation
were carefully prepared by the ion milling (Gatan 695) with 5
keV Ar ions at room temperature. High-resolution TEM images
for as cast and UV processed samples are acquired using a FEI
Talos F200X TEM. After the ultrasonic vibration treatment, the
glassy structure of all the processed disks were re-examined by
XRD and the thermal response were determined by differential
scanning calorimetry (DSC, PE-DSC 80 0 0) at a heating rate of 20
K/min. Different heating rate including 20, 40, 60, 80, 100 K/min
were used for measuring the activation energy of crystallization
peaks.
The schematic diagram of UV treatment is shown in Fig. 1a.
Detail of the UV experiment can be found in the Methods section. This method had been used to weld metal sheets under lowtemperature and low-pressure conditions [26]. Recently, it was introduced to welding and punching BMG without any crystallization [27–31]. The UV method was applied to La55 Al25 Ni5 Cu10 Co5
MG. As shown in Fig. 1b, the temperature proﬁles of input energies up to 30 J indicate that the maximum temperature rise in the
whole process was less than 40 K, which is far below its Tg of the
MG. The X-ray diffraction (XRD) patterns before and after ultrasonic processed are shown in Fig. 1c. The broad diffraction peaks
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Fig. 2. Structure characterization of the as cast and UV processed samples. HRTEM of (a) as cast MG, (b) MG after UV treatment with energy of 10 J and (c) 30 J. Insets: SAED
patterns taken from a large selected area. The red dotted line in (c) exhibits the nanocrystal embedded in the MG matrix. (d) An enlarged image of the atomic structure of
the 30 J UV processed sample. The red dotted thick line shows a clear boundary between nanocrystal and amorphous matrix.

of the specimens mean that no observed crystallization happen after UV treatments.
To verify whether local crystallization exceeds the detection
limit of XRD has intervened, we conducted high-resolution transmission electron microscopy (HRTEM) observation for both the ascast and UV processed specimens, which is displayed in Fig. 2.
When the energy is below 13 J, one can see disordered atomic
structure accords with the diffractive halo-like selected area electron diffraction (SAED), indicating the fully glassy feature of both
as cast sample (Fig. 2a) and UV processed sample with 10 J
(Fig. 2b). However, with the UV energy of 30 J, nanocrystal with
tens of nanometers can be observed in the MG matrix in Fig. 2c
and d, accompanying with regular diffraction spots embedded in
the diffraction halos.
The effect of UV on the thermal properties of the specimens
was determined by differential scanning calorimetry (DSC). Fig. 3a
shows the DSC scans of as cast and UV processed samples under
different vibration energy using a heating rate of 20 K/min. One
can see that the as cast sample presents a glass transition temperature at 452 K and two exothermic events characteristics of crystallization with the onset temperature Tx ~ 516 K, which is consistent
with previous report [32]. As shown in Fig. 3a, the UV treatment

obviously change crystallization temperature. With the increasing
of input energy, the onset Tx of the UV processed MG specimens
rises ﬁrstly and then returns to its initial value, while the Tg almost
shows no change (see Table 1). Interestingly, only one exothermic
event exists after UV treatment with input energy from 5 J to 15
J. The most signiﬁcant change of Tx occurs at input energy of 10 J.
In order to better capture the effect of UV treatment on the MG,
Fig. 3b presents the variation of T after processing with input
energy of 10 J. It can be seen that the increment for T is 19 K,
which is the maximum value for UV treatments with various energy in this MG. Although the change of Tg is slightly, the disappearance of the ﬁrst crystallization event leading to an increment
of Tx from 516 K to 537 K, which in a nearly 30% enhancement in
the width of the SLR.
To assess when partial structure alteration occurred during the
UV process, the variation of T and crystallization enthalpies Hx
were determined as listed in Table 1 and shown in Fig. 3c. One can
see that T has a signiﬁcant increase compared with the as-cast
state when the input energy is between 5 and 13 J, while the crystallization enthalpies Hx keep unchanged. On the other hand, the
value of Hx is around 38 ~ 39 J/g when the energy is below 13
J, but an obvious reduction in Hx only occurred when the input
3
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Fig. 3. The thermodynamic evolution behavior of La-based MG at various input energy. (a) The contrast DSC traces of as cast sample and UV samples with various input
energies. For each alloy, the arrow pointing upwards indicates the glass transition temperature and the one pointing downwards indicates the crystallization temperature. (b)
Comparison of T for as-cast and UV processed sample with 10 J. (c) The T and Hx versus vibrational input energy. (d) Comparison of the variations in T by different
methods, including high pressure, deposition achieving ultrastable MG, sub-Tg annealing and ultrasonic vibration.

Table 1
Thermodynamic parameters of different MGs obtained by various preparation and treatment methods.

MG

Method

Tg (K)

Tx (K)

T(K)

Hx (J/g)

Ref.

La55 Al25 Ni5 Cu10 Co5

Casting
UV (5 J)
UV (8 J)
UV (10 J)
UV (13 J)
UV (15 J)
UV (20 J)
UV (30 J)
Casting
MS
Casting
PVD
Casting
PVD
Casting
HP (10GPa)
HP (17GPa)
Casting
HP (5GPa)
As-prepared
Annealed at
Casting
Annealed at
Casting
Annealed at
Casting
Annealed at

452
453
454
454
452
452
452
453
670
/
689
757
676
687
566
572
577
642
642
629
631
424
452
476
483
343
351

516
532
533
537
534
531
517
519
713
772
773
793
728
720
653
658
664
724
737
710
681
507
507
527
527
411
386

64
79
79
83
82
79
65
66
43
/
75
36
52
33
87
86
87
82
95
81
50
83
55
51
44
68
35

38.1
38.0
39.2
39.3
39.4
36.9
35.5
26.8
/
/
/
/
/
/
/
/
/
/
/
/
/
40.2
40.2
/
/
/
/

This
work

Cu50 Zr50
Zr46 Cu46 Al8
Zr65 Cu27.5 Al7.5
Pd40.16 Ni9.64 Cu30.12 P20.08

Zr41 Ti14 Cu12.5 Ni10 Be22.5
Zr41 Ti14 Cu12.5 Ni10 Be22.5
Au49 Cu26.9 Ag5.5 Pd2.3 Si16.3
Pt60 Ni15 P25
Ce68 Al10 Cu20 Fe2

623K
373K
461K
333K

4

[21]
[22]
[23]
[36]

[37]
[38]
[39]
[40]
[41]

H. Zhao, F. Sun, X. Li et al.

Scripta Materialia 194 (2021) 113606

Fig. 4. The crystallization behavior of as-cast sample at different heating rates. (a) The changes in glass transition temperature Tg , crystallization onset temperature Tx and
crystallization peak temperature Tp . (b) The estimation of the activation energy of the two exothermic events by using Kissinger equation.

energy exceeds a critical value about 13 J meaning partial crystallization occurred. It is consistent with above atomic structure evolution during UV process in Fig. 2. These behaviors demonstrate
that the dramatically increase of Tx and T in the MG below 13 J
is not due to the crystallization. Actually, previous works have observed some exothermal peaks in the SLR of Pd-based glassy system, which is the consequence of a polyamorphous phase transition behavior and even leads to ultrastable MG [33,34]. Metallic
glacial glass is reported to be formed by a ﬁrst-order liquid-liquid
transition in a LaCe-based MG, which is accompanied by a vanishment of a exothermic peak in the SLR [35]. Thus, the disappearance of the ﬁrst exothermic event in Fig. 3b may be associated
with some transformation behavior but not crystallization. With
a suitable applied vibration energy, the T can reach maximum
indicating the MG system can be dramatically stabilized by UV
method.
Various approaches have been used to modulate the energy
state to obtain ultrastable MGs, such as high pressure (HP) [36–
38], physical vapor-deposition (PVD) techniques [22,23] and subTg annealing [38–41]. As a result, T can be altered due to the
changing of Tg or Tx . However, in most previous cases, the change
in Tg is greater than Tx , resulting in a reduction of T. A comparison between T and other thermal parameters of this work and
previous reports is summarized in Table 1. Fig. 3d displays the inﬂuence of different treatment method on the variation of T. One
can see that the width of T keep unchanged or slightly increased
when high pressure is applied to MGs, while the width of T is
shortened by annealing and vapor-deposition techniques. In contrast, T can be remarkably increased by UV processing remarkably, an increment of 19 K or 30% achieved when the ultrasonic
energy was 10 J. It means that an ultrastable supercooled liquid
was achieved by UV.
To further understand the enhancement of T during UV, the
activation energy of the exothermic events of the as-cast sample
and the UV processed sample with 10 J was evaluated. Fig. 4a
presents the DSC traces of as-cast and UV processed specimens at
different heating rates. Clearly there are two exothermal events exist in the as-cast specimen. The ﬁrst exothermal peak is located
at the left shoulder of the second main peak. After UV processing
with input energy of 10 J, only the main peak is preserved. As the
heating rate increasing, both Tg and Tx move to high temperature.
The activation energy of the two peaks were obtained by using the
Kissinger model [42], which expresses the dependence of Tx or Tp
on the heating rate θ through the following equation,


ln

T2

θ


=

Ec
+C
RT

where T is the temperature, R is the gas constant, Ec is activation
energy and C is constant. Plotting of ln (T2 /θ ) versus 10 0 0/T, one
can get the value of the activation energy Ec from the slope (as
shown in Fig. 4b). It was found that the ﬁrst event has an activation energy of 98 kJ/mol, signiﬁcantly lower than the second event
with 133 kJ/mol. The existence of the two continuous exothermic
events manifests that there are two steps during the total exothermic process. The disappearance of the ﬁrst events did not affect
the enthalpy Hx means that the MG transforms into a lower energy state without crystallization. It is speculated that the energy
input from the UV causes disappearance of the ﬁrst exothermic
event and the glass state transformation.
We try to understand the stabilizing of supercooled liquid state
by UV from the energy point of view. We ﬁrstly evaluate the energy transfer during the UV process. As pointed out in Fig. 1b, the
temperature effect during the UV treatment is very weak. Thus, it
can be assumed that almost all UV input energy was absorbed by
the sample. The energy density ε applied to the sample can be estimated as ε = M · U/ρ · V , where Mis the molar mass (94.2 g/mol),
U is the input energy, ρ is the density of the alloy (5.9 g/cm3 ), V
is the sample volume. Then, we get ε ~ 25 kJ/mol for the whole
MG when the input energy is 10 J. MG consists of elastic regions
and anelastic region, and only the atomic motions in the anelastic
region can effectively dissipate the external energy [43]. Previous
studies have found that a quarter volume of the MGs is anelastic region by using x-ray diffraction and anisotropic pair-density
function analysis [44]. Thus, the energy density applied on these
anelastic regions is about 100 kJ/mol, which is comparable with
the activation energy of the ﬁrst exothermic event. According to
previous work, the activation energy (Eβ ) of β -relaxation of MGs
follows an empirical formula Eβ = 26RTg [45]. Here, R is gas constant. For La-based MG, the Eβ is about 98 kJ/mol, which is equal
to the activation energy of the ﬁrst exothermic event. This indicates that the UV treatment can effectively activate β -relaxation,
resulting in suﬃcient atomic rearrangement in the anelastic regions of ﬂow units of MG. As a consequence, the rearrangement of
the atoms in these anelastic regions induced by UV process would
lead to the denser packing that is more stable state of the MG.
If the input energy increases further, it will exceed the activation
energy of the main crystallization event, and crystallization occurs
and the crystallization enthalpies decreases as shown in Fig. 3c.
The structural evolution and the stabilization processes of the
MG during the UV vibration can be schematically understood by
diagram of the potential energy landscape (PEL) as displayed in
Fig. 5. Generally, the PEL was used to describe the energy states
of glassy materials. The energy basins and barriers on the PEL control the thermodynamics and kinetic stabilities of glass [46]. When

(1)
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Fig. 5. Schematic diagram of the structure evolution and stabilization processes under UV in the potential energy landscape. The as cast MG quenched in a local basin with
relatively higher energy. After UV at suitable energy, it can cross over an energy barrier G1 and stabilize into a denser atomic packing state. With an even larger UV energy,
the MG will climb over a higher energy barrier G2 into stable crystalline state. Insets depict the atomic structure evolution after UV processing and crystallization. The
orange atoms represent anelastic region that loosely pack and embed in solid glassy matrix (green atoms). (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.) .

a system is rapidly cooled and frozen, it is usually located at an
energy basin with a relatively high energy state (Quenched MG
inherent structures in Fig. 5). It will evolve or thermally driven
into a lower energy state, which was commonly called as relaxation [47,48]. It can also reach an even higher energy state through
processes such as mechanical deformation or high pressure, which
was referred as rejuvenation [48,49]. According to previous literature [44], there are plenty of liquid-like regions or anelastic regions which possess a lower activation energy in MG. Under the
UV with high frequency, these loosely packed regions were activated and the atomic arrangements were enhanced, resulting in
an acceleration of the relaxation process and a denser packing of
these regions (its barrier G1 in PEL is about 26RTg , equivalent to
activation energy of β -relaxation). As shown in Fig. 5, these regions tend to shrink or even disappear, which makes the MG reach
a more stable state.
The enhancement of the width of SLR by UV treatment is helpful for the improvement of GFA because the width of T is related to the GFA, and bulk MGs can be prepared in many system even with marginal GFA [28]. The method can also be used to
achieve bulk ultrastable glass and beneﬁt for the understanding of
supercooled liquids and relaxation behavior of MGs. Moreover, the
method could deliver a way to regulate crystallization to acquire
glassy composite materials with controlled structure and properties.
In summary, we show the supercooled liquid of a La-based MG
can be dramatically broadened and tailored by using of the high
frequency ultrasonic vibration at room temperature. This makes

the supercooled liquid of a glass have a higher thermal stability,
namely ultrastability. The underlying physical mechanism is that
some of the anelastic region or liquid-like regions in a glass can be
effectively removed by the input energy of ultrasonic through the
localized atomic rearrangements, and the MG then can arrive at a
more stable basin in the energy landscape. The work provides a
convenient route to stabilize the supercooled liquid, which would
beneﬁt for the stability and thermoplastic forming of MGs.
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