
mater.scichina.com link.springer.com Published online 21 August 2020 | https://doi.org/10.1007/s40843-020-1411-2
Sci China Mater 2021, 64(2): 448–459

Ultrasonic-assisted plastic flow in a Zr-based
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ABSTRACT Ultrasonic vibration can be used for the micro-
molding of metallic glasses (MGs) due to stress-softening and
fast surface-diffusion effects. However, the structural re-
arrangement under ultrasonic vibration and its impact on the
mechanical response of metallic glasses remain a puzzle. In
this work, the plastic flow of the Zr35Ti30Cu8.25Be26.75 metallic
glass with the applied ultrasonic-vibration energy of 140 J was
investigated by nanoindentation. Both Kelvin and Maxwell-
Voigt models have been adopted to analyze the structural
evolution during the creep deformation. The increase of the
characteristic relaxation time and the peak intensity of re-
laxation spectra can be found in the sample after ultrasonic
vibration. It effectively improves the activation energy of
atomic diffusion during the glass transition (Eg) and the
growth of the crystal nucleus (Ep). A more homogenous plastic
deformation with a weak loading-rate sensitivity of stress ex-
ponent is observed in the ultrasonic-vibrated sample, which
coincides with the low pile-up and penetration depth as shown
in the cross profile of indents. The structural rearrangement
under resonance actuation demonstrated in this work might
help us better understand the defect-activation mechanism for
the plastic flow of amorphous systems.

Keywords: plastic deformation, disordered structure, activation
energy, metallic glass

INTRODUCTION
Structural tailoring is important for the mechanical per-
formance of metallic glasses (MGs) [1]. The plastic flow
of MGs is proposed to be closely related to structural
rearrangement at the atomic scale during deformation.
Zr-based MGs are typical MG systems that show super-
plastic deformation at room temperature [2–4]. It has

been proved that Zr35Ti30Cu8.25Be26.75 can be micro-
formed by using the ultrasonic-vibration technique [5].
Lateral extrusion experiments of the Zr55Cu30Al10Ni5 MG
with low-frequency vibration also reveal an enhanced
micro-formability under vibratory loading [6]. Micro-
honeycomb structures with various pitches between ad-
jacent cells are hot-embossed on the Zr35Ti30Cu8.25Be26.75
MG to improve its frictional behavior [7]. The ultrasonic
stress-softening effect, stress superposition effect, and
periodic separation originating from ultrasonic vibration
can effectively improve the micro-formability via a re-
duction of the forming force and a decrease in friction at
the interface [8–10]. The shear-deformation performance
of MGs is also influenced by ultrasonic vibration [11].
High-frequency ultrasonic beating method to fabricate
micro- to macro-scale structures [12,13] can avoid the
crystallization and oxidation of MGs, implying the po-
tential application of this technique in micromachining
MGs. The fast surface dynamics near the bonding inter-
face under ultrasonic vibration enables cold joining of
alloys/MGs of different types, which is beneficial for
synthesizing multifunctional glassy composites with
tunable sizes [14,15]. However, the structural evolution of
MGs under ultrasonic vibration and the underlying
physical origin for vibration-assisted plastic flow of MGs
still remain unknown. Nanoindentation is a convenient
technique that can be utilized to detect the mechanical
response during the plastic deformation of structural
materials, especially for glassy materials such as ceramics,
oxide glasses, and MGs [16–18].

In this work, by using nanoindentation, the creep be-
havior of Zr35Ti30Cu8.25Be26.75 under ultrasonic vibration
at ambient temperature was investigated. We found that
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ultrasonic vibration with the applied energy of 140 J
promoted the structural evolution of the Zr-based MGs
into a more homogenous state, which effectively reduced
the loading-rate sensitivity of stress exponent during the
creep deformation as well as the activation energy for the
nucleation of the crystalline (Ex). The shift of character-
istic relaxation times to a long time region and the in-
crease of the peak intensity of relaxation spectra can also
be found in the ultrasonic-vibrated Zr-based MG, which
coincides with the increase of activation energy for
atomic diffusion during the glass transition (Eg) and for
the growth of crystal nucleus (Ep). The nucleation of a
large number of small “flow defects” along with the
homogenous creep behavior under the frame of the
Maxwell-Voigt model is proposed to play a key role in
determining the excellent micro-formability of Zr-based
MGs [8–12].

EXPERIMENTAL SECTION
The alloy with the nominal composition Zr35Ti30Cu8.25-
Be26.75 was prepared by arc melting mixtures of pure Zr,
Ti, Cu, and Be (> 99.99 wt.%) in a high-purity argon
atmosphere (> 99.99 wt.%). The cylindrical rods with a
diameter of 2 mm were fabricated by a water-cooled
copper crucible casting method. The samples cut from the
as-cast rods with a height of 1.5 mm were ultrasonically
vibrated by BRANSON 2000X ea/ae at the energy of
140 J, the amplitude of 100%, and the frequency of
20,000 s−1. The amorphous nature of the as-cast and ul-
trasonic-vibrated samples was confirmed by X-ray dif-
fraction (XRD, Bruker D8 Discover diffractometer) with
Cu Kα radiation. The thermodynamic properties of two
MGs were detected by NETZSCH 404 F3 differential
scanning calorimeter (DSC). The creep measurements
were conducted by using a NanoTest Vantage (Micro
Materials Ltd) with a standard Berkovich diamond in-
denter. A standard fused silica sample was utilized for
calibration (see details in Ref. [19]). The corresponding
load and displacement resolutions were 3 nN and
0.001 nm, respectively. The surface morphology around
the indents was traced by a Veeco Dimension ICON
atomic force microscope (AFM). At least five indentation
tests were carried out under each condition without
considering the data that were biased obviously against

the others.

RESULTS AND DISCUSSION

Thermophysical properties
Fig. 1 shows the DSC trace of the Zr35Ti30Cu8.25Be26.75 MG
after ultrasonic vibration with the applied energy of 140 J
at a heating rate of 20 K min−1. The data for the as-cast
sample is also plotted for comparison. A pronounced
main exothermic peak after the weakly endothermic
feature demonstrates a clear glass transition in both the
as-cast and ultrasonic-vibrated samples. The glass tran-
sition temperature Tg, crystallization temperature Tx, and
the supercooled region ΔTx = (Tx−Tg) are listed in
Table 1. Tg, Tx, and ΔTx increase slightly after high-fre-
quency vibration. The inset in Fig. 1 shows the enlarged
view of the thermal trace near Tg. A negligible change of
the exothermic heat ΔHrel [20] upon ultrasonic vibration
is observed. It means the excess free volume (Δv) derived

by v H Q t T= (d / d )drel
[21] almost keeps constant

without structural relaxation as indicated during the an-
nealing process [22].

Nanoindentation creep deformation
Fig. 2a and b present the typical load–displacement (P–h)

Figure 1 DSC curves of the ultrasonic-vibrated Zr35Ti30Cu8.25Be26.75 MG
with the applied energy of 140 J at a heating rate of 20 K min−1. The data
for the as-cast sample were plotted for comparison. The inset shows the
enthalpy recovery measurement.

Table 1 Thermal parameters of the as-cast and 140 J ultrasonic-vibrated Zr35Ti30Cu8.25Be26.75 MG samples

Tg (K) Tx (K) ΔT (K) ΔH (kJ mol−1) Eg (kJ mol−1) Ex (kJ mol−1) Ep (kJ mo−1) k0g (s−1) k0x (s−1) k0p (s−1)

As-cast 575 726 151 7.455 265 188 179 3.95×1022 4.72×1011 6.48×1010

140 J 577 729 152 7.552 285 174 194 2.57×1024 4.41×1010 9.29×1011
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curves of the as-cast and ultrasonic-vibrated samples at a
load limit of 50 mN, where P is the loading force and h
the instantaneous indenter displacement. The samples
were loaded at constant loading rates of 1, 5, 10, 50, and
100 mN s−1 to a load limit of 50 mN, then held for 100 s
before unloaded at the same rate as the loading rate. It is
interesting to notice that a serrated flow behavior is found
in the as-cast MG during nanoindentation at a low
loading rate. As shown in Fig. 2a, the pop-in step in-
creases obviously with the applied load. This phenom-
enon implies the propagation of multiple shear bands at
the initial loading process of the as-cast sample, especially
at the loading rate of 1 mN s−1. With further increasing
loading rates, the serration disappears gradually. It is not
the case for the 140 J ultrasonic-vibrated sample. It dis-
plays more homogenous plastic flow during na-
noindentation after the vibration treatment, even at a low
loading rate of 1 mN s−1 (Fig. 2b). The creep displacement
curves with the constant holding load of 50 mN are dis-
played in Fig. 2c and d. With increasing loading rates
from 1 to 100 mN s−1, the maximum creep displacement
increases from 15 to more than 30 nm, which is close to

the reported value of 18 to 37 nm in the (Co0.7Fe0.3)0.68-
B0.219Si0.051Nb0.05 MG [19]. It demonstrates that the creep
displacement of Zr-based MGs is comparable to that of
the MGs with a relatively high Tg at the same loading
condition such as Co- [19], Fe- [23], and U-based [24]
MGs. At the loading rate of 100 mN s−1, the maximum
creep displacement of the ultrasonic-vibrated sample is
36 nm, which is slightly higher than 33 nm of the as-cast
sample.

Local plastic deformation around indents
AFM images are displayed in Fig. 3 to compare the local
creep deformation around indents of the samples before
and after vibration. No obvious shear band is observed in
the pile-up region around the indent at the loading rate of
5 mN s−1, seen in Fig. 3a–d. It further verifies that a
homogenous creep deformation occurs during the na-
noindentation process at a high loading rate [25,26]. As
shown in Fig. 3e and f, the pile-up around the indent can
be evaluated by using topographic profiles. Compared
with the 140 J ultrasonic-vibrated sample, the significant
pile-up around indents of the as-cast sample indicates

Figure 2 Creep behaviors of the Zr35Ti30Cu8.25Be26.75 MG samples. (a, b) Load–displacement (P–h) curves under different loading rates of the as-cast
(a), and 140 J ultrasonic-vibrated (b) samples. The curves in (a) and (b) offset from the origin for clear viewing. (c, d) The creep displacement of the
as-cast (c) and 140 J ultrasonic-vibrated (d) samples during load holding period under different rates.
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that a pronounced localized deformation occurs during
the creep process. The maximum height of the pile-up
around indent of the as-cast MG is about 108 nm at the
loading rate of 5 mN s−1, which is about three times
higher than 38 nm of the ultrasonic-vibrated MG. With
increasing loading rates, the maximum height of the pile-
up increases obviously, reaching the highest value of
198 nm at the loading rate of 100 mN s−1. The remarkable
increases of pile-up from 133 to 198 nm with increasing
loading rates from 50 to 100 mN s−1, exhibiting an ex-
tremely localized deformation of the as-cast sample at a
low-velocity impact mode. Consistent with the observa-
tion in [(Co0.7Fe0.3)0.68B0.219Si0.051Nb0.05]100−xCux (x = 0, 0.5)

[19], the localized pile-up that appears around the indent
is not with respect to a large deformation ability as sug-
gested in the work of Kim et al. [27]. In contrast, it
manifests the extremely localized deformation and the
poor formability of the as-cast sample. This phenomenon
might relate to the quenched-in structural heterogeneity
of the as-cast sample due to the high cooling rate during
the water-cooled copper-crucible casting process [2,28].
The much lower pile-up of the 140 J sample at a relatively
wide region around the indent demonstrates a more
homogeneous deformation of the ultrasonic-vibrated Zr-
based MG. It is noteworthy that the maximum penetra-
tion depth observed from the topographic profile of the

Figure 3 AFM images of the as-cast (a, b) and 140 J ultrasonic-vibrated (c, d) Zr35Ti30Cu8.25Be26.75 MGs after nanoindentation at a loading rate of
5 mN s−1. The cross profile of the indents after nanoindentation for the as-cast (e) and 140 J ultrasonic-vibrated (f) samples.
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as-cast MG is about 390 nm at the loading rate of
5 mN s−1, which is only 305 nm for the 140 J ultrasonic-
vibrated sample. This result further verifies a more
homogenous plastic flow of the ultrasonic-vibrated MG,
rather than the localized creep deformation.

Kelvin model analysis
This steady mechanical performance of the ultrasonic-
vibrated MG under distinct nanoindentation conditions
is in accord with the results of stress exponents. Ac-
cording to the empirical power-law relationship between
the strain rate and the stress σ [29,30], the stress exponent
n can be derived by

A= , (1)n

where A is a temperature-dependence constant. Here, the
strain rate is h h=  / and the stress σ = P/24.5h2. As seen
in Fig. 4a, the creep displacement h of the as-cast sample
as a function of time t at a loading rate of 5 mN s−1 can be
fitted well using Kelvin model [29]
h t h a t t kt( ) = + ( ) + , (2)b

0 0

where t0, h0, a, b, and k are fitting constants. From the
slope plotted in Fig. 4b, we can obtain the stress ex-
ponent: n = ln / ln . It is found that n decreases sig-
nificantly with decreasing applied stress, approaching a
constant value towards the end of the holding period.
Fig. 4c shows n at a steady-state power-law creep stage as
a function of loading rates. Here, five measurements are
included to estimate the average value of n and the
standard error. With increasing loading rates from 1 to
100 mN s−1, the calculated n exhibits a wavelike drop
from 23 to 11 and 16 to 11 for the as-cast and 140 J
ultrasonic-vibrated MGs, respectively. In coincidence
with the creep behavior of other MGs with Tg much
higher than the ambient temperature, such as Fe-based
MGs [19,31], n of the as-cast sample decreases with in-

creasing loading rate, displaying a high sensitivity with
the applied loading rate. For instance, in the as-cast
[(Fe0.6Co0.4)0.75B0.2Si0.05]0.96Nb0.04}96Cr4 MG, the value of n
decreases gradually from 28.1 to 4.9 with increasing
loading rates from 1 to 50 mN s−1 [31]. However, after the
high-frequency vibration, n becomes much steadier,
which fluctuates around a constant value of 12 at different
loading rates.

In fact, the stress exponent n of MGs is quite sensitive
to the applied stress, which depends on both the in-
dentation loading rates and peak loads applied in differ-
ent MGs [32]. In the Cu50Zr50 MG, the value of n almost
obeys a linear relation with loading rates. It increases
from 4 to 10 with increasing loading rates from 0.1 to
2.5 mN s−1 [33]. However, the loading-rate dependency of
n in Fe-based MGs [19,31], as well as our studied Zr-
based MG, differs from that in the Cu-Zr MG. As re-
ported in the work of Huang et al. [32], the n of the
Fe41Co7Cr15Mo14C15B6Y2 MG drops from 4.93 to 0.94
when increasing loading rates from 0.01 to 2.5 mN s−1,
consistent with the observations in [(Fe0.6Co0.4)0.75B0.2-
Si0.05]0.96Nb0.04}96Cr4 [31] and Zr35Ti30Cu8.25Be26.75 MGs.
Besides, with increasing indentation sizes or contact
depths due to the increase of the peak loads, the value of n
increases rapidly from 2.87 to 6.37 in this Fe-based MG.

Hardness and elastic modulus
The hardness (H) and elastic modulus (E) obtained from
nanoindentation at the loading rates ranging from 1 to
100 mN s−1 are listed in Table 2. The H and E are barely
influenced by the ultrasonic vibration. With increasing
loading rates, the H of the as-cast sample slightly de-
creases from 6.2 to 5.3 GPa, while the E increases from
107 to 118 GPa. After vibration, the value of H and E
almost unchanged. H decreases from 6.6 to 5.7 GPa, and

Figure 4 (a) The typical experimental and fitted creep curves of the as-cast Zr35Ti30Cu8.25Be26.75 MG at a loading rate of 5 mN s−1 by using the Kelvin
model. (b) The ln(strain rate)–ln(stress) plot. (c) Steady-state stress exponent, n, of the as-cast and ultrasonic-oscillated MGs as a function of
indentation loading rates. The solid lines are guides for the eyes.
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E increases from 107 to 115 GPa, when the loading rate
increases from 1 to 100 mN s−1.

Maxwell-Voigt model analysis
If we consider both anelastic and viscoplastic deformation
of MGs, the creep displacement in the nanoindentation
process is more likely to be described by the Maxwell-
Voigt model that contains both Maxwell and Kelvin units
mutually interaction in series. Herein, the displacement h
can be expressed as [34]

h h h t µ =  + (1 e ) + / , (3)i

i

n

i
t

0
= 1

/
0

where hi is the i-th indentation displacement, τi the
characteristic relaxation time for the activation of the i-th
anelastic Kelvin unit, μ0 a constant proportional to the
viscosity coefficient of the Maxwell dashpot, and h0 the
indentation displacement at the beginning of the holding
stage. The two-phase model as proposed in MGs can be
characterized by two anelastic relaxation processes during
the creeping process [35]. Therefore, two Kelvin units
with a Maxwell unit [24] were chosen to analyze the creep
displacement of the studied MGs, i.e., n = 2. As shown in
Fig. 5a and b, the typical creep data of the as-cast and
140 J ultrasonic-vibrated samples at different loading
rates can be fitted well by using the Maxwell-Voigt model
based on the two-phase hypothesis
h h h t µ =  (1 e ) + (1 e ) + / , (4)1 2t t

1
/

2
/

0

where h1 and τ1 represent the displacement and relaxation
time of the first Kelvin unit, h2 and τ2 represent that of the
second Kelvin unit, and μ0 is a constant coefficient related
to the Maxwell unit. The initial displacement h0 in
Equation (3) is set as 0. It is seen that structural hetero-
geneity at the nanoscale as found in many MGs [28,36–
38] can be precisely described by two characteristic re-
laxation time τ1 and τ2 by using the two-phase model
(Fig. 5c), namely, the glassy matrix that possesses more
defects with long relaxation time (i.e., large size) will
show a relatively low hardness or elastic modulus relating

to soft regions, while that with more small defects (short
relaxation time) relates to hard regions. The correlation
coefficient R2 is more than 0.99 at the loading rate of
5 mN s−1. The fitting parameters for the typical creep
curves at different loading rates are listed in Table 3. It is
noticed that μ0

−1 that represents the viscoplastic de-
formation progressively increases with increasing loading
rates, demonstrating an evident drop of viscosity upon
the ascending loading rate in both the as-cast and ultra-
sonic-vibrated samples. Compared with the as-cast sam-
ple, μ0

−1 of the 140 J ultrasonic-vibrated sample is slightly
larger, exhibiting a more pronounced viscous flow be-
havior. The significant increase of the displacement as
indicated by h1 and h2 with increasing loading rates can
be observed in both the as-cast and ultrasonic-vibrated
samples, accompanying the shift of characteristic relaxa-
tion times of two Kelvin units, τ1 and τ2 towards a longer
time region. This phenomenon demonstrates that more
defects with a longer characteristic relaxation time are
activated under the quasi-static loading mode. At the
loading rate higher than 50 mN s−1, the h and τ of two
Kelvin units start to drop, especially for the 140 J ultra-
sonic-vibrated sample. This scenario suggests a saturation
of activated defects under the low-velocity impact mode.

As proposed in the work of Castellero et al. [35], the
relaxation time spectrum based on the Maxwell-Voigt
model can accurately describe the two anelastic creep
processes of MGs [39]

L t h A
Ph t( ) = 1 + e , (5)i

i

n

i

i

i

t

in
t

=1

/ 0

0
=2

where L is the spectrum intensity, A0/P0 the inverse of the
hardness H, and hin the maximum indentation depth.
Here, n = 2. Fig. 5d–f give the relaxation spectra of the as-
cast and ultrasonic vibrated MGs at different loading
rates. The observed two separate relaxation peaks in each
relaxation spectra are related to two relaxation processes
demonstrated by two characteristic relaxation times τ1
and τ2 under the Maxwell-Voigt model. With increasing

Table 2 Hardness H and elastic modulus E of the as-cast and 140 J ultrasonic-vibrated Zr35Ti30Cu8.25Be26.75 MG samples at different loading rates

Loading rate (mN s−1)
H (GPa) E (GPa)

As-cast 140 J As-cast 140 J

1 6.15±0.33 6.56±0.35 106.90±1.65 107.24±3.25

5 6.20±0.21 6.12±0.13 106.00±1.63 103.69±1.52

10 6.05±0.09 6.22±0.24 105.54±1.05 104.58±2.46

50 5.86±0.07 6.14±0.20 109.55±1.63 107.84±2.22

100 5.27±0.23 5.69±0.27 118.07±2.57 115.22±4.27
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loading rates from 1 to 100 mN s−1, both the peak in-
tensity and relaxation time of the first and second peaks
alter notably. This phenomenon reveals that more defects
are activated along with the generation of free volumes
[24,35]. It agrees well with our previous observations in
[(Co0.7Fe0.3)0.68B0.219Si0.051Nb0.05]100−xCux (x = 0, 0.5) that
the excess free volume generated during the creep de-
formation can be simulated at a high loading rate [19].
This process might benefit the propagation of “flow de-

fects” such as shear transition zones [40]. The super-
position of the atomic clusters inside those defects during
deformation together with the generation of plenty of free
volumes is in favor of a pronounced creep deformation
via the homogeneous plastic flow under the indenter.
Based on the core-shell theory [41], the defect with more
free volume is able to dissipate the stress concentrates in
the elastic matrix by consuming a long relaxation time.
Herein, the Kelvin unit has a close correlation with these

Figure 5 The creep displacement and fitting curves of the as-cast (a) and 140 J ultrasonic-vibrated (b) Zr35Ti30Cu8.25Be26.75 MGs by using the Maxwell-
Voigt model during the load holding period at different loading rates. (c) The typical experimental and fitted creep curves of the as-cast sample at a
loading rate of 5 mN s−1 by using the Maxwell-Voigt model. (d) The typical relaxation time spectra of the samples before and after vibration at a
loading rate of 50 mN s−1. Relaxation time spectra of the as-cast (e) and 140 J (f) ultrasonic-vibrated samples based on the anelastic part of creep curves
at different loading rates.
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“flow defects” as demonstrated in the relaxation spectra
[42].

Compared with the as-cast sample, the relaxation time
spectra of the 140 J ultrasonic-vibrated sample are more
sensitive to the loading rate, especially at a loading rate
higher than 10 mN s−1. For intense, a remarkable increase
of the intensity of the first and secondary relaxation peaks
at the loading rates of 50 mN s−1 is observed in the ul-
trasonic-vibrated sample (Fig. 5d). It implies that more
defects at both short and long relaxation times are acti-
vated at higher loading rates after treatment by vibration.
Meanwhile, the characteristic relaxation time shifts to a
longer time region at this loading rate. It means defects of
the ultrasonic-vibrated sample with large sizes are more
likely to be stimulated at a higher loading rate.

Fig. 5e and f display the typical relaxation time spectra
of the as-cast and ultrasonic-vibration samples as a
function of the loading rate. The significant increase of
the characteristic relaxation time τ2 and its peak intensity
in relaxation spectra is found in the 140 J ultrasonic-
vibrated sample. It suggests that compared with the as-
cast sample, more defects with large sizes and long re-
laxation times are propagated in the ultrasonic-vibrated
sample at a higher loading rate. Meanwhile, both the first
and secondary peaks of the as-cast and ultrasonic-vi-
brated samples in the relaxation spectra shift to a longer
time region with increasing loading rates, especially for
the sample after vibration. It illustrates that the size of the
activated defects becomes larger when the loading mode
changes from a quasi-static to dynamic mode.

Two characteristic relaxation peaks have also been
found in the relaxation spectra of many other MGs such
as U- [24], Ce-, La- [43], Mg- [35], Ti-based MGs [44] as
well as Ti-Zr-Hf-Be-Cu-(Ni) high-entropy MGs [45]. As

demonstrated in Ti-Zr-Be MGs, both the first and sec-
ondary peaks show an increase in intensity and a shift
towards longer relaxation times for the alloys with less
creep resistance [44], which is in agreement with our
present studies as well as the work of U-base MGs [24].
Moreover, the separate relaxation peaks that represent
defects with different sizes seem to rely on the structural
relaxation as well in addition to the loading rate [24]. For
example, the relaxation spectra of Mg65Cu25Y10 show a
progressive separation between two relaxation peaks
during the annealing process [35].

The activation energy for the glass transition as well as the
nucleation and growth of crystals
According to the classical Kissinger method, the activa-
tion energy (Ec) for the glass transition or crystallization
of MGs at a constant heating rate can be derived in virtue
of the thermodynamic parameters [46]

T E
RT

E
k Rln = + ln , (6)

2
c c

0

where T is the characteristic temperature such as Tg, Tx,
and peak temperature (Tp), θ the heating rate, R the gas
constant, and k0 the frequency factor. Fig. 6a and b show
typical DSC traces of the as-cast and 140 J ultrasonic-
vibrated MGs at different heating rates. It can be seen that
the thermodynamic parameters like Tg, Tx, and Tp gen-
erally shift to the high-temperature regime with increas-
ing heating rates from 5 to 40 K min −1. Kissinger plots of
the two MGs are displayed in Fig. 6c and d. An ap-
proximate linear relation between ln(T2/θ) and 1000/T is
obtained. The activation energies, Eg, Ex, and Ep can be
calculated according to the slope Ec/R in Equation (6).
The values of Eg are 265 and 285 kJ mol−1 for the as-cast

Table 3 The fitting parameters of creep curves of the as-cast and 140 J ultrasonic-vibrated Zr35Ti30Cu8.25Be26.75 MG samples based on the Maxwell-
Voigt model

Sample Loading rate (mN s−1) h1 (nm) τ1 (s) h2 (nm) τ2 (s) μ0
−1 (nm s−1)

As-cast

1 1.01±0.34 1.61±1.19 5.91±0.53 22.91±4.55 0.086±0.007

5 3.37±0.22 0.58±0.17 9.58±0.39 19.86±1.70 0.160±0.005

10 3.65±0.27 0.96±0.22 10.54±0.36 19.21±1.55 0.108±0.005

50 4.55±0.29 1.23±0.21 11.83±0.46 21.63±1.85 0.148±0.006

100 4.56±0.24 1.16±0.17 11.07±0.52 23.68±2.10 0.131±0.006

140 J

1 3.23±0.31 1.36±0.34 6.29±0.67 24.37±4.92 0.103±0.008

5 4.79±0.30 1.17±0.21 9.86±0.69 24.17±3.15 0.102±0.009

10 4.71±0.33 1.61±0.24 10.63±0.43 21.71±2.11 0.144±0.006

50 7.03±0.27 1.50±0.15 15.83±1.28 31.73±3.51 0.146±0.013

100 5.77±0.23 1.09±0.24 12.56±0.71 26.31±2.43 0.173±0.008
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and ultrasonic-vibrated samples, respectively, which are
between those of U-Co-Al alloy (338 kJ mol−1) [47] and
Pd40Ni10Cu30P20 (228 kJ mol−1) [48]. Compared with the
as-cast sample, the ultrasonic-vibrated sample displays a
~10% higher value of Eg. It demonstrates that the energy
barrier for atomic diffusion in the supercooled liquid
region is elevated due to the vibration-assisted structural
rearrangement of the Zr35Ti30Cu8.25Be26.75 MG. The larger
diffusion activity energy impedes the extremely fast
atomic motion inside these defects. This procedure pre-
vents the local pile-up as observed around the indenter of
the as-cast sample in AFM images. It can interpret the
more homogeneous deformation observed in the ultra-
sonic-vibrated sample. However, the activation energy for
nucleation, Ex, is reduced from 188 to 174 kJ mol−1 after
ultrasonic vibration, which implies that the incubation
time for nucleation is shortened due to the appearance of
multiple nucleation sites after the activation of massive
characteristic defects. A large number of nucleation sites
in the ultrasonic-vibrated sample can be indicated as
“flow defects” in the relaxation time spectra, which pro-
motes the propagation of shear transition zones [40],
thereby, in favor of the plastic flow of MGs. Such struc-

tural rearrangement coincides with local structural re-
juvenation induced by the ultrasonic vibration as
reported in the work of Wang et al. [49], which might be
the underlying reason for the large creep deformation of
the ultrasonic-vibrated sample as demonstrated in Fig. 5b.

On the other hand, the activation energy for the growth
of crystal nuclei, Ep is elevated by about 8%. It implies
that the atomic motion during the crystal growth is im-
peded as well, which may hinder the crystallization be-
havior of the ultrasonic-vibrated sample. Thus, the high-
frequency vibration method can be used to promote the
glass-forming ability of MGs through tuning the nuclea-
tion and growth rates, which is beneficial to the industrial
application of those high-strength glassy materials.

In Equation (6), k0 is normally used to estimate the
probability of an atom involved in glass transition or
crystallization, which can also be calculated by the in-
tercept ln(Ec/k0R). As listed in Table 1, the value of k0 is
3.95 × 1022 s−1 at Tg, 4.72 × 1011 s−1 at Tx, and 6.48 ×
1010 s−1 at Tp for the as-cast sample, and 2.57 × 1024 s−1 at
Tg, 4.41 × 1010 s−1 at Tx, and 9.29 × 1011 s−1 at Tp for the
ultrasonic-vibrated sample. k0 at Tg of the ultrasonic-
vibrated sample is two orders of magnitude larger than

Figure 6 Thermodynamic and kinetic characteristic parameters of the Zr35Ti30Cu8.25Be26.75 MG samples. DSC traces of the as-cast (a) and 140 J
ultrasonic-vibrated (b) MGs at heating rates ranging from 5 to 40 K min−1. Kissinger plots of the as-cast (c) and 140 J ultrasonic-vibrated (d) MG
samples to calculate the activation energies relative to Tg, Tx, and Tp, respectively, and the fragility parameter m.
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that of the as-cast sample, while k0 at Tp also rises about
ten times after vibration. It suggests that more atoms
participate in the glass transition as well as the growth of
the crystalline phase. This implies that the number of the
rearranged atoms during plastic deformation should in-
crease accordingly, which could be the main reason that
causes a more homogenous plastic flow of the ultrasonic-
vibrated sample during the creep process. Meanwhile, the
decrease of the number of atoms required for the nu-
cleation as indicated by the reduction of k0 at Tx is con-
sistent with more activated defects observed in the
relaxation spectra and low energy barrier of nucleation of
the ultrasonic-vibrated sample.

To investigate the dynamic behavior of the studied Zr-
based MGs under vibration, the fragility parameter m is
derived by using the equation according to the activation
energy of atomic diffusion in the undercooled liquid re-
gion, Eg [50]

( )m T
T T

E
RT= dlog ( )

d / = ln10 .
gT T

g
=

g

g

η(T) is the viscosity that can be expressed as η(T)=
η0exp(E/kB/T), where η0 is the viscosity at the high-tem-
perature limit, E the activation energy for viscous flow,
and kB the Boltzmann constant. As seen in Fig. 6c and d,
m are 24 and 25 kJ mol−1 for the as-cast and ultrasonic-
vibrated samples, respectively. These values are slightly
smaller than those of Ce-based (m~32–34) [51] and U-
based (m~28) [47] MGs. Generally, the glass-forming
melts can be classified into two types, i.e., strong and
fragile, according to the value of m, which is small for
strong liquids and large for fragile liquids [52]. Thus,
similar to U-based systems, the investigated Zr-based MG
with m~24–25 can be defined as a relatively strong glass-
forming liquid system. More importantly, the high-fre-
quency vibration at room temperature has a weak impact
on the viscous flow of the Zr35Ti30Cu8.25Be26.75 MG when
approaching Tg with Tg~575–577 K that is ~300 K above
the ambient temperature.

CONCLUSIONS
In this work, the plastic flow accompanied by structural
rearrangement at the atomic scale of the Zr35Ti30Cu8.25-
Be26.75 MG treated by ultrasonic-vibration with the energy
of 140 J was thoroughly investigated. We found that for
the Zr-based MG with Tg about 300 K higher than room
temperature, the high-frequency vibration has a weak
impact on its mechanical performances such as hardness,
elastic modulus, and dynamic parameters like the fragility

parameter m. However, DSC analysis shows that the ac-
tivation energy for atomic diffusion during the glass
transition, Eg, increases about 10%, together with the
improved energy barrier for the crystal growth, Ep, from
179 to 194 kJ mol−1. While the nucleation activation en-
ergy, Ex, is reduced by ~10%, which might prevent the
crystallization during the cooling process and is in favor
of improving the glass-forming ability of MGs. Mean-
while, a more homogenous deformation can be observed
in the ultrasonic-vibrated sample as demonstrated by a
low and wide pile-up around the indent and a steady
stress exponent n at different loading rates. It may be the
main reason for the large plastic flow during vibration-
assisted micro-molding of Zr-based MGs.
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锆基金属玻璃超声振动下的塑性流动行为
袁晨晨1*, 吕祝薇1, 庞昌蒙1, 李信2, 刘睿1, 杨灿2, 马将2,
柯海波3*, 汪卫华3,4, 沈宝龙1*

摘要 由于应力软化和表面快速扩散效应, 超声振动可以用于金属
玻璃微成型. 然而, 超声振动下的结构重排及其对金属玻璃力学响
应机制的影响仍不清楚. 本工作采用纳米压痕方法研究了超声振
动能量为140 J的Zr35Ti30Cu8.25Be26.75金属玻璃的塑性流动行为. 我
们采用Kelvin和Maxwell-Voigt模型分析了蠕变过程中的结构演化.
研究发现, 高频超声振动后样品的特征弛豫时间增长且弛豫峰增
强. 它有效地提高了玻璃转变和晶核生长过程中原子扩散的激活
能. 我们在超声振动样品中观察到较均匀的塑性变形行为, 还发现
超声振动之后加载速率对金属玻璃应力指数的敏感性减弱的现象.
本文有关共振驱动下的结构重排现象的研究有助于更好地理解非
晶态系统塑性流动行为的缺陷激活机制.
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