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In this work, a rapid and controllable ultrasonic vibration method for forming Al-based
metallic glass at room temperature is proposed. This method can dramatically improve the
forming ability of Al-based metallic glasses, which are virtually brittle at room temperature
and have almost no supercooled liquid region at high temperatures. Under ultrasonic
vibration, Al-based metallic glasses exhibited obvious plastic flow, with a maximum
deformation degree up to 58% and an average deformation degree up to 43%. It is
worth mentioning that no crystalline peaks were found on the X-ray diffraction patterns
after deformation under ultrasonic vibration, and the mechanical properties remained the
same as the primary sample. The present results provide a new approach for the
deformation and forming of Al-based metallic glasses, which can significantly broaden
their applications.
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INTRODUCTION

Since amorphous alloys were first explored in 1960 (Klement et al., 1960), their unique performance
made them increasingly popular both in scientific research and engineering applications (Löffler,
2003; Inoue and Takeuchi, 2011; Lin et al., 2012). Their advantages include high strength, excellent
magnetic properties, corrosion resistance, and wear resistance (Schuh et al., 2007; Gao et al., 2012;
Gerard et al., 2020; Li et al., 2021; Wu et al., 2021). Since its discovery in 1988, Al-based metallic glass
(MG) has attracted much attention due to its high specific strength and huge potential applications
(He et al., 1988). In addition, the tensile strength of bulk Al-basedMG at room temperature can reach
1,200 MPa (He et al., 1993; Inoue, 1998), which has a good application prospect in aviation, marine,
and other fields (Inoue et al., 1989; Kim et al., 1991; Inoue, 1998; Ashby and Greer, 2006; Li et al.,
2013). Currently, the main methods for preparing Al-based MG include rapid solidification and
mechanical alloying (Guo et al., 2000; Choi et al., 2007; Sasaki et al., 2008; Mula et al., 2010). A
common method for the preparation of amorphous alloy ribbons is the melt spinning method of
rapid solidification. It is well known that Al-based MG has a relatively weak glass-forming ability
(GFA) (Greer, 2014; Wu et al., 2016), and there is still a great difficulty in bulk preparation.
Therefore, to investigate the properties of Al-basedMGs, an easy-forming melt spinning method was
used to prepare Al-based MG ribbons. Moreover, at room temperature, the plasticity of Al-based
bulk MG is extremely low. The MG plasticity of Al-rich is only 4% (Yang et al., 2009). The tensile
ductility is only 5% at high temperature (He et al., 2020). Furthermore, at high temperatures,
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Al-based MGs have a very narrow supercooled liquid region
(SLR) (Yang et al., 2019), resulting in the lack of thermoplastic
forming ability compared to Zr and novel metal based MGs
(Inoue and Takeuchi, 2011; Lucena et al., 2020). This induces a
great difficulty in processing and forming of Al-based MGs, even
after their successful preparation, which limits the development
of Al-based MGs. Consequently, it is of great significance to
develop a suitable processing method for Al-based MGs.

In recent years, Ma et al. (2019) proposed a method for
ultrasonic vibration (UV) processing of MGs at room
temperature (Li et al., 2020a; Li et al., 2020b), which is called
ultrasonic plasticity. Ultrasonic plasticity means that metallic
glass exhibits a plasticity beyond the usual one under the
environment of ultrasonic vibration, and this superplasticity
can be applied to most metallic glasses. UV processing is a
facile, cost-effective, and flexible approach for forming MG. By
activating the stress relaxation within the ultra-thin surface layer
under UV, the MG can soften and flow. Through this method,
MGs can be processed by rapid fusion, welding, blanking, and
compression (Li et al., 2020c; Liang et al., 2020; Sun et al., 2020).
Even if the temperature does not increase above glass transition
temperature (Tg), MG can undergo superplastic flow and
“ultrasonic plastic” molding through UV. This way, MGs can
be processed at room temperature without undergoing
crystallization, and the forming ability of amorphous alloys
can be significantly improved under ultrasonic conditions.
Experimental UV treatment of Al-based metal glasses has been
reported to be feasible (Li et al., 2019), but the extent to which
forming ability can be improved by UV is still unknown. In the
present work, the ultrasonic plastic forming method was applied
to Al-based MGs, aiming at solving the problem of low forming
ability at room temperature and poor SLR during forming. This
study on the forming ability of Al-based MG under UV has great
significance for the extensive applications of Al-based MG.

EXPERIMENT

Materials
In this work, a typical Al86Ni9La5 (at%) amorphous alloy ribbon
with a width of 2–2.5 mm and a thickness of 30–50 μm was
prepared through a conventional melt spinning process due to the
weak forming ability of Al-basedMGs. For the convenience of the
experiment, the ribbons were cut into a length of about 15 mm.

Characterizations
X-ray diffraction (XRD; Rigaku MiniFlex600; Cu Kα) was used to
determine the intrinsic nature of the Al-Ni-La amorphous alloy
ribbons. The microstructure of the ribbons before and after UV
was characterized using a FEI Quanta 450 FEG scanning electron
microscope (SEM). The mechanical properties at the nanoscale
were tested using a Hysitron TI 950 nanoindentation system
(Bruck, Germany) equipped with a Berkovich tip. Differential
scanning calorimetry (DSC; Perkin-Elmer DSC-8000) was used
to detect the amorphous state of the Al-based ribbon samples at a
temperature rate of 20°C/min. The focused ion beam (FIB;
Gallium, Ga) was used to prepare the samples. The electron

diffraction pattern acquisition and energy dispersive
spectrometry were performed with a JEOL 2100F transmission
electron microscope (TEM) equipped with an energy dispersive
spectrometer (EDS). First, two ribbons with a length of
approximately 15 mm were placed vertically into a mold. After
fixing the position of the ribbons, an ultrasonic sonotrode
(∼20,000 Hz) was used to apply vibration pressure to the
ribbons for several seconds through the hole of the mold.

Experimental Setup
Figure 1A illustrates a schematic diagram of the experimental
process on the amorphous alloy ribbons.

Using an UV device. The experiments were conducted in a
well-controlled energy mode, and the vibration was stopped only
when the energy released from the ultrasonic sonotrode (Φ5 mm)
reached the set value. Table 1 shows the results obtained after
stepwise adjustment of energy, pressure and amplitude for part of
this experiment. Samples one to four were arranged in the shape
of “−“ for experiments, but the results were not satisfactory.
Samples five to eight are the results obtained in a modified way,
arranged in a “+” shape as shown in the schematic diagram of
Figure 1A. Further analysis shows that this way the sample is
subjected to more concentrated energy and pressure, and by
boosting the energy but turning down the pressure and
amplitude, the ribbon is able to flow and deform after a large
area of softening. On the contrary, increasing the energy with
excessive pressure and amplitude will cause the surface of the
sample to crack before it can soften. Finally, the most appropriate
outcome, where the deformation degree of the ribbon reaches its
maximumwithout cracking, was determined. In general, it can be
assumed that too much amplitude will make the ribbon break
easily, while increasing the energy will soften the ribbon surface
sufficiently before the maximum deformation is achieved.

RESULTS AND DISCUSSION

The Ribbons Before and After Ultrasonic
Vibration
Figure 1B shows the ribbons before and after UV, and the ribbon
fractured after stretching, while the inset shows the
corresponding tensile stress-strain diagram. From the latter, it
is evident that the original ribbon underwent brittle fracture after
stretching. The original ribbon does not exhibit any ductility.
After UV, the ribbon underwent large deformation, and the edge
of the ribbon exhibited an overflowing phenomenon. At the
macroscopic level, ultrasonic plasticity has been shown to
occur in Al-based MGs after UV. The inset also shows the UV
thermography of the ribbon at an energy of 300J, an amplitude of
80 μm, and a pressure of 100 KPa. The maximum temperature in
the ribbon deformation zone is only 36°C, which is sufficient to
show that our experiments are possible at room temperature.

Intrinsic Structure and Micro Morphology
Cut out the plastically deformed area of the ribbons for XRD and
DSC, and compare the results with the original sample. Figure 1C
compares the XRD patterns of the ribbons before and after UV. It
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can be observed that both patterns had only one broad diffraction
peak and no crystalline peak, which is a typical characteristic of
amorphous structures. In other words, after UV, the ribbons
maintained their amorphous properties, and the UV did not
induce crystallization to the Al-based MGs. DSC was performed
on the samples, and Figure 1D illustrates the typical glass
transition and crystallization curves of the Al-based MGs. The

Tg of the Al-based MG was 232 °C, and the crystallization
temperature (Tx) was 246°C.

After ultrasonic excitation of plasticity, the deformed
morphology of the samples was observed by SEM. Figure 2A
presents a cross-section of the ribbon after UV, where a narrow
middle section and wide side can be observed. Figures 2B,C
demonstrate the clearer deformation morphological views. T1 on

FIGURE 1 | The forming ability of Al-based MG. (A) Schematic diagram of the experimental set-up. (B) Comparison of Al-based amorphous alloy ribbon samples
before and after UV. Tensile ribbon exhibiting brittle fracture and the corresponding tensile stress-strain diagram. (C) and (D) XRD pattern and DSC curve of the
amorphous alloy ribbon before and after UV, respectively.

TABLE 1 | Some of the sample results obtained after adjusting the capacity, pressure and amplitude of the UV.

Sample Energy (J) Pressure (kPa) Amplitude (μm) State after UV Forming ability

1 300 200 100 broken —

2 200 150 100 broken —

3 150 100 100 Broken part —

4 100 100 100 complete < 20%
5 300 100 80 complete < 30%
6 400 100 80 complete 38 ± 7%
7 500 80 80 complete 53 ± 5%
8 600 80 80 Broken part —
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the graph indicates the thickness of the ribbon without treatment
with UV, while T2 indicates the thickness of the ribbon after UV.
It can be seen that, after UV, the amorphous alloy ribbon
underwent significant plastic deformation. The largest
deformation zone can be observed in Figure 2B, where the
deformation rate was a whopping 58.37%, while the lowest
deformation rate in other regions reached 28.74%. By
calculating the deformation of the ribbons in Figures 2B–E-
2(e), the arithmetic average value can be obtained, which can be
expressed as (Dodge, 2008):

ε � x � ∑
n
i�1xi
n

Where Ɛ � the average deformation rate, x� the arithmetic
mean, x� the deformation rate of a single ribbon, n� the
number of ribbons. Twelve different data points were
selected from each ribbon for statistics, and the
maximum and minimum values were removed. For the
deformation rate of each ribbon, we first take 10 width
values in the undeformed region and then calculate their
average values. Then take 10 width values from the
deformation area and calculate the average value. Finally,
divide the two to obtain the deformation rate of one ribbon.
Finally, we arrived at a ribbon deformation degree of
43.14%. In other words, this figure means that the
deformation degree of Al-based MGs can reach a value of
43.14% under UV. It is worth mentioning that without the
release of ultrasound from the ultrasonic device, it does not
undergo any deformation even when applied to the ribbon
surface with the sonotrode at a pressure of 800 KPa. The
results obtained above, compared to the pressure at which
ultrasound was applied (only 100 KPa), strongly suggest
that the same results do not occur when pressure alone is
applied to the sample.

Mechanical Property
To investigate the mechanical properties of the Al-based MG bars
before and after UV, the nanoindentation method we used. The
inset in Figure 3A shows the puncturing method by using
nanoindentation. The first hole is 10 μm from the ribbon
boundary and the subsequent indentation positions are
arranged at 10 μm intervals. The yellow area in the middle of
the inset indicates the UV treated area, while the two ends show
the original area. Figure 3A demonstrates the load-depth curves
of certain data points in the two regions, which exhibited almost
the same mechanical properties. The surface hardness (H) and
reduced modulus (Er) of the samples were obtained according to
the Oliver-Pharr’s method (Oliver and Pharr, 1992), and then, the
Young’s modulus (E) was calculated. Figure 3B shows the change
in the hardness and reduced modulus of the ribbon with surface
displacement. It can be observed that the modulus of the sample
before and after UV was not much different. The average elastic
modulus value measured before UV was E � 48.98 GPa, and that
after UV was E � 51.82 GPa. The hardness of the sample before
and after UV changed slightly. More specifically, in Figure 3B, it
can be seen that the hardness after UV was slightly increased. The
average hardness (H) measured before UV wasH � 2.39 GPa, and
that after UV was H � 3.58 GPa. The increase in hardness can be
most likely attributed to the activation of loosely stacked regions
and enhanced atomic alignment under high-frequency UV,
which leads to the acceleration of the relaxation process and
the dense stacking of regions (Chen et al., 2020; Zhao et al., 2021).

Transmission Electron Microscopy and
Elemental Distributions
In order to further confirm whether the Al-based MG ribbons
underwent crystallization after UV, TEM observations of the
ribbons before and after UV were conducted. Before the

FIGURE 2 | (A) Cross section deformation diagram of ribbon. (B)–(E) High-definition images of local deformation, and relevant data of ribbons deformation are
given in the figure, where (B) and (C) are local enlarged images of (A).
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observations, FIB was used to prepare the ribbon samples, and
two samples with a size of 4 × 4 μm before and after UV were
successfully obtained. In Figures 4A,C show the microscopic
surface morphologies of the Al-based MG ribbons, respectively.
Subsequently, the samples were observed by TEM, and the high-
resolution atomic structures and diffraction patterns were
obtained (Figures 4B,D). Noticeably, the distribution of atoms
in both images was irregular, which clearly indicates the atomic
sequence-free arrangement of a typical amorphous alloy.

Moreover, the chosen electron diffraction pattern further
demonstrates the amorphous properties of the Al-based MG
before and after UV. On the contrary, the atomic distribution
of the alloy in the crystalline state was neat and regular, and
diffraction spots appeared on the diffraction pattern. This result
reveals that the high-frequency UV does not change the
fundamental properties of Al-based MGs. Meanwhile, the
elemental distribution of the ribbons was also analyzed by
EDS. Figures 4E,F show the elemental distribution of the

FIGURE 3 | (A) Load-depth curves of the ribbons, the inset shows the nanoindentation dotting method. (B) Changes in the hardness and elastic modulus of the
ribbon with surface displacement.

FIGURE 4 | TEM and EDS patterns of Al-based MG ribbons before and after UV. (A)Microscopic surface topography of the amorphous alloy ribbons prepared by
FIB. (B)High-resolution atomic structure and elemental distributions of the amorphous alloy ribbon. The inset shows the corresponding selected area electron diffraction
pattern. (E) Element Distribution in microregions of the amorphous alloy ribbon. (C), (D), and (F) Corresponding data of the amorphous alloy ribbon after UV.
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ribbons in the microregion before and after UV, respectively. The
chemical composition of this area was confirmed to be
Al86Ni9La5. In general, the elemental distributions before and
after UV were found pretty homogeneous.

Mechanisms
UV is a high-frequency and low-stress processing method,
which is different from the traditional high-stress processing
methods such as compression, extrusion and stretching. The
high-frequency low stress will cause the sample surface to soften
first like a liquid flowing deformation, as the process of change
shown in schematic Figure 5A. And the high stress will cause
the sample surface to show a step-like structure as shown in
Figure 5B. In contrast, the surface of the sample after UV is
observed to be flattened (Figure 5C), as well as smooth
(Figure 5E) under SEM, and these phenomena have
similarities to those described in Ref. (Sun et al., 2020). The
voids and flake-like regions that appear in Figure 5C were
formed when the ultrasonic vibration treatment flattened the
small hills on the untreated surface. Further evidence we are
convinced that UV softens Al-based MGs follows the
observation of the morphology in Figure 5D, where overflow
and flanging of the sample end surfaces can be clearly seen in
enlarged Figures 5F,G, respectively. When the ribbon reaches a
state of softened flow, its forming ability will far exceed the
limits that can be reached in its normal state. Under

high-frequency vibrations, dynamic heterogeneity and
prolonged cycling of the atoms inside t

He sample induce atomic-scale dilations (Li et al., 2020b),
which either triggers rejuvenation or relaxation of the amorphous
structure, and eventually collapse and flow under stress. It is
worth noting that the above state can only be achieved in a very
short period of time by the excitation of the fast surface dynamics
(Ma et al., 2019), and the conventional processing method is still
difficult to overcome the problem of extremely low forming
ability at room temperature.

CONCLUSION

In summary, the forming ability of Al-based MGs is significantly
improved under UV. The degree of deformation improved from
nearly none to 43.14% at room temperature, with a maximum
improvement to 58.37%. Following the high deformation, the
sample remained amorphous, and the SEM observations
demonstrated that the amorphous sample underwent a flow-
type deformation with no obvious cracks. Moreover, in terms of
mechanical properties, the samples after UV exhibited a slight
increase in hardness, while the modulus of elasticity remained
almost unchanged. The results of the present research provide a
novel approach for overcoming the difficulties in machining
Al-based MGs.

FIGURE 5 | Sample surface morphology. (A) Schematic diagram of sample microsurface changes before and after UV. (B) Typical extrusion deformation
morphology of amorphous alloy. (C) and (D) SEM morphology of the sample surface after UV. (E–G) are enlarged views of the areas corresponding to those in (C)
and (D).
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