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Advancements in forming technology offer significant advan-
tages for the manufacturing industry, including enhanced effi-
ciency, energy conservation, and improved material utilization
[1]. However, traditional additive manufacturing [2], thermo-
plastic forming [3], and laser cutting [4] encounter challenges
when applied in under-liquid environments, mainly due to difficul-
ties in temperature control and heat source provision.

Alternative methods like underwater arc welding and underwa-
ter laser beam welding have proven effective for repairing marine
equipment and offshore oil production machinery. Nevertheless,
these approaches generate elevated temperatures, which can com-
promise the quality and functionality of the repaired components.
Additionally, risks such as phase transformations, softening, creep,
thermal expansion, and increased currents pose concerns for
builder safety [5]. To address these challenges, further research
and development are essential to enhance the accuracy and relia-
bility of under-liquid repair methods while mitigating the risk of
overheating.

It is crucial to highlight that existing under-liquid processing
technologies are primarily tailored for underwater environments
and may not be suitable for tasks involving flammable liquids or
extreme low-temperature conditions. Moreover, the demand for
corrosion-resistant, robust, high-strength materials capable of
adapting to varying temperatures and pressures in underwater
environments serves as a hindrance to the advancement of under-
water forming technology.

Bulk metallic glasses (BMGs) possess outstanding properties for
marine engineering applications but are often challenging to form
due to inherent limitations in plasticity and susceptibility to
high-temperature failure [6]. A novel approach known as ultra-
sonic vibration-induced plasticity (UVIP) has emerged as an inno-
vative strategy to overcome these challenges and enhance the
formability of BMGs [7].

UVIP has demonstrated success in various applications, includ-
ing welding [6,8], punching [9], and extrusion molding [10] of
BMGs. This technique offers notable advantages, such as reduced
processing time, avoidance of temperature elevation, and stress
reduction [7]. In essence, ultrasonic vibration proves to be a
promising catalyst for the development of under-liquid forming
(UUF) techniques, ensuring the preservation of material properties
and contributing to the extended service life of components. The
impact of this advancement is noteworthy, encompassing applica-
tions in both deep-sea and deep-space environments.

Based on the above findings, a novel process for forming BMGs
in a liquid environment is proposed, as illustrated in Fig. 1a.
Concurrently, ultrasonic vibration is generated from an ultrasonic
horn positioned above. In various liquid environments—freshwa
ter, seawater, alcohol, and even LN2—the BMGs exhibit uniform
deformation under the influence of ultrasonic vibration. This
method holds promise for in-situ robot fabrication in deep-sea
environments, presenting potential cost reductions and preserving
material properties for advanced robots and their BMG compo-
nents fabricated under liquid conditions.

Snapshots from a high-speed camera video recorder, depicted in
Fig. 1b, d, and f, capture the plastic deformation of Zr-based, Pt-
based, and La-based BMGs under seawater. The entire process, as
showcased in the Supplementary materials Video (online) for all
three environments (except for LN2, which is challenging to
observe), occurs in less than 1 s, achieving over 50% plastic defor-
mation of BMGs. This starkly contrasts with the room temperature
characteristics of the BMGs, as illustrated in Fig. S1a–c (online),
where, in stress–strain curves, all three BMGs exhibit only 2% elas-
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Fig. 1. (Color online) UUF processing of BMGs. (a) Schematic diagram of UUF and prepared components for robot. High-speed imaging of the undergoing UUF of La-based
BMG (b), Zr-based BMG (c), Pt-based BMG (d). Real-time collection of stress–strain curves during UUF of La-based BMG (e), Zr-based BMG (f), Pt-based BMG (g). (h) Physical
maps of grating, gear, hexagonal, and pentagram that are fabricated by UUF under seawater.
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tic strain over approximately 20 s, underscoring the intrinsic brit-
tleness of BMGs. In comparison to quasi-static compression, BMGs
demonstrate remarkable plastic deformation when subjected to
ultrasonic UUF in various liquid environments.

For a comprehensive understanding of the UUF phenomenon
and its potential applications, delving into more intricate details
becomes imperative. The stress-time curves of BMGs under
UUF, as shown in Fig. 1c, e, and g, have been recorded. The max-
imum stress of around 200 MPa, a value significantly lower than
the compressive strengths of La-BMG (765 MPa), Zr-BMG
(1681 MPa), and Pt-BMG (1338 MPa) as can be observed in
Fig. S1a–c (online). Temperature data of BMGs were collected
during the experiment to investigate their deformation behavior,
as shown in Fig. S3 (online). By harnessing the UUF technique,
intricate structures of BMGs have been successfully fabricated
in liquid environments. Fig. 1h and Fig. S2 (online) illustrate
examples of such structures, including grating, gear, pentagram,
and hexagonal, obtained under seawater and LN2 environments,
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respectively. These images showcase the versatility and adapt-
ability of UUF in creating complex BMG structures even in chal-
lenging liquid environments. The notable advantages of this
manufacturing process are its extremely short production time
(�1 s), low stress and low-temperature rise (20–116 �C, as shown
in Fig. S3 online). The resulting material surfaces exhibited a
shiny appearance without oxidation or discoloration, indicating
the effectiveness of the UUF in preserving the integrity and qual-
ity of the BMGs due to insulating the material from the atmo-
sphere. The functional performance of BMGs will be greatly
reduced due to crystallization. Thus, characterization of the amor-
phous state must be utilized to promote effective shaping, while
still preserving the amorphous state. As shown in Fig. S4 (online),
the amorphous states of BMGs after UUF were characterized and
confirmed using X-ray diffraction and transmission electron
microscope. These findings indicate that the ultrasonic UUF pro-
cess has not substantially altered the amorphous properties of
the BMGs.
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To gain deeper insight into the thermal properties of the BMGs
after UUF, additional characterization techniques were used. As
expected, the processed BMGs did not manifest significant changes
in characteristic temperatures (Tg and Tx) due to the employed pro-
cessing method, as illustrated in Fig. 2a. However, upon closer
examination, the differential scanning calorimetry results for
BMGs in the inset of Fig. 2a indicate a significant increase in the
heat of excess relaxation enthalpy (DHrel) after UUF, and these val-
ues also summarized in Fig. 2b and Table S1 (online). For example,
the as-cast Pt-based BMG presents a relaxation enthalpy of
�0.22 J/g, and the relaxation enthalpy values and corresponding
reductions of La-based BMG after UUF in different environments,
including freshwater, seawater, alcohol, and LN2, are reported as
follows: 0.41 J/g (" �0.19 J/g), �0.53 J/g (" �0.31 J/g), �0.36 J/g
(" �0.14 J/g), and �0.45 J/g (" �0.23 J/g), respectively. Similarly,
the relaxation enthalpy changes of Zr-based and La-based BMG
share the same trend, as shown in Fig. S5a, b, and Table S1 (online).
And nanoindentation experiments were performed, as depicted in
Fig. S5d–f (online), to evaluate the hardness and elastic modulus,
as summarized in Fig. 2c and Fig. S5c (online) [11]. The analysis
of force–displacement curves for as-cast and UUF-processed BMGs
revealed a decrease in the modulus and hardness of processed
BMGs. The observed decrease in modulus and hardness lends sup-
port to the theory that UUF of BMGs does not induce crystallization
but instead initiates rejuvenation [12]. This finding aligns with the
consistent results obtained from DSC measurements [7]. It is
Fig. 2. (Color online) Mechanical, structural characterization, and mechanism of BMGs. T
a magnified view of the relaxation enthalpy. The relaxation enthalpy of each BMG is sum
nanoindentation. (d) Atomic-scale schematics of the cast, under UUF and post-UUF, wher
energy landscapes of as-cast BMG and after undergoing UUF treatment BMG, along with
transition diagram that shows the processing methods of UUF, TPF, and CP.
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widely recognized that rejuvenation of BMGs triggers enhanced
plastic deformation ability, catalytic activity, and frictional proper-
ties [13].

The observed increase in relaxation enthalpy suggests that the
BMG undergoes a rejuvenation process, wherein its atomic struc-
ture becomes looser after undergoing cyclic stress treatment
through UUF. BMG structures consist of both solid and liquid
regions, leading to structural heterogeneity [14]. The liquid region
undergoes atomic-scale expansion due to cyclic stresses and local-
ized shear events, promoting its activation and expansion [7,15].
As demonstrated in Fig. 2d, the red-colored liquid-like zone rapidly
expands and forms after UUF treatment, ultimately connecting
with neighboring liquid-like zones. During ultrasonic treatment,
the liquid-like zone within MGs increases rapidly, giving it the
potential for and plastic deformation rapidly under the pressure
of the equipment, gaining the ability to overcome the energy bar-
riers, as shown by ‘‘UUFing” state in Fig. 2e. Subsequently, the
ultrasonic vibration stops releasing, the liquid-like zone is rapidly
reduced and frozen, and part of the liquid-like zone are not trans-
formed in time, resulting in a state with more liquid-like zones and
looser atomic structure than the as-cast counterpart, as shown by
‘‘post-UUF” state. The softening behavior of the sample is mainly
attributed to the intrinsic dynamic heterogeneity of MG and the
action of cyclic stress, which leads to atomic-scale expansion and
subsequent occurrence of rejuvenation, ultimately resulting in
UUF.
he DSC curves of (a) Pt-based BMGs are shown in the figure, with the inset providing
marized in (b). (c) Young’s modulus of as-cast and processed BMGs was obtained by
e the red atom is liquid-like regions, the blue atom is solid-like regions. (e) Potential
their respective atomic structures in the inset. (f) A schematic time–temperature-
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Fig. 2f schematically compares risk of crystallization and temper-
ature during UUF, thermoplastic forming (TPF), and conventional
processing (CP). When subjected to liquid environments and ultra-
sonic vibrations, BMGs showed a temperature significantly below
the Tg and underwent rapid processing in less than 1 s, thereby
avoiding crystallization. TPF offers a larger processing temperature
and time window than CP, but requires careful temperature control
to prevent relaxation or crystallization [3,7], as shown in Fig. S6 (on-
line). CP involves heating BMGs above Tm and high cooling speed
that significantly affects the amorphous structure and properties
of BMGs, leading to a high risk of crystallization. In conclusion, com-
pared with TPF and CP methods, UUF presents a lower risk of crys-
tallization and low temperature (� Tg) in BMGs. This ability to
control crystallization and properties of BMGs effectively makes
UUF a promising technique for their fabrication and application.

This research has yielded significant results through the devel-
opment of processing and forming techniques for BMGs in diverse
liquid environments. The heatless processing method demon-
strated short processing time (�1 s) and low stress (�300 MPa),
overcoming the forming challenges in extreme conditions. The
observed rejuvenation phenomenon indicates noteworthy changes
in the structure and energy state of the BMGs. In addition, the
study successfully fabricated complex structures and components
such as gratings, gears, and hexahedrons using the UUF, demon-
strating its practicality and flexibility. These findings open up
exciting possibilities for efficient processing in liquid environ-
ments, with potential applications in aerospace, energy, and mar-
ine engineering. These applications include in-situ vessel and
container repair, polar construction and exploration, deep-sea
exploration, providing valuable insights, and paving the way for
future advances in submerged processing techniques.
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