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Bulk amorphous alloys have some good mechanical properties due to their special atomic
arrangement and are now popular in the field of materials. Zr-based amorphous alloys
have good mechanical properties, but they are different from lattice slip materials with high
ductility. When these materials are compressed and deformed, it generates a
concentrated elastic force in the shear zone that causes instantaneous amorphous
fracture. The extremely poor plasticity of Zr-based amorphous materials highlight their
shortcomings and make them difficult to use in engineering applications. In this paper, it is
found that the plasticity of Zr-based amorphous alloys is enhanced to a certain extent by
intermittent ultrasonic vibration-assisted compression (IUVC). The ultrasonic vibration
stress of IUVC can increase the extra free volume of Zr-based amorphous alloys and
increase their degree of “rejuvenation”, which is manifested as an increase in plasticity. To
explore how IUVC affects the plasticity of Zr-based amorphous alloys, we design
experiments to analyse the effects of different intermittent times, pre-pressures and
ultrasonic amplitudes on the plasticity of amorphous alloys.
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INTRODUCTION

Amorphous alloy materials are called metallic glasses (MGs) because their microstructure is similar
to a glass structure. Its high strength, high wear resistance, corrosion resistance and a series of unique
properties are derived from this structure (Christopher et al., 2007; Zhang et al., 2016). However,
most amorphous alloys exhibit catastrophic defects as structural materials; that is, they lack
macroscopic room temperature plastic deformation abilities. To date, various methods have
been developed to improve the compressive plasticity and fracture toughness of amorphous
alloys at room temperature. In 2000, Johnson’s group first made a breakthrough in amorphous
plasticizing (Hays et al., 2000). They improved the ductility of amorphous alloys by introducing a
crystalline second phase into the matrix. Ma et al. (2019) proposed the high rheological rate forming
(HRRF) method, which improves the energy storage of metal alloys by transferring mechanical work
to a metallic supercooled liquid, thereby improving the quasi-static and dynamic compressive
plasticity of amorphous alloys. In addition, the compressive plasticity of amorphous alloys can be
greatly improved by surface treatment (Zhang et al., 2006) because an internal stress can be formed
on the surface after surface spraying, which limits the initiation and expansion of shear bands and
thus improves the plasticity. In addition, ultrasonic technology has been used to cut and weld metals
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TABLE 1 | Mass fractions in the chemical composition of the
Zr41 2Ti13.8CU12,5Ni1oBess 5 master ingot alloy (wt%).

Alloy element Zr Ti Cu Ni Be

Zr-based 62.61 11.01 13.28 9.78 3.38

and plastics, and alloys can refine grains and improve segregation
through ultrasonic vibration to improve their mechanical
properties (Gao et al., 2008). Lou et al. (2020) used the
ultrasonic vibration precompression (UVPC) method to
quickly rejuvenate Zr-based bulk metallic glass (BMG) and to
enhance the structural nonuniformity and plasticity of BMG.
When energy is injected into metallic glass by ultrasonic
vibration, amorphous alloys are rejuvenated because they
obtain extra free volume and greater plasticity (Spaepen, 1977).

However, when using ultrasonic vibration compression on BMG,
our research team discovered that although the plasticity of
compressed amorphous material can improve, the material also
very readily crystallizes, even completely. Ultrasonic vibration has
an ultrasonic stress effect and an ultrasonic thermal effect that can
drive the loosely packed atoms in amorphous alloys to high-energy
regions, thereby driving the formation of other regions with free
volume and rheological units to improve the forming ability (Chen
et al, 2018). The thermal effect of ultrasonic vibration causes the
temperature of the amorphous alloy to rise, thereby causing
relaxation phenomena to hinder “rejuvenation” and easily form
crystalline phases.

Ma et al. (2015) used ultrasonic vibration to stamp BMGs and
found that this moulding method can complete thermoplastic
moulding in a few seconds and to a large extent avoid time-
dependent crystallization and oxidation processes, thereby
avoiding traditional heat treatment and the risk of crystallization
during the process. Li et al. (2014) conducted uniaxial tensile and
compression experiments on Zr-based amorphous alloys under the
action of a vibration field and found that as the vibration frequency
increases, the free volume content of the amorphous alloy increases,
and the flow unit volume is reduced, which leads to a decrease in flow
viscosity and an increase in microforming ability. To prevent the
relaxation of amorphous alloys, combined with information from
previous studies, we decided to adjust the ultrasonic thermal effect by
controlling the amplitude and intermittent time in intermittent
ultrasonic  vibration-assisted compression, thereby effectively
improving the mechanical properties of an amorphous alloy. This
provides a new way to improve the plasticity of BMGs at room
temperature.

EXPERIMENTAL MATERIALS AND
METHODS

Preparation of Test Materials

In the experiment, a Zr-based amorphous alloy with excellent
properties—Zr,; ;T1;38Cu;, sNijoBey s (Tg = 624 K)—was selected
as the experimental material. All the elements are obtained from pure
metals with a concentration higher than 99% and then formulated
according to the element proportions in Table 1. The vacuum degree
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FIGURE 1 | Working diagram of the intermittent ultrasonic vibration-
assisted compression experiment.

TABLE 2 | Parameters of five comparison groups of IUVC experiments.

Tw : Ti Working time Intermittent time Cycles
1:83 1s 3s 4
1:2 1s 2s 4
1:1 1s 1s 4
2:1 2s 1s 2

Without ultrasonic - — _

reaches 3 x 10> MPa or more in the vacuum arc melting furnace,
and the master alloy is prepared by melting under the protection of
argon gas. The master alloy is repeatedly melted approximately
5 times to ensure the uniform distribution of the elements, and a
columnar amorphous alloy with a radius of ¢2x70 mm is prepared
by suction casting with a water-cooled copper mould.

The test piece is cut into a 3.0 mm long rod shape. To prevent the
sample from moving or flying out during the compression process
due to the uneven upper and lower surfaces of the sample, it needs to
be polished with fine sandpaper and placed in the fixture, and
ultimately, a test piece perpendicular to the axis is obtained.

Design of Intermittent Ultrasonic
Vibration-Assisted Compression

Experiment

The intermittent ultrasound-assisted compression (IUVC)
experiment platform is composed of an ultrasonic module, a
temperature measurement module and a Zwick Z050 universal
material testing machine (ZwickRoell, Berlin, Germany). The
ultrasonic module used in this experiment consists of a bracket,
an ultrasonic generator, a moving beam, an ultrasonic transducer,
an ultrasonic horn and an ultrasonic punch, as shown in Figure 1.
The ultrasonic generator converts electrical energy into 20 kHz
mechanical vibration, amplifies it to the required amplitude
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FIGURE 2 | IUVC treatment temperature and mechanical curve under different intermittent times: (A) Sample temperature curve during the IUVC process, (B)
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FIGURE 3 | Mechanical performance parameters after IUVC treatment with different prepressures: (A) Compressive stress-strain curve of samples after IUVC
treatment, (B) Young’s modulus and ultimate strength of the sample after IUVC treatment.

through a horn, and finally transmits the ultrasonic vibration to
the amorphous sample for high-frequency periodic impact.
The bracket is fixed on the moving beam of the universal testing
machine, and the moving speed can be controlled by a computer. At
the same time, the force and displacement sensors record
experimental data in real time. An ultrasonic generator is used to
achieve the ratio of ultrasonic work and intermittent time, and the
holding pressure is set. When the punch presses down and contacts
the sample, the pre-pressure is continuously increased to the set
value, and then the ultrasonic timer is turned on to apply
intermittent ultrasonic action on the amorphous sample. The
temperature module is used to collect the temperature rise of the
amorphous alloy under the action of intermittent ultrasonic waves. It
mainly includes a K-type thermocouple (Herou wire and Cable Co.
LTD., Shanghai, China) contacting the side surface of the sample and

an acquisition card (NI-9211, National Instruments, Austin,
United States) for the real-time recording of temperature
fluctuations.

The ultrasonic working time is set to Tw, and the intermittent
time is set to Ti. We plan five comparison groups (Table 2); that
is, the ratios of ultrasonic working time to intermittent time Tw:
Tiare 1:3, 1:2, 1:1, 2:1 and without ultrasonication. The 2:1 ratio is
2 s of ultrasonication, 1s of intermittent treatment, and so on.
Each group of parameters includes five repeat samples.

X-Ray Diffractometer

X-ray diffraction (XRD) is used to detect whether the amorphous
material is crystalline and to detect the internal structure changes
of each amorphous sample after IUVC treatment. The equipment
model is a Bruker D8-AA25 (Bruker, Billerica, United States), the
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FIGURE 4 | Zr4 2Tiy3,8Cu2.5NioBegs 5 temperature curves under
ultrasonic amplitudes of 26 and 39 microns.

X-ray incident range is set from 20° to 80°, the step length is 0.02°,
and the Cu-Ka ray wavelength is A = 1.5418.

Scanning Electron Microscopy

In this experiment, scanning electron microscopy (SEM, Philips
XL30, Philips, Amsterdam, Netherlands) was used to detect the
evolution and fracture morphology of the shear band of the
samples after [UVC treatment.

Compression Experiment

A universal tensile testing machine (Zwick Z050) is used to compress
the Zr-based amorphous alloy at a strain rate of 3 x 10™*s™', and a
cylindrical specimen with a size of approximately ¢2x3 mm is cut
from the mother bar and annealed at 560 K for 12 h to eliminate
inner stress. The end face of the sample is carefully polished to ensure
that the upper and lower surfaces are parallel to each other and
perpendicular to the height of the sample.

RESULTS AND ANALYSIS

Effect of Ultrasonic Intermittent Time on the

Mechanical Properties

From the IUVC experimental results shown in Figure 2A, it can be
roughly seen that when Tw:Ti is 1:1, the temperature rises sharply in
1-2's, and the temperature drops slightly in 2-3 s. It increases under
the ultrasonic action and decreases during the intermittent period.
This is because the ultrasonic intermittent time is short, the heat has
no time to release, and ultrasonication starts to work again, resulting
in less released heat than absorbed heat, so the overall temperature
rises in the next three ultrasonic working cycles. When Tw:Ti is 1:2,
this perception is confirmed. Since the intermittent time is twice the
ultrasonic working time, the heat absorption is not as great as that at
the 1:1 ratio and is only slightly greater than the heat release. The
temperature rises slightly after four cycles. The red dotted line is the

Intermittent Ultrasonic Vibration-Assisted Compression Amorphous

temperature change of the amorphous alloy under continuous
ultrasonic-assisted compression. The temperature of the IUVC is
significantly lower than that of continuous ultrasonic-assisted
compression.

Figure 2B shows the stress-strain mechanical curve of the
amorphous alloy after IUVC treatment with preload Fs = 650 N,
ultrasonic amplitude A = 26 um, and different ultrasonic interval
time ratios. The mechanical curve of the amorphous alloy at the yield
stage has an obvious “sawtooth” shape, and when the limit value is
reached, fracture failure occurs. It can be preliminarily concluded
that the intermittent ultrasonic vibration-assisted compression time
ratio Tw:Ti has almost no direct relationship with the plasticity and
ultimate strength of the Zr matrix. The shorter the intermittent time
is, the greater the temperature rise (Figure 2A), and the amount of
heat absorbed by the amorphous material and the mechanical
properties of the Zr-based amorphous material decrease slightly
(Figure 2B). This may be because the glass transition temperature of
Zr-based amorphous glass is approximately 340°C, and the
temperature rise caused by the ultrasonic heating effect is much
lower than this temperature, so its performance has little effect.

Effect of Pre-Pressure on the Mechanical

Properties

To explore the effect of pre-pressure on the mechanical properties
of amorphous alloys, the ultrasonic amplitude is set to 26 um, the
Tw:Ti is 1:1, and the pre-pressure is changed to conduct IUVC
experiments.

From the stress-strain curve in Figure 3A, it can be seen that the
as-cast sample has the worst plasticity, and brittle fracture occurs
immediately after elastic deformation. The plasticity of the
amorphous sample after IUVC treatment increases first and then
decreases with increasing pre-pressure and reaches the maximum
plasticity when the pre-pressure of Fs is 650 N, which is close to 3.8%
compression plasticity. This is because Zr-based amorphous alloys
are often brittle at room temperature. The pre-pressure drives the
atoms to a higher potential energy during the deformation process
under the action of external force, which can increase the free
volume content of the amorphous alloy and lead to an increase in
plasticity. However, when the pre-pressure reaches 650 N, the energy
in the amorphous alloy is high enough to cause the amorphous alloy
to begin to precipitate crystals, and as the pre-pressure increases,
more crystals are precipitated (see Figure 7 in XRD Pattern Analysis
below). At this time, due to the appearance of an ordered crystal
lattice arrangement, the free volume content in the amorphous alloy
decreases, and the plasticity decreases. In addition, when the yield
stage is reached, the stress-strain curves of the Zr-based amorphous
materials are all zigzags, indicating that a shear band appears inside
the Zr-based amorphous material, and the shear band continues to
expand, eventually leading to fracture. In short, pre-pressure can
improve the plasticity of amorphous alloys to a certain extent.

From Figure 3B, it can be seen that the Young’s modulus and
ultimate strength of Zr-based amorphous alloys both decrease
with increasing pre-pressure. This is because an increase in the
pre-pressure increases the temperature and reduces the viscosity
of the amorphous alloys, thereby reducing the ultimate strength
of the fracture (Wang et al., 2017).
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FIGURE 5 | Mechanical curves and fracture scanning electron micrographs of [IUVC amorphous alloy samples with different ultrasonic amplitudes: (A) compression
stress-strain curve of IUVC amorphous samples, (B) outer surface of the compression fracture of the as-cast amorphous sample, (C) outer surface of the compression

Effect of Amplitude on the Mechanical

Properties

To explore the effects of different ultrasonic amplitudes and
intermittent ultrasound on the properties of Zr-based
amorphous alloys, the ratio of the IUVC working time to
intermittent time is set to Tw:Ti = 1:1, and the pre-pressure is
650 N. It can be seen from the test results in Figure 4 that the
temperature of the Zr-based amorphous alloy increases with
increasing ultrasonic amplitude. The dotted line represents the
temperature curve of continuous ultrasonic compression
(CUVC). When the ultrasonic amplitude is 26 um, the highest
temperature is 159°C, and when the amplitude is 39 um, the
highest temperature is 264°C, both of which are lower than the
crystallization transition temperature of
Zr41,Ti 38Cu; 5NijgBess s, Tx = 352°C. The solid line is the
temperature change curve of intermittent ultrasonic

compression. The temperature rise of continuous ultrasonic
compression is approximately 50°C higher than that of the
IUVC regardless of the amplitude. The atom diffusion
distance can be estimated (Faupel et al., 2005) and is so small
that any annealing effect caused by temperature rise can be
ignored. It can be preliminarily concluded that the
transformation and plasticity increase of the amorphous
structure by ultrasound is not caused by temperature.

Figure 5A shows the stress-strain curves of the IUVC-treated
amorphous alloy samples with different ultrasonic amplitudes.
With increasing ultrasonic amplitude, the elastic modulus of the
IUVC-treated sample is basically the same as that of the as-cast
sample. However, their ultimate strength declines slightly. The
plasticity increases with increasing ultrasonic amplitude within a
certain range, especially when the ultrasonic amplitude reaches
26 pum, and the plasticity is the best, reaching 3.8%. In addition,
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FIGURE 7 | XRD analysis results of Zr-based amorphous alloy after Ti:Tc
=1:1 and A = 26 pm IUVC treatment.

Figures 5B,C compare the fracture morphologies of the as-cast
sample and the sample after [UVC treatment. The surface of the
as-cast sample is relatively smooth. There are many shear bands
on the surface of the IUVC-treated sample, indicating that the as-
cast sample exhibits a typical brittle fracture, while the IUVC-
treated sample produces shear bands during the compression
process, which is an important factor that causes the plasticity of
the IUVC-treated sample to increase.

XRD Pattern Analysis

Crystallinity can be used to reflect the integrity of the internal
grains of a material. A surface with high crystallinity is arranged
regularly, and the diffraction peaks are sharp, complete and
symmetrical in the XRD pattern. Based on the above
characteristics, the crystallinity of amorphous alloys can be
calculated from their X-ray diffraction pattern as:

. Tw:Ti=1:1 Fs=650NA W Jm ® 50um | | BeZr
b M s i 8 -
M 39um | [® BeNi
WWWWWWMWWW WY
- . 31um
z s Mot
= 26pm
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FIGURE 8 | XRD analysis results of Zr-based amorphous alloy at Fs =
650 with Ti:Tc = 1:1 I[UVC treatment.
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FIGURE 9 | Crystallization diagram under IUVC with different ultrasonic

amplitudes and prepressures.
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CTWA+We Ic+Kly,

1)

where W, and W are the mass percentages of crystalline and
amorphous material, Ic and I, are the cumulative diffraction
intensities of crystalline and amorphous materials, K =
pBO:/pgCO4 and p, and py are the densities of crystalline and
amorphous materials, B and C are angle-dependent constants,
and 6. and 0,4 are the total amounts of crystalline and amorphous
scattering, respectively.

Figure 6 shows the XRD patterns of Zr-based amorphous
alloys with different ultrasound intervals. It can be seen that not
only the as-cast samples but also all the samples processed by
IUVC show broad peaks, indicating that they still remain
amorphous. Therefore, changing the ultrasonic interval has
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no significant effect on the microstructure of the
amorphous alloy.

Figure 7 shows the XRD patterns of Zr-based amorphous alloys
under different pre-pressures. When the pre-pressure is 300 N, the
IUVC-treated sample still maintains an amorphous structure.
However, when the pre-pressure is increased to 650 N, the Bel3Zr
crystal phase begins to precipitate. With increasing ultrasonic pre-
pressure, the crystallinity increases, and the crystal phases of CuZr2
and BeNi are found to precipitate, indicating that the orderly range of
the atomic arrangement inside the IUVC-treated samples is
expanded. Observing the crystallization peak of the IUVC-treated
samples, we find that the greater the pre-pressure is, the sharper the
crystallization peak, indicating that increasing the pre-pressure
promotes the crystallization and grain growth of the amorphous
alloy. In addition, the crystallization of amorphous alloys is a
metastable phase, and a metastable phase changes with changes in
stress conditions.

Figure 8 shows the XRD patterns of Zr-based amorphous alloys
under different ultrasonic amplitudes. With increasing amplitude, the
precipitated crystalline phases of the IUVC-treated samples increase.
Zr2Cu, Bel3Zr and BeNi crystal phases appear (Sun et al., 1996). This
shows that an increase in the amplitude promotes the precipitation of
crystals in the Zr-based amorphous alloy, thereby changing the
internal structure of the amorphous alloy.

Combined with the above experiments, it is known that
the ratio of ultrasonic working time to intermittent time has
no direct relationship to crystal crystallization, so the single
factor variable Tw:Tiis controlled for the experiment. Except
for the sample without ultrasonic amplitude and pre-
pressure, the other samples are processed under the ratio
of ultrasonic working time to intermittent time Tw:Ti = 1:1.
Through background removal, smoothing and integral
analysis in the software JADE, the crystallinity of IUVC
amorphous alloy samples under different pre-pressure and
ultrasonic amplitudes is determined, as shown in Figure 9.
In the figure, the black solid line represents the crystallinity
of each sample under different ultrasonic amplitudes, and
the red crossed line represents the crystallinity of each
sample under different pre-pressures. When the pre-
pressure and amplitude are low, an amorphous phase
appears.

Preliminary analysis can be obtained: the precipitated
crystals can prevent the nucleation of shear bands and
reduce the generation of multiple shear bands due to
changes in elastic modulus, thereby improving the plasticity
of BMG (Dong et al., 2006). The volume fraction of crystals is
also closely related to plasticity. Since crystals are formed in
situ and are combined well with the amorphous matrix,
effective force transfer occurs between the two phases, with
different elastic moduli between the crystals and the
amorphous matrix. Therefore, the difference in elastic
properties near the amorphous matrix and the crystal more
easily introduces stress concentration, and a shear band is
more likely to nucleate at the junction (Ohkubo et al., 2007).
The initial size of the crystals is small, and the initial shear
band is formed, so the deformation is more uniformly
distributed instead of localizing in the single shear band

Intermittent Ultrasonic Vibration-Assisted Compression Amorphous

BMG, achieving an improvement in plasticity. However, the
volume fraction of crystals exceeds the permeation limit,
causing the crystals and microstructures to communicate
with each other, and the size of the crystals increases
sharply, which limits the expansion of the shear band. Such
amorphous samples are more prone to fracture and experience
a gradual decrease in plasticity.

CONCLUSION

This paper studies the effect of intermittent ultrasonic vibration-
assisted compression treatment on the mechanical properties of
Zry; 5 Ti;38Cu;55NijgBesy s bulk amorphous alloys at room
temperature. After summarizing these experimental data, we
draw the following:

1) Intermittent ultrasonic vibration-assisted compression can
effectively improve the plasticity of
Zr41.2Ti13.8Cul2.5Nil0Be22.5. The ultrasonic amplitude
and pre-pressure are the main factors that increase the
plasticity of Zr-based amorphous alloys. Both the
amplitude and the pre-pressure can increase the free
volume content and enthalpy of the Zr-based amorphous
alloy, thereby increasing the plasticity of the Zr-based
amorphous alloy. When the pre-pressure is 650 N and the
ultrasonic amplitude is 26 um, the plasticity is the best,
reaching 3.8%.

2) The pre-pressure and ultrasonic amplitude of intermittent
ultrasonic vibration-assisted compression promote the
precipitation of Zr-based crystals. At the same time, as the
pre-pressure and amplitude increase, the crystallinity
increases, and the crystals hinder the expansion of the
shear band and reduce the plasticity.

3) The ultrasonic intermittent time has no effect on the plasticity
and crystallization of Zr-based amorphous alloys.
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