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ABSTRACT

The mechanical behavior of the Pd4oCugoP2oNijo metallic glass after ultrasonic vibration was systematically
investigated by nanoindentation. A notable softening after ultrasonic treatment was demonstrated by about 25%
and 40% reduction of hardness and elastic modulus, respectively. The Maxwell-Voigt model was utilized to
characterize the structure evolution during ultrasonic-assistant plastic deformation. Combined with differential
scanning calorimeter experiments, it is found that the flow defects with shorter characteristic relaxation time
activated under ultrasonic-frequency cycling loading benefits fast atomic diffusion with a low energy barrier,
which eventually leads to the pronounced creep displacement, and thereby the large moldability at ambient
temperature. This work might enlighten the structural origin for the plastic flow of metallic glasses under stress-
assisted molding, imprinting as well as cold joining, which may help us in deeply understanding the defect

activation mechanism in disordered systems.

1. Introduction

Metallic glasses (MGs) exhibit the extremely high strength, hardness
(H), and excellent corrosion resistance. They are attractive as novel
functional structural materials used in the field of three-dimensional
(3D) printing, molding, embossing, imprinting, etc. [1,2]. However,
the localized strain in shear bands dominates the plastic deformation of
most MGs. It leads to the very limited uniaxial tensile plasticity and the
consequent catastrophic fracture at ambient temperature, which hinders
the wide application of MGs in nanomoulding industries. It has been
reported that by means of high-frequency mechanical vibration, the
miniature MG parts can be fabricated in an economically competitive
way [3,4]. Due to the ultrasonic stress-softening effect and stress su-
perposition effect, ultrasonic vibration with high frequency of above 20
kHz has been conducted widely in metal micro-forming process [5].
However, the underlying physical origin for ultrasonic-assisted plastic
deformation of MGs is not well addressed yet. It has been demonstrated
that ultrasonic vibration can enhance thermoplastic formability of MGs
by reducing resistant stress around their supercooled liquid region [3].
The induced low viscosity during shear punching process illuminates
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that the ultrasonic-assisted deformation mechanism of MGs distin-
guishes from the traditional punching technique applied on crystalline
metals [4]. It is considered to be associated with the generation of free
volume and/or flowing unit volume during cycling loading with high
vibration amplitude [3,6]. Whereas, it is still unclear that how are those
flow defects distributed in the glassy matrix and its influences on the
deformation mechanism, especially in various MG systems.

Pd-based MGs are proposed as potential candidates for ultrasonic-
assistant molding/imprinting or cold joining [7] due to its large
intrinsic plasticity and high Poisson’s ratio of around 0.4 [8-10]. Be-
sides, Pd-based MGs with a relatively low glass transition temperature
that close to room temperature and a high oxygen resistance also prefer
to be used as model materials in 3D thermoplastic micro-forming [11].
The deformation mechanism including the anelastic behavior of the
Pd4oCu3pP2oNijp MG has been studied previously by using nano-
indentation [12]. The classic relaxation kinetics is observed during the
creep deformation of this system, which indicates the high impact of the
anelastic deformation on the mechanical performance of Pd-based MGs.
However, the inner mechanism for the high-frequency mechanical vi-
bration on the mechanical response, in particular the anelastic
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Fig. 1. The XRD of the Pd4(CusoP2Nijo rod before and after 60 J ultrasonic
vibration with the applied energy of 60 J.
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Fig. 2. The hardness H and elastic modulus E of as-cast and 60 J ultrasonic-
vibrated Pd4oCuzoP20Nijgp MG samples measured as a function of loading
rates. The solid and dash lines in are guides for the eyes.

Table 1
Hardness H and elastic modulus E of as-cast and 60 J ultrasonic-vibrated
Pd4oCuszpP2oNijo MGsamples measured at different loading rates.

Loading rate (mN/s) H (GPa) E (GPa)
As-cast 60 J As-cast 60 J

0.5 7.2+ 0.5 5.8+ 0.2 111 £ 2 65+ 3
1 7.2+ 0.4 6.0 + 0.4 108 +1 67 +5
5 7.0+0.3 59+0.3 108 + 2 67 + 4
10 7.6 + 0.4 5.7+ 0.3 111 +£2 67 + 4
50 7.1+0.1 4.9 +0.2 113 +1 68 +3
100 5.7+ 0.1 43+0.2 117 £ 2 73+ 4

contribution, of this MG system at ambient temperature is still unre-
vealed. Nanoindentation has proven to be an effective approach to
determine the mechanical properties of structural materials at the
microscopic scale, e.g., H, elastic modulus (E), as well as time-dependent
mechanical response such as indentation creep, and so on [13]. The
generation and/or annihilation of defects during the time-dependent
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anelastic deformation process can be well described by nano-
indentation regardless of the restriction of size and shape [14,15], which
is especially important for MGs that normally have limited glass forming
ability and disordered structure. Therefore, in this work, mechanical
properties such as H, E, and the creep performance of the
Pd4oCuszpP2oNiig MG before and after the vibration with an ultrasonic
frequency of 20 kHz were systematically investigated by using nano-
indentation. The anelastic response during creep deformation was
characterized by two Kelvin units with two different response time
under the frame of two-phase model. The mechanical softening of the
Pd4oCuszpP2oNijo MG along with the activation of flow defects with short
characteristic relaxation time was demonstrated after ultrasonic vibra-
tion, which might help us to seek the structural origin of the superplastic
flow of Pd-based MGs during the vibration-assistant molding/imprinting
process.

2. Experimental

Pd4oCus3pP2oNij¢ samples were prepared with the nominal compo-
sition (considering the consumption of P during the induction proced-
ure) by induction melting pure P (99.99 at. %) and the eutectic
composition Pd4oCuszgNi; alloys that synthesized by arc-melting of pure
Pd (99.99 at. %), Cu (99.999 at. %), and Ni (99.99 at. %) in a high-purity
argon atmosphere (>99.99 at. %). The alloy ingot was cast into cylin-
drical rods with a diameter of 2 mm by using a water-cooled copper
crucible and then cut into the length of 1-2 mm. The sample was ul-
trasonically vibrated by BRANSON 2000X at an energy of 60 J before
nanoindentation experiments with the frequency of 20 kHz and the
trigger force of 50 N. The amorphous nature and thermodynamics
properties of the samples before and after the mechanical vibration were
monitored by X-ray diffraction (XRD, Bruker D8 Discover diffractom-
eter) with Cu K, radiation and NETZSCH 404 F3 differential scanning
calorimeter (DSC) at heating rates ranging from 5 to 40 K/min. The
micro-creep tests were conducted using a NanoTest Vantage (Micro
Materials Ltd) with the load and displacement resolutions of about 750
nN and 0.3 nm, respectively. The top side of specimens was mechani-
cally polished following a conventional procedure with a final step using
a 0.5 pm diamond suspension. A standard Berkovich diamond indenter
was utilized for nanoindentation tests. The machine compliance cali-
bration for the transducer-tip configuration and tip area functional
calibration were performed on a standard fused silica sample before
each test. The indentation experiments were carried out at constant
loading rates of 0.5, 1, 5, 10, 50, and 100 mN/s to a load limit of 50 mN,
followed by a holding period of 100 s, then unloaded at the same rate as
the loading rate, see details in ref.15. The thermal drift correction was
conducted by using the post-indentation drift calibration method. The
sample was unloaded to ~14% of the maximum load (6.8 mN), then
held for 20-30 s to derive the thermal drift rate of the instrument. At
least five indentation tests were carried out under each condition. The
results biased significantly against the others were discarded before
further data analysis. The surface morphology around the indents was
recorded by Veeco Dimension ICON atomic-force microscopy (AFM).
Considering the effect of mechanical polishing on the properties
measured on the sample surface [16], a tapping mode were conducted
on the matrix material and the material around indents in the region of
10 x 10 pm? to quantify the surface roughness. It is found that the
root-mean-square roughness of the as-polished specimen ranges be-
tween 3.9 and 4.8 nm. Compared to the used nanoindentation tip size as
well as the indentation depth at 50 mN, the surface roughness is rather
small. The surface roughness has not affected the relative trend of the
nanoindentation data.

3. Results and discussion

XRD spectra of as-cast and 60 J ultrasonic-vibrated Pd4oCusgP2oNiig
MG samples are presented in Fig. 1. Only a broad peak without
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Fig. 3. Load - displacement (P - h) curves of as-cast (a) and 60 J ultrasonic-vibrated (b) Pd4oCuszoP2oNi;o MG samples under different loading rates with a peak load of
50 mN. The curves in (a) and (b) offset from the origin for clear viewing. The creep displacement and fitting curves of as-cast (c) and 60 J ultrasonic-vibrated (d)

Pd40CuzpP2oNijo MGs during the load holding period at different loading rates.
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Fig. 4. Experimental and fitted creep displacement curves of the typical
ultrasonic-vibrated Pd4oCuszoP20Ni;o MG at a loading rate of 10 mN/s by using
the Maxwell-Voigt model.

crystalline peaks is shown in XRD patterns, which illustrates that no
crystallization occurs in the process of ultrasonic vibration. Fig. 2 and
Table 1 shows the dependence of H and E on the loading rate for both as-
cast and ultrasonic-vibrated samples. The H and E derived from nano-
indentation are based on the conventional depth-sensing indentation
method of Oliver and Pharr, see details in Ref. [17]. The E of the

specimen is derived according to the measured reduced modulus E;:

2
R + : U (1)

where v is Poisson’s ratio of the specimen, and E; and v; the elastic
modulus and Poisson’s ratio of the indenter. v is around 0.4 for the
Pd4oCuszpP2oNijp MG [8,9]. E; and v; are 1140 GPa and 0.07 for the
diamond indenter, respectively. The reduced modulus E; can be deter-
mined by indentation technique:

g VTS
"28 VA
where S is the contact stiffness and A the area of indent. /3 is the constant

related to the geometry of the indenter, which is ~1.034 for Berkovich
indenter. The H is defined as:

(2)

Pm
H= I 3)
where Py, is the peak load. It seems that E is barely affected by loading
rates with a value of about 110 GPa for the as-cast Pd49CusgP2oNijg MG
sample, which is slightly higher than the reported value of 98-100 GPa
from acoustic-velocity measurements [8,9]. It is due to the fact that the
actual contact area of the indent is larger than the theoretical calculation
based on the assumption of a conical indenter instead of the actual py-
ramidal geometry without considering of the pile-up around the indent
normally found in MG specimens [18]. While H of the as-cast sample
almost keeps constant value close to 6 GPa at the relatively low loading
rate, but gradually decrease to about 4.3 GPa at the load rate as high as
100 mN/s. More interestingly, after the high-frequency vibration with
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Table 2
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The fitting parameters of creep curves of as-cast and 60 J ultrasonic-vibrated Pd4oCusoP2oNi;o MG samples based on the Maxwell-Voigt model.

Loading rate (mN/s)

h; (nm)

71 (8)

hy (nm)

72 (8)

Ho ' (nms™h)

As-cast

60 J

0.5
1

5
10
50
100
0.5
1

5
10
50
100

2.8 +0.3
1.1 +£0.3
3.4+02
29+0.2
5.1+0.3
2.8+ 0.4
0.4 +0.7
0.8 +0.8
5.2+0.3
3.6 £0.3
8.6 £ 0.4
8.7 £ 0.4

1.5+04
0.9 +0.8
0.4 +0.2
0.6 £ 0.3
1.9+0.3
1.3+0.5
29+6.9
44+£53
1.3+£0.2
0.8 +£0.2
24+0.3
1.2+0.2

2.0 £0.9
3.6 £ 0.3
7.5+0.3
10.2+0.3
185+ 1.9
9.6 + 0.4
2.5+ 0.5
5.6 £ 0.5
9.1+0.3
120+ 0.3
11.5+ 0.4
10.6 £ 0.3

40 + 27
21+4
24+ 2
26 + 2
53+7
18+1
21+9
28+ 8
25+ 2
22+1
30+3
1941

0.12
0.14
0.11
0.05
0.04
0.09
0.07
0.11
0.12
0.13
0.14
0.19
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Fig. 5. The relaxation spectra of as-cast (a) and 60 J ultrasonic-vibrated (b)
Pd4oCu3pP2oNijp MG samples based on the anelastic part of their creep
displacement curves at different loading rates.

the energy of 60 J, the H and E are dramatically reduced by about 25%
and 40%, respectively. After vibration treatment, the E measured at a
loading rate of 10 mN/s rapidly decreases from 111 + 2 to 67 + 4 GPa,
while the value of H falls sharply from 7.6 + 0.4 to 5.7 + 0.3 GPa. A
remarkable softening upon ultrasonic vibration can be observed in
Fig. 2. Such pronounced softening behavior under mechanical vibration

has not been found in other MGs such as Zr3sTizgCug 25Besg 75, where
the H and E are almost unchanged after vibration treatment even with a
higher energy of 140 J [18].

The load-displacement (P-h) curves during nanoindentation of the
Pd4oCuszgP2oNi;9 MG before and after vibration treatment are displayed
in Fig. 3(a) and (b), respectively, where P is the loading force and h the
instantaneous indenter displacement. The corresponding creep
displacement curves during the load holding process with a load limit of
50 mN are shown in Fig. 3(c) and (d). It is seen that the maximum creep
displacement of the ultrasonic-vibrated sample at ambient condition is
about 48 nm, which is almost twice deeper than 27 nm of the as-cast
sample. This indicates that the sample exhibits a higher plasticity and
fluidity after the high-frequency mechanical vibration, which is in
accordance with the reduction of H and E of the ultrasonic-vibrated
sample as demonstrated in Fig. 2. Consistent with the observations in
other MGs such as Zr- [18], Cu-Zr [19], and Fe (Co)-based MGs [15,
20-22], the maximum creep displacement of the Pd-based MG (before
and after vibration treatment) during the load holding period presents a
high loading-rate sensitivity, which increases from less than 5 to close to
50 nm with increasing loading rates from 0.5 to 100 mN/s.

A pronounced serration is observed in both as-cast and ultrasonic-
vibrated MGs during the initial loading process, which demonstrates a
typical pop-in behavior [23], see Fig. 3 (a) and (b). This phenomenon
gradually vanishes at loading rates higher than 50 mN/s, indicating a
transition from serrated to non-serrated flow [23]. The disappearance of
serration phenomenon is due to the fact that the high-rate regime of
homogeneous flow on the deformation map of MGs forces strain distri-
bution kinetically [24]. Such homogeneous deformation under nano-
indentation even well below the glass transition suggests that the
applied machine cross-head velocity overwhelms the shear velocity of
an individual shear band at this point [25]. In other word, the arrested
shear band can be continuously driven at the defined rate. It means that
the shear band relaxation corresponding to the structural rearrangement
[26] needs to be taken into account during the initial loading process.
Compared with the as-cast sample, less notable serration behavior of the
ultrasonic-vibrated MG with a smaller stress-drop step at the same
loading rate is demonstrated in Fig. 3 (a) and (b). It illustrates a more
homogeneous deformation of the Pd-based MG after the vibration
treatment. This is in agreement with its pronounced creep behavior
along with low H and E. Such pop-in behavior has not been found during
the holding period. It implies that the propagation of individual shear
bands seems to be impeded in the creep process, where the loading rate
(close to 0) is far inferior to the characteristic rate for the shear band
nucleation.

Due to the chemical inhomogeneity and density fluctuation of
multicomponent MGs, it is proposed that the glassy matrix of most MGs
can be characterized by strongly and weakly bonded regions based on
the two-phase model [27,28]. Thus, two Kelvin units connected in series
with a Maxwell unit [29] that relate to two relaxation processes with
different relaxation time under the frame of the core-shell model [28]
are utilized to model the two-phase structure of MG systems [30-33]:
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Fig. 6. A schematic diagram for the distribution of defects before (a) and after (b) ultrasonic vibration in the Pd4oCugoP2oNiio MG.

h=hi(1—e"") +hy(1— e"™) +1t/u, Q)
where the parameters h;, 7; and hy, 75 correspond to two discrete
anelastic deformation processes based on the Maxwell-Voigt model
[29], which represent the displacement and relaxation time of the first
and second Kelvin units, respectively. uo ! is a viscous constant related
to the Maxwell unit. The fitted creep displacement curves are plotted in
Fig. 3 (c) and (d) as well for comparison. The correlation coefficient R%is
more than 99%, see the typical example of the ultrasonic-vibrated
sample at the loading rate of 10 mN/s in Fig. 4. It confirms that the
creep curves of two MGs can be described accurately by using the
Maxwell-Voigt model.

For comparing clearly, the fitting parameters for the creep
displacement-time (h-t) curves of the as-cast and ultrasonic-vibrated
samples at different loading rates are listed in Table 2. It can be seen
that the value of 7; and 75 of the as-cast Pd-based MG is close to that
reported in other MGs such as MggsCusYqo [14] and ZrssTisg.
Cug osBegg 75 [18]. After the vibration treatment, the displacement
during primary and secondary relaxation processes of the sample, h; and
hy, increases significantly with elevated loading rates at a low loading
rate regime, accompanied by cutting down the characteristic relaxation
time 77 and 7o from 4.4 + 5.3 to 0.8 £ 0.2 and 28 = 8to 22 + 1 s,
respectively, i.e., both 7; and 7, of the as-cast sample shift to the short
time range. With further increasing loading rates to the value that higher
than 50 mN/s, h; and hy that represent the displacement during two
discrete relaxation processes show a minor change, exhibiting a steady
flow behavior. It is noteworthy that the displacement during the second

relaxation process hy increases strikingly with elevated loading rates,
especially for the as-cast sample. The hy; of as-cast and
ultrasonic-vibrated MG samples increases from about 2.0 + 0.9 to 18.5

+ 1.9 nm and 2.5 £ 0.5 to 12.0 £+ 0.3 nm, respectively. Compared with

the as-cast sample, the value of hy for the 60 J ultrasonic-vibrated
sample is slightly higher at loading rates less than 10 mN/s. With
increasing loading rates from 0.5 to 100 mN/s, the displacement during
the secondary relaxation, hy, of the as-cast sample becomes more pro-
nounced. However, the h; of the ultrasonic-vibrated sample is more
sensitive to loading rates than that of the as-cast sample., the h; of the
sample after the vibration treatment increases from 0.4 + 0.7 to 8.7 +
0.4 nm along with elevated loading rates, while that of the as-cast
sample only increases from 1.1 + 0.3 to 5.1 + 0.3 nm. It implies that
the primary relaxation process rather than the second relaxation process
plays a more crucial role in determining the pronounced creep defor-
mation of high-frequency mechanical-vibrated MGs.

Meanwhile, po~! that represents the ability of the viscoplastic
deformation in MGs increases progressively from 0.07 to 0.19 nm s}
with increasing loading rates for the ultrasonic-vibrated sample,
demonstrating a softening behavior with a reduction of the viscous
constant yg at a higher loading rate. This agrees well with the reduction
of H at the same load rate, see Fig. 2 and Table 1. While 0! of the as-
cast sample, on the contrary, falls from 0.14 to 0.04 nm s~ upon
increasing loading rates from 1 to 50 mN/s. A weak work hardening
behavior with a remarkable increase of viscosity under the low-velocity
impact is found in the as-cast Pd-based MG, which slightly differs from
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Fig. 7. AFM image of as-cast (a, b) and 60 J ultrasonic-vibrated (c, d) Pd4oCuzoP20Ni;o MG samples under the nanoindentation at a loading rate of 10 mN/s; the cross
profile of the indents after nanoindentation for as-cast (e) and ultrasonic-vibrated (f) Pd4oCuzoP2oNijo MGs in AFM images.

the reported U- [34], Zr- [18], and Fe-based [21,22] MGs.
To quantify the anelastic component of a creeping process, the
relaxation time spectrum has been analyzed by means of [35]:

= t\ hi .| A
L(7)= [Z(HJ e z/,] Po;' 1o 5)

i=1

where L is the spectrum intensity, Ao/Py the inverse of the hardness H,
and hj, the maximum indentation depth. Fig. 5 (a) and (b) display
relaxation spectra of as-cast and ultrasonic-vibrated samples as a func-
tion of loading rates. Two distinct relaxation peaks can be identified
clearly in relaxation spectra.

With increasing loading rates from 0.5 to 100 mN/s, both the in-
tensity and characteristic relaxation time of the first and second peaks
alter remarkably, implying the variation of the number of defects. Based
on the core-shell model [28], the defects with more free volume can be

defined as a flow unit. Corresponding to an anelastic deformation pro-
cess of MGs, the flow unit can be well described by using Kelvin dash-pot
[14,34], see Fig. 6. Two characterize relaxation time indicates that two
kinds of flow units are provoked. As demonstrated in Fig. 6 (b), the first
Kelvin unit with short average relaxation time represents the hard
regime with small defects, while the second unit with longer average
relaxation time represents the soft regime with large defects, corre-
sponding to a loosened packing state. According to the derived data in
Fig. 5, it is seen that both relaxation processes with short and long
relaxation time of the as-cast sample are less pronounced as compared
with the ultrasonic-vibrated sample, in line with its higher H and E as
well as weaker creep deformation. More interestingly, for the sample
after high-frequency mechanical vibration, the first peak that represents
the relaxation process with shorter relaxation time become more intense
at the loading rate higher than 10 mN/s, see Fig. 5 (b). The significant
increase of the first relaxation peak of the softened sample after treated
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Fig. 8. DSC curves of the ultrasonic-vibrated Pd4oCuzoP2oNijp MG with the
applied energy of 60 J at a heating rate of 20 K/min. The data for the as-cast
sample were plotted for comparison. The inset shows the enthalpy recovery
measurement.

by the high-frequency mechanical vibration indicates the activation of a
large number of defects with small size. It suggests that the participation
of the relaxation process with short relaxation time is more essential in
the process of the creep flow.

To demonstrate the localized plastic deformation of Pd-based MGs
after severely vibrated deformation, AFM images around the indents at
the loading rate of 10 mN/s are displayed in Fig. 7(a)-(d). Several partial
circle shear bands are found in the pile-up region around the indent of
both as-cast and ultrasonic-vibrated samples, see Fig. 7(a) and (c). This
phenomenon is ascribed to the obvious serration flow together with the
propagation of shear bands during the initial loading period as
demonstrated in P-h curves (Fig. 3 (a) and (b)). By using topographic
profiles, see Fig. 7(e) and (f), we can precisely evaluate the pile-up
around the indent, see Fig. 7 (b) and (d). The maximum height of the
pile-up around indents of the vibrated sample is about 144 nm at the
loading rate of 10 mN/s, which is 48% higher than 97 nm of the as-cast
sample. It is shown that the pile-up around indents is more notable for
the ultrasonic-vibrated sample, which indicates pronounced local plastic
deformation after ultrasonic vibration. At the same loading rate, the
maximum penetration depth derived from the topographic profile of the
ultrasonic-vibrated sample is about 377 nm, which is slightly lower than
409 nm of the as-cast sample. This is consistent with the observation in
[(Coog.7Feq.3)0.68B0.219Si0.051Nbo.05]100-xCux (x = 0, 0.5) [21], where the
sample with more significant plastic flow exhibits less penetration
depth. It illustrates a more homogeneous deformation after vibration,
which coincides with a slightly wider indentation area as found in Fig. 7
.

Fig. 8 shows DSC curves of as-cast and 60 J ultrasonic-vibrated MG
samples. A glass transition feature and crystallization event(s) in DSC
traces at a heating rate of 20 K/min can be seen clearly for both samples,
which further proves the fact that the sample still maintains glassy state
after 60 J mechanical vibration treatment. The glass transition tem-
perature Tg, crystallization temperature T, and the supercooled region
ATy = (Tx - Tg) marked in Fig. 8 are listed in Table 3. It is seen that Ty, Ty,
and ATy almost keep a constant value after ultrasonic vibration. The

Table 3
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magnified view of the thermal traces near Ty as shown in the inset of
Fig. 8 gives the amount of the exothermic heat AH, [36]. The weak
increase of relaxation enthalpy AH, after vibration is observed, which
implies the excess free volume (Av) derived by Av«AH, = [ (dQ /dt)dT
[37,38] hasn’t changed too much after ultrasonic vibration as well.

By evaluating the dependence of thermodynamic parameters such as
Tg, Ty and peak temperature (T},) on the heating rate (), see Fig. 9, we
can deduce the activation energies E. (i.e., Eg, Ex, and Ej,) for the glass
transition or crystallization of MGs in non-isothermal heating mode
according to the Kissinger plots [39]:

T? E. E.
In (7) = %7 +in (k(,R> (6)
where T is the temperature, R the gas constant, and ko the frequency
factor. An approximate linear relation of the In (T?/0) - 1000/T plot is
displayed in Fig. 10. The activation energy for the glass transition Eg that
determined by the slope of E./R in Eq. (3) is 530 + 32 and 344 + 34 kJ/
mol for as-cast and 60 J MG samples, respectively. The derived E; of the
as-cast Pd4oCuszgP20Nijp MG in present work is close to that reported in
Fe-based MGs like FeysMosP1oCy.5Bgs (435.6 kJ/mol) [40], which is
much higher as compared with other MGs at their as-quenched state,
such as CU46ZI'45A17Y2 (361 kJ/mol) [41], Ti41.5Cu42_5Zr2_5Hf5Ni7_5Si1
(293 kJ/mol) [40], and Ug4Coog5Al7.5 MGs (338 kJ/mol) [42]. How-
ever, Eg of Pd4oCusoP2oNijp MG decreases about 35% after ultrasonic
vibration. Significant reduction of Eg implies the energy barrier for
atomic diffusion during the glass transition decreases obviously owing to
the softening effect of ultrasonic-assistant mechanical vibration. It in-
dicates a higher potential energy state of the ultrasonic-vibrated sample
with more activated defects, see the schematic in Fig. 6(b), which
effectively improves atomic mobility in the vibrated samples. The acti-
vation energy for nucleation Ex also decreases from 270 + 9 to 243 + 2
kJ/mol after vibration, which suggests that the incubation time for
nucleation is shortened. This is associated with the appearance of mul-
tiple nucleation sites as a result of the rearrangement of atomic config-
urations accompanied with the generation of large amount of small
defects as demonstrated in relaxation time spectra, see in Figs. 5 and 6.

60J P
- xy 40 K/min
= L }
s T
N’
2 * .| [ 20 K/min
g _/\/
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= i 10 K/min
1)
> 4
- ' 5 K/min
1 ;

4 ) T,
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Fig. 9. DSC traces of the 60 J ultrasonic-vibrated MG at heating rates ranging
from 5 to 40 K/min.

Thermal properties of as-cast and 60 J ultrasonic-vibrated Pd4oCugoP2oNijo MG samples, respectively.

T, (K) Ty (K) AT (K) AH (kJ/mol) Eg (kJ/mol) E, (kJ/mol) E, (kJ/mol)
As-cast 571 650 79 3.891 530 + 32 270 +£9 267 + 19
60 J 571 649 78 3.869 344 + 34 243 +£2 274 +9
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Fig. 10. Kissinger plots, the calculated activation energies relative to Tg, Ty,
and T, and the fragility parameter m of as-cast (a) and 60 J ultrasonic-vibrated
(b) Pd4oCuszpP2oNijg MG samples, respectively.

While the activation energy for the growth of the crystal nucleus E,, of
the as-cast Pd4oNijgCusgP29 MG is 267 + 19 kJ/mol, which is slightly
higher than the reported 228 kJ/mol in previous work of Zhao [40].
Such variety of E, might be due to the narrow heating rate range (5-40
K/min) of our fitting procedure. It has been reported that the activation
energy increases of ~36% when the scanning-rate range changes from
25 to 65 K/min to 5-20 K/min [43]. After ultrasonic vibration, Ej, in-
creases slightly from 267 + 19 to 274 + 9 kJ/mol. It proposes that the
crystallization behavior of the Pd-based MG samples is impeded after
ultrasonic vibration. The reduction of high-density amorphous phase as
indicated by the activation of small defects under cycling loading leads
to the fact that the formation of the polycrystalline structure becomes
more difficult [44].
Based on E; and T, the fragility parameter m can be derived [45]:

_ dlogn(T)I K,

d(T,/T)"™" ~ In1ORT, @

where 7(T) is the viscosity defined as n(T) = noexp(E /kgT), 1, the vis-
cosity at the high-temperature limit, E the activation energy for viscous
flow, and kg Boltzmann’s constant. The calculated mis 49 4+ 3 and 32 +
3 for as-cast and 60 J samples, respectively, see Fig. 10. Follow the
definition of Angell, the value of m is small for strong liquids such as
SiOy (m ~ 16) with directional atomic bonding and large for fragile
liquids like o-terphenyl (m ~ 150) [46]. Similar to Ce-based (m ~
32-34) [47] and U-based (m ~ 28) [42] MGs, the investigated as-cast
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Pd-based MG with m of 49 can be classified as a relatively fragile
metallic glass-forming system. However, after ultrasonic vibration with
the energy of 60 J, a much stronger behavior with m of a lower value of
32 is found in the Pd4oCu3gP2oNij9 MG. It implies that the cycling
deformation at ultrasonic-frequency obviously alters the viscous flow
behavior of the Pd-based MG system with a relatively low T (~571 K,
around 300 K higher than the ambient temperature). This phenomenon
may be ascribed to the dramatic reduction of the energy barrier for
atomic diffusion during the glass transition of ~35% as demonstrated in
DSC traces. Therefore, the ultrasonic-assistant superplastic flow during
nano- to micro-molding and imprinting [1,2,11] or cold joining [7] in
Pd-based MGs might be interrelated to the mechanical glass transition as
a result of stress-induced structural rearrangement. As proposed in the
work of Ketkaew et. Al., the brittle-to-ductile transition revealed by
fracture toughness is associated with the structure relaxation at the
fictive temperature that approach Ty due to the non-equilibrium state of
MGs [48]. Differ from their work, the mechanical softening observed in
our studies results from the stress-induced structure evolution under
cycling loading [6], rather than the temperature effect, which can pro-
mote the activation of flow defects during plastic deformation at
ambient temperature, instead of the temperature that close to Tg.

On the other hand, it is found in DSC traces that the variety of excess
free volume Av in Pd4oCusgP2oNiig MGs before and after ultrasonic vi-
bration is not significant. It proposes that the free volume generated
during vibration treatment almost annihilates at the same time. In other
words, the activation of small defects as shown in Fig. 5 is accompanied
with consumption of the existent large inherent defects. This process
might lead to more homogenous structure along with stronger behavior
as demonstrated by relatively low m shown in DSC analysis [49]. The
activation of large amounts of small defects in the ultrasonic-vibrated
sample is bounds up with the pronounced local plastic deformation
around the indent and the associated softening behavior, see Fig. 7. It
means that the stress-induced defect redistribution as shown in the
relaxation time spectrum (i.e., structural heterogeneity), rather than
structure rejuvenation along with increasing Av as reported in severe
plastic deformation MG systems [50,51], may account for the dramatic
reduction of H and E in the ultrasonically vibrated Pd4oCusoP20Ni;o MG.
The softening of Pdy 775Si9.165Cu0.06 MG reported in the work of Golding
et al. is relative to the possibility of non-uniform changes in the local
atomic density in the slightly looser structure [52]. It well explains our
nanoindentation and DSC results that the local atomic rearrangement
induced by high-frequency mechanical vibration may promote a
nonuniform redistribution of free volume in Pd-based MGs, which can
be illustrated by the propagation of small defects as demonstrated by the
distinguished relaxation processes with shorter characteristic time. The
activated flow defects with short relaxation time play a dominant role in
cutting down the resistance to shear, which eventually leads to the
evident mechanical softening during ultrasonic-assistant plastic defor-
mation. The improved magnitude of nonuniform atomic displacements
due to the local intrinsic density fluctuation of glassy matrix can affect
the vibration frequency of phonons [53]. It induces the reduced fre-
quencies of transverse acoustic phonons. It seems like the flow defects
with short relaxation time have a stronger intendency to involve in such
soft transverse acoustic phonon process. Alternately, a notable reduction
in E along with the decrease of viscosity during viscoplastic deformation
might arise from the softening of long-wavelength transverse acoustic
phonons in MGs under high-frequency cycling loading.

4. Conclusion

The micro-creep behaviors of the Pd4oCusgP2oNijp MG after
ultrasonic-vibration treatment with the applied energy of 60 J were
investigated by using nanoindentation. The underlying mechanism for
the defect activation at ambient temperature was well understood under
the frame of the Maxwell-Voigt model. It is found that the provocation of
flow defects under cycling loading benefits the structure relaxation at
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distinct characteristic time. Further data analysis based on the relaxa-
tion time spectrum demonstrates that the high defect concentration with
short characteristic relaxation time is associated with the reduction of
the activation energy for atomic diffusion during glass transition as well
as the nucleation of crystals. It eventually leads to the inhomogeneous
local plastic deformation, thereby large creep displacement along with a
low viscosity during viscoplastic deformation, of the ultrasonic-vibrated
sample. It might be the reason beneath that causes the significantly
reduced H and E as well. Our work provides a clear picture of the
ultrasonic-assistant structural rearrangement in non-equilibrium-state
MGs based on their anelastic creep response, which may enlighten the
physical origin of the superplastic flow in the glassy system during
stress-assisted molding and cold joining process.
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