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ABSTRACT

Intermittent high-frequency vibration loading is introduced into the Zr4; »Ti;3.8Cu;2 5NijoBegz s bulk amorphous
alloy as an ultrashort time, easy-to-obtain, nondestructive physical method to adjust its atomic arrangement and
shear deformation behavior. It is found that the method of intermittent high-frequency vibration loading can
make the ductility and strength of the bulk amorphous alloys increase quickly within 4 s, increasing to 5.3% and
2240 MPa, respectively. And there is a mechanical power threshold of approximately 0.43 kJ/mol. Apart from
the as-cast sample, when it is less than this threshold, with the increase of amplitude and pre-pressure, the
relaxation enthalpy of IHF-treated samples increases, the ductility increases, but the compressive yield strength is
basically unchanged, and there is basically no precipitation of nanocrystals at the same time. When it is greater
than the threshold, as the amplitude and pre-pressure increase, the relaxation enthalpy decreases, nanocrystals
precipitate, the ductility and the compressive yield strength begin to decrease. Both the increase in free volume
content and the appearance of nanocrystals will lead to an increase in the critical stress of the first ejection event,
thereby simultaneously increasing the ductility and yield strength. It is also found that the increase in free
volume content is the main factor for the increase in ductility and strength, and the appearance of nanocrystals is
a secondary factor. Our findings provide a new ultrashort time method for overcoming the strength-ductility

trade-off dilemma.

1. Introduction

Bulk amorphous alloys have many excellent properties, such as high
strength, high hardness, and high wear resistance, but their room tem-
perature ductility is extremely poor, which affects their wide use [1]. At
present, many scholars have studied methods to improve the room
temperature ductility of amorphous alloys. One method is to increase
the elastic modulus and Poisson’s ratio by designing the element ratio of
the amorphous alloy so that the shear band will continue to expand
instead of cracking. Both W.L. Johnson et al. [2] and Y.H. Liu et al. [3]
used this method to increase the strain of Pt-based or Zr-based bulk
amorphous alloys, and the strain amount reached 20% and 150%,
respectively. The second method is to change the internal atomic
arrangement by elastic loading [4], high-temperature creep [5] or
thermal cycling [6] to increase both the amount of free volume and the
room temperature ductility. The third method is to introduce multiple
small shear bands through local plastic deformation, e.g., cold rolling
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[71, severe plastic deformation [8], high-pressure torsion [9] and ball
milling [10]. When the amorphous alloy is subjected to an external force
again, the expansion of a large number of shear bands induces the
generation of new shear bands, thereby improving the room tempera-
ture ductility.

Free volume theory has confirmed that the action of shear stress can
induce a large amount of free volume inside bulk amorphous alloys. For
example, Ogta S et al. [11] simulated the cluster structure of CusyZrs3
bulk amorphous alloys under elastic loading by molecular dynamics,
and the free volume content increased. However, the current elastic
loading method takes several hours or days, and the time is too long.
During this period, a relaxation effect will inevitably occur, thereby
reducing the free volume content.

In addition, an increasing number of studies have shown that the
performance of bulk amorphous alloys can be controlled by adjusting
the energy state. For example, Z.Y. Liu et al. [12] previously found that
the free volume content of Zr-based bulk amorphous alloys can be
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quickly increased by the ultrasonic vibration precompression method,
thereby improving their plasticity. Ultrasonic energy reduces the acti-
vation energy of atomic transitions and drives the atoms to high energy
with elastic vibration energization, thereby introducing more free vol-
ume and rheological units to induce shear bands. At the same time, ul-
trasonic vibration largely avoids time-dependent structural relaxation
and crystallization, thereby avoiding the risk of crystallization during
the traditional heat treatment process. However, T. Ichitsubo et al. [13]
have discovered that crystallization occurs when the bulk amorphous
alloy is vibrated ultrasonically. G. Kumar et al. [14] found that amor-
phous brittleness is caused by crystallization, and W. Zhai et al. [15]
found that ultrasound-induced nanocrystals can simultaneously increase
the compressive plasticity and yield strength of bulk amorphous alloys.
Therefore, the effect of ultrasonic vibration on the microstructure and
properties of bulk amorphous alloys is very complicated. There is
currently an urgent problem is to study how ultrasonics can overcome
the dilemma of the strength-ductility trade-off of bulk amorphous alloys.

The effects of the coupling of the ultrasonic amplitude and pre-
pressure on the microstructure and properties of Zr-based bulk amor-
phous alloys during the intermittent high-frequency (IHF) vibration
loading process were quantitatively analyzed. It was found that the
method of IHF vibration loading can make the ductility and strength of
the bulk amorphous alloys increase quickly within 4 s. At the same time,
IHF vibration loading dual external field has a mechanical power
threshold. When the value of the mechanical power is less than this
threshold, as the amplitude and pre-pressure increase, this power in-
creases, the relaxation enthalpy of IHF-treated samples increases, and
the ductility increases, but the compressive yield strength is basically
unchanged, and there is basically no precipitation of nanocrystals. When
the power is greater than this threshold, as the amplitude and pre-
pressure increase, the mechanical power increases, resulting in exces-
sive energy imparted to the amorphous alloy, reducing the amorphous
relaxation enthalpy. The precipitation of nanocrystals occurs, and the
ductility and compression yield strength begin to decrease, but which
are greater than those of the as-cast sample. Based on the experimental
results, the softening mechanism and strengthening mechanism of IHF
vibration loading is thoroughly discussed.

2. Experimental materials and methods
2.1. Preparation of test materials

An ingot of Zrs; 2Tij38CuiasNijgBess s (composition is given in
atomic percentage) was selected for the experiment. All elements were
made of pure metals with a concentration higher than 99% and were
melted in a vacuum arc melting furnace under the protection of argon to
prepare a master alloy. The master alloy was repeatedly melted
approximately 5 times to ensure the uniform distribution of the ele-
ments. The columnar bulk amorphous alloy with a diameter of @ 2 x 70
mm was prepared by suction casting with a water-cooled copper mold
and then was cut into a round rod with a length of 3.0 mm. After the
sample was annealed at 560 K for 12 h, the relaxation enthalpy
decreased by 52%, implying that the amorphous alloy sample obtained a
uniform initial state at this time [16]. Finally, both ends were smoothed
with fine sandpaper.

2.2. Design of the intermittent high-frequency vibration loading
experiment scheme

The IHF vibration loading experiment platform was formed by a
universal material experiment machine (Zwick Z050, Zwick Roell
Group, Ulm, Germany) equipped with an ultrasonic module. The ul-
trasonic module used in this experiment was composed of a support
frame, an ultrasonic generator, an ultrasonic timer, a transducer, a horn
and an ultrasonic punch. The ultrasonic generator converts electrical
energy into mechanical vibration, amplifies it to the required amplitude
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through the horn, and finally transmits the ultrasonic vibration to the
sample of bulk amorphous alloys through the periodic impact of the
punch.

The support frame was fixed on the moving beam of the universal
testing machine, and the moving speed was controlled by a computer. At
the same time, the force and displacement sensors recorded the exper-
imental data in real time. An ultrasonic timer was used to achieve the
ratio of ultrasonic work to intermittent time. When the punch pressed
down to contact the sample, the pre-pressure increased to the set value,
and the ultrasonic timer was turned on for intermittent ultrasonic action
on amorphous samples.

2.3. Test and analysis methods

The strain rate of the IHF vibration loading experiment was 3 x 10™*
s~1, the ultrasonic frequency was 20 kHz, and the ultrasonic intermittent
ratio was 1:1; that is, the ultrasonic loading was 1 s, the interval was 1 s,
the ultrasonic loading time was 4 s in the whole compression process,
the ultrasonic amplitudes were 18 pm, 26 pm and 35 pm, and the pre-
pressure values were 96 MPa, 207 MPa and 319 MPa, respectively.
For each set of process parameters, IHF loading treatment was repeated
for 5 samples to ensure the repeatability of the evaluation results.

X-ray diffraction (XRD) was used to detect whether the samples are
amorphous. The equipment model of the diffractometer was Bruker D8-
AA25 (Bruker, Karlsruhe, Germany). The X-ray incidence range was set
to 20°-80°, the step length was 0.02°, and the Cu-Ka ray wavelength A =
1.5418 A.

A differential scanning calorimeter (DSC) instrument (DSC-8000,
PerkinElmer, Poulsbo, WA, USA) was used to detect the relaxation
enthalpy of the samples. In all cases, the samples were first heated to a
fully crystalline state and then cooled to room temperature with a
heating rate of 0.33 K/s, a cooling rate of 1.66 K/s, and heating to
600 °C.

Scanning electron microscopy (SEM) was performed using a Philips
XL30 instrument (Philips Company, Amsterdam, Netherland). The focus
was on the evolution of the shear band of the fracture surface.

A Hysitron TI-950 nanoindenter (Hysitron Inc., Minneapolis, USA)
was used to conduct nanoindentation experiments on the sample sur-
face. The indentation speed was 0.2 nm s !, and the peak load was 8 mN.
To ensure that the indentations did not affect each other, the interval
between adjacent indentations was 5 pm and measured in a 5 x 5 dot
matrix for each sample. To ensure the accuracy of the experiment, before
the experiment, the bulk amorphous alloy samples were polished to
ensure smoothness, and at the same time, they were subjected to stress
annealing for 30 min in a vacuum environment.

Transmission electron microscopy (TEM, JEM-2100F, JEOL Ltd.,
Tokyo, Japan), with an accelerating voltage of 200 kV, was used to
observe the microstructure of the sample. The thin slices were cut from
the sample, mechanically ground to a thickness of 0.5 mm and mounted
on a TEM copper grid.

3. Results

The XRD pattern in Fig. 1 shows that, except for the sample with IHF
vibration loading at an amplitude greater than 26 pm or a pre-pressure
greater than 207 MPa, the as-cast and other IHF-treated samples have
broad diffraction peaks, indicating that these materials have a typical
amorphous structure. Notably, the IHF-26-207 sample begins to exhibit
a weak peak. When the pre-pressure was increased to 319 MPa, sample
IHF-26-319 showed multiple faint peaks. A comparison with the stan-
dard XRD template shows that CuZry and BejsZr nanocrystals were
precipitated.

DSC experiments were carried out, and the thermodynamic param-
eters of the as-cast and three typical IHF-treated samples were recorded
in detail, as shown in Fig. 2. The corresponding glass transition tem-
perature T, crystallization temperature Ty and crystallization peak
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Fig. 1. XRD patterns of the as-cast and IHF-treated Zry4; 5Ti3 gCuj25NijoBeas s
alloy samples.

temperature T, of the four samples are similar. However, it is worth
noting that the relaxation enthalpies of the four samples change signif-
icantly. When the pre-pressure is 207 MPa, with increasing ultrasonic
amplitude, the relaxation enthalpy /AH clearly increases from 2.087 J/g
to 11.701 J/g. Since the change of /A\H reflects the disorder of atomic
arrangement [17], it can be used to qualitatively study the change of free
volume content in amorphous alloys. /AAH is directly proportional to the
free volume content [18]. After the ultrasonic vibration is excited, /AH
increases by approximately 5.6 times, indicating that the disorder of the
atomic arrangement increases during the IHF vibration treatment, and
the free volume content increases. It can also be noticed from Fig. 2 that
when the amplitude increases from 18 pm to 26 um, AH increases by
8.014 J/g, indicating that the larger the amplitude is, the greater the free
volume content. However, when the amplitude is 26 pm, as the
pre-pressure increases from 207 MPa to 319 MPa, the relaxation
enthalpy drops significantly to 6.222 J/g, indicating that the free vol-
ume content is reduced at this time, the atoms are tightly arranged, and
amorphous matrix crystallization may occur.

To understand the effect of IHF treatment on the microstructure of
the Zr4y 2Tiz gCuy2 5NijgBegs s bulk amorphous alloy, a TEM study was
carried out. From the TEM images shown in Fig. 3 (a)-(c), the as-cast
samples and the IHF-18-207 and IHF-26-207 samples demonstrate uni-
form contrast with no obvious lattice fringes and a labyrinth pattern in
all directions. The corresponding selected area electron diffraction
(SAED) pattern shown in the illustration is composed of a wide
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diffraction halo, indicating a typical characteristic amorphous structure,
which is basically consistent with the XRD experimental results of the
same sample in Fig. 1.

Fig. 3 (d) is the TEM image of sample IHF-26-319. In addition to the
labyrinth pattern, there are many dark “band-like” regions with a visible
length of 20-50 nm that are uniformly precipitated from the amorphous
matrix. As shown in the illustration, the diffusive SAED ring pattern is
superimposed with some diffraction points, indicating that the sample
matrix is still a typical characteristic amorphous structure, but nano-
crystalline grains occasionally appear. Enlarging the red frame area
marked in Fig. 3 (d), shows that this part is a typical maze pattern (Fig. 3
(e)). The enlarged marked yellow frame area shows that the mixture of
order clusters and nanocrystals is distributed on an amorphous matrix
(Fig. 3 (D).

The SAED pattern corresponding to the blue frame marked in Fig. 3
(f) shows typical diffraction points, indicating that this part is a single
crystal structure (Fig. 3 (g)). An enlarged pattern is performed in Fig. 3
(g), and a pattern composed of sharp diffraction spots and diffuse halos
along the [0 1 3] crystal axis plane is obtained (Fig. 3 (h)). According to
the XRD results of sample IHF-26-319 in Fig. 1, this sample may pre-
cipitate CuZry and BejsZr crystal phases. Therefore, through the calcu-
lation method from the literature [15], the distance and the included
angle between the red circle and three nearby yellow circles are calcu-
lated. The results are compared with the standard CuZr, and Be;3Zr TEM
results, and the nanocrystal is determined to be the CuZr, phase. The
cubic lattice parameters are a = b = 0.311 nm, ¢ = 0.089 nm, and a = f§
=y = 90°. The crystal plane indices represented by the three yellow
circles are (0 3 1), (20 0) and (2 3 1).

Previous studies also reported the formation of such CuZr; nano-
crystals. I. Kaban et al. [19] simulated the topological and chemical
short-range order of Zr47 5Cu47 sAls amorphous alloys and found that the
CujZry, CuZry and CuZr phases precipitated in sequence. The atomic
ratio of Zr in the Zr4; 5Ti13.8Cuj2 s5NijgBess s bulk amorphous alloy is
more than twice that of Cu. Therefore, it can be understood that the
CuZr, phase preferentially precipitates in bulk amorphous alloys excited
by IHF vibration loading.

To study the effect of the IHF on the mechanical properties of the
samples, uniaxial compression tests were carried out at room tempera-
ture. Fig. 4 (a) shows the typical compressive stress-strain curves of the
as-cast and IHF-treated samples.

The black line represents the compressive stress-strain curve of the
as-cast sample, which shows a brittle structure (Fig. 4 (a)). The ultimate
compressive stress determined by the first platform in the curve is 1793
MPa. After IHF treatment, it was found that the ultimate compressive

Fig. 2. DSC traces on heating in temperature range from 330 to 500 °C: (a) As-cast and IHF-18-207 samples; (b) IHF-26-207 and IHF-26-319 samples.
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Fig. 3. Microstructures of Zr4; 5Ti138Cuy25NijoBess s bulk amorphous alloy: TEM and the corresponding SAED patterns for (a) the as-cast samples; (b) IHF-18-207
samples; (c) IHF-26-207 samples; (d) IHF-26-319 samples; (e) TEM image showing a typical maze pattern of red frame area in (d); (f) TEM image showing nano-
crystals embedded in amorphous matrix of yellow frame area in (d); (g) the corresponding SAED pattern to the blue frame area in (f); (h) the enlarged pattern to the

green frame area in (g).

Fig. 4. Effects of IHF vibration loading excitation on the macroscopic mechanical behavior of Zr4; 5Ti;3.8Cu;25NijoBeass s bulk amorphous alloy: (a) strain-stress
curves in quasi-static compression test; (b) the relationship between the mechanical power and the ductility and yield strength of the IHF-treated samples.

stress and ductility of all IHF samples increased. The blue line represents
that the yield stress of the IHF-26-207 sample increased to 2240 MPa
when the amplitude was 26 pm and the pre-pressure was 207 MPa, the
ultimate compressive stress also increased to 2255 MPa, and the
maximum ductility was 5.3%. The orange line represents the yield stress
and ultimate compressive stress of the IHF-26-319 sample when the
amplitude is 26 pm and the pre-pressure is 319 MPa. Compared with the
IHF-26-207 sample, the yield stress and ultimate compressive stress
values are reduced to 1980 MPa and 1997 MPa, respectively. The in-
crease in pre-pressure reduces the strength of the sample, and the
maximum ductility is also reduced to 2.78%. These results show that
although the IHF-treated Zr4; 2Tils gCuj2sNijgBegss bulk amorphous
alloy can excite the best ductility and strength, there is a threshold.
The punch mechanical power is used to calculate this threshold. The
mechanical power of the IHF vibration loading is as Eq. (1).

W=F,x (f-1-A) €}

where F; is the pre-pressure, MPa; f is the frequency, (f = 20 kHz); t is

the ultrasonic action time, which takes 4 s; and A is the amplitude, pm.

Fig. 4 (b) shows the relationship between the mechanical power and
the ductility and yield strength of the IHF-treated samples. The ductility
is the largest when the power is approximately 0.43 kJ/mol. If the power
is too large or too small, then the ductility will be reduced. However, the
change rule of the compression yield strength is different. Apart from the
as-cast sample, it is found when the power is less than 0.43 kJ/mol, the
yield strength of IHF-treated samples basically changes little. When it is
greater than 0.43 kJ/mol, the yield strength will decrease slightly.
Therefore, the best ductility and strength threshold for the IHF treat-
ment of the Zrs;2Tij3gCuiasNijgBesss bulk amorphous alloy is
approximately 0.43 kJ/mol.

Fig. 5 shows the typical side surface morphology of the as-cast, IHF-
26-207 and IHF-26-319 samples. Initially, only two straight and well-
separated shear bands can be observed near the fracture surface of the
as-cast sample (Fig. 5 (a)). In contrast, a significant number of shear
bands, including secondary shear bands, are formed around the samples
subjected to IHF vibration loading. However, compared with the IHF-
26-207 sample, the number of shear bands is clearly reduced in the
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Fig. 5. SEM views of the fracture surface appearance for (a) the as-cast sample with primary shear bands; (b) IHF-26-207 sample with multiple shear bands; and (c)

IHF-26-319 sample with multiple shear bands.

IHF-26-319 sample (Fig. 5 (c)). The formation of such high-density and
widely distributed shear bands excited by the IHF treatment is the
reason for the ductility Change in the ZI'41_2Ti13_8CU12_5Ni10B822.5 bulk
amorphous alloy. The shear band results are consistent with the change
in ductility in the volumetric compression test.

The micromechanical properties related to the structural character-
istics of the Zr4; 2Tij38Cu;2 5NijgBess s bulk amorphous alloy were also
studied by nanoindentation tests. Fig. 6 shows three typical depth-load
curves of the as-cast, IHF-26-207 and IHF-26-319 samples. Clearly, the
critical load (indicated by the arrow) of the first sudden ejection event
refers to the initial yield due to the formation of the shear band, which
becomes higher after IHF treatment. Fig. 6 (b) shows the average critical
load at the first yield point on the depth-load curve. The average critical
loads after IHF treatment increase toward a higher value as a whole,
which is in good agreement with the typical results in Fig. 6 (a). The
findings show that after IHF treatment, the Zr4; 2Ti13.8Cuy2 5NijgBeoa s
bulk amorphous alloy requires a higher critical stress to trigger the first
shear band event. In the above three samples, the I[HF-26-207 sample
requires the highest critical stress to trigger the first shear band event.
The nanoindentation results are consistent with the change in yield
strength in the volume compression test.

4. Discussion

From the above structural characteristics and the results of macro-
and micromechanical properties, it is concluded that IHF treatment can
overcome the ductility-strength trade-off of bulk amorphous alloys. The
free volume content, and the volume fraction, size and distribution of
crystallites are crucial to the mechanical properties of the crystal-
amorphous composition [12,20].

The increase in the free volume content may improve the ductility of
bulk amorphous alloys in the following four aspects. First, the IHF

mechanical power can reduce the activation energy of atomic transi-
tions, and with vibration energization, the atoms are driven to high
energy, thereby introducing more free volume and flow units to induce
shear bands [12]. Second, a higher free volume content means that there
are more disordered regions in the short-range arrangement of atoms,
which increases the instability of the local topology. Under the action of
external forces, atoms have more room to move freely, and it is also
conducive to the connected seepage of adjacent flow units [21]. There is
low deformation resistance, prompting stable rheological changes of
atoms. Third, if the free volume content is large, the viscosity of bulk
amorphous alloys is low, and the atoms can easily diffuse, thereby
increasing the fluidity and ductility. Finally, as the free volume content
increases, it is easy to form a secondary shear zone locally through local
softening [22], which can block the expansion of the main shear zone.

On the other hand, the influence of nanocrystals on the ductility of
bulk amorphous alloys is mainly due to the high-strength CuZry nano-
crystals, which can hinder the growth of shear bands and cracks. First,
the nanocrystals distributed along the shear bands play a role in the
stress concentration, and the new shear bands tend to nucleate, grow
and diffuse at the interface between the matrix and the nanocrystals
[15]. The newly formed secondary shear zone and the wing-shaped
shear zone form a net, which can be expanded and mixed with other
shear zones to maintain the increasing strain during the compression
deformation process. Second, the growth of nanocrystals leads to an
increase in viscosity [23]. The direction of shear deformation is changed
to micro-zones with a relatively low crystallization fraction to render the
deformation more homogenous [24]. As a result, the branching of the
regenerative shear zone delays the expansion of the main shear zone,
prompting the atoms to undergo sufficient and stable rheological
changes. However, the presence of nanocrystals leads to an increase in
the tightly arranged regions of local atoms, and the free volume content
will inevitably decrease. Although nanocrystals can delay the expansion

Fig. 6. Nanoindentation tests on Zr4; 2Ti13,8Cu;25NijoBess s bulk amorphous alloy: (a) typical nanoindentation load-depth curves of the samples in as-cast state and

IHF-26-207 and IHF-26-319; (b) average critical load at the first pop-in event.
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of the secondary shear band, the overall viscosity of bulk amorphous
alloys increases. Compared with the samples without nanocrystals, its
ductility decreases.

Therefore, the above mentioned combination of the free volume
content and nanocrystals avoids catastrophic fracture of bulk amor-
phous alloys at room temperature. From the perspective of the threshold
of mechanical power furtherly, when it is less than the power threshold,
almost no nanocrystals are precipitated on the amorphous matrix. At
this time, as the power increases, the free volume content increases and
the ductility increases; and after the threshold is exceeded, it is found
that as the power increases, nanocrystals appear and gradually increase,
the free volume content decreases, and the ductility decreases. Thence,
the increase in free volume content plays a major role in improving the
ductility of bulk amorphous alloys, and the formation of CuZry nano-
crystals may play a secondary role in ductility.

In addition, it can be seen from Fig. 2 (b) and Figs.5 (b)—(c) that the
increase in the free volume content on the amorphous matrix result in a
significant increase in the secondary shear bands. And the orientation of
the shear band is more disordered. The hard-oriented secondary shear
bands will restrict the expansion of the soft-oriented shear bands and
increase the deformation resistance. Secondly, the dispersion of CuZry
on the amorphous matrix act as a reinforcing phase like “pinning”,
slowing down the propagation of the shear band. Therefore, in above
both cases, a higher stress is required to activate the new shear zone.
Both the free volume and nanocrystals help to increase the yield stress
and ultimate compressive stress. However, the sizes of the nanocrystals
range from 20 to 50 nm. The molecular chains in this part of the region
are arranged in an orderly manner, which causes the movement of the
segment units to be hindered. Therefore, this region is prone to more
cracks. Compared with the samples without nanocrystal precipitation,
the samples with nanocrystal have a slightly lower strength.

5. Conclusion

In summary, we found that IHF vibration loading can promote the
movement of atoms and lead to an increase in the free volume content
and the formation of CuZr, nanocrystals dispersed on the Zrs; 5Tij3g
CujosNijgBege s alloy glass matrix, thereby improving quickly the
ductility and yield strength. And there is a mechanical power threshold
of approximately 0.43 kJ/mol. When the value of the mechanical power
is less than the threshold, as the power increases, the ductility of IHF-
treated samples increases, and the yield strength does not change.
When the power is greater than this threshold, both the ductility and the
yield strength decrease. By overcoming the dilemma of the strength-
ductility trade-off, we provide an ultrashort time, easy-to-obtain,
nondestructive and low-cost technical method to strengthen and
improve the ductility and strength of bulk amorphous alloys.
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