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A B S T R A C T

The effect of ultrasonic vibrations on the thermodynamic properties of La68.5Al14Ni16Co1.5 bulk metallic glasses
is systematically studied at various temperatures. We find a significant enthalpy lowering for the glasses after the
ultrasonic treatment, due to the structural relaxation towards lower energetic states, coinciding with the finding
that the pretreated samples have a noticeable higher energetic barrier for glass transition. With increasing the
ultrasound-treating time, the reduced enthalpy saturates in the long-time regime, which is reachable by the
isothermal annealing. Based on these results, we conclude that the ultrasonic vibration has, qualitatively, the
same effect as that of the annealing process. This is interpreted by the fact that the ultrasonic perturbation is
weak for the technique we utilized, and most of the atoms could linearly respond to it. The ultrasound-ac-
celerated aging has also been shown on the aspect of the hardness that was monotonically enhanced with the
treating time.

1. Introduction

Owing to the disordered structure in the atomic level, bulk metallic
glasses (BMGs) possess unique chemical and physical properties and
attract tremendous interests in the research [1–6]. The out-of-equili-
brium nature of amorphous state, on the other hand, enables the sys-
tems evolves with time, mostly towards low energy configurations, as
seen in the phenomenon of physical aging common to all sorts of glasses
[7,8]. For instance, annealing is a conventional way to make materials
gradually go down to a more stable and lower energy state [9,10]. A
smart choice of the protocol that changes the thermodynamic history of
the fabricated samples, can inversely levitate the energy of the samples,
e.g., recovery annealing above glass transition temperature and cryo-
genic thermal cycling [11,12].

Recently, external fields are more and more frequently utilized to
tune the energetic state of amorphous solids, tailoring the mechanical
properties of BMGs. Among them, a novel method is imposing a cyclic
loading either locally with nanoindentation or globally with compres-
sion or tension [13–15]. It is revealed that elastic cycling by either
method relaxes the sample into more stable states and induces hard-
ening. The elastic strain plays a role when it exceeds a threshold, and
the hardening saturates with the increasing of cycling number [13,16].
This can be understood in the view of structural heterogeneity which
supposes that BMGs consist of weakly bonded regions and strongly

bonded regions [17]. Even in the regime the materials macroscopically
exhibiting linear respond to external force, there exits locus, i.e., the
weakly bonded regions, plastically deformed. This conjecture has been
verified both on computer simulations and experiments [14,18]. Be-
yond the elastic regime, larger strain amplitude could oppositely re-
juvenate metallic glasses [19,20].

Comparing to the oscillatory mechanical fields, ultrasonic actuation
can “shake” the atoms microscopically with a much higher frequency
and an associated wavelength, agitating soft regions in metallic glasses.
Thus, it can be used to detect the internal feature of metallic glasses.
The effect of ultrasonic excitation on the mechanical behavior of BMGs,
in terms of elastic constants, was firstly studied by electromagnetic
acoustic resonance [21]. Later, crystallization of Pd-based BMGs was
reported under the glass transition temperature caused by ultrasound,
with the crystallization time significantly shortened [22]. Based on the
spatially resolved crystalline phase that induced by ultrasonic vibra-
tion, a heterogeneous structural model for metallic glasses has been
proposed [17].

Shaking effect of ultrasonic vibration provides atoms with an ad-
ditional driving force to explore more energetic metabasins in the po-
tential energy landscape that the atoms usually cannot achieve under
thermal activation in the amorphous state. This enables the application
of ultrasound as a wetting mechanism by accelerating the atomic dif-
fusion in the interface in BMGs [23], as well as additive manufacturing
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methods for bulk metallic glasses [24,25]. Resorting to this technique,
properties of BMGs can also be refined. It has been reported that the
hardness and elastic modulus can be improved after ultrasonic treat-
ment, as well as that of thermal stability in Zr-based BMGs [26]. With
ultrasonic actuation that of stronger effect, the local structure on the
surface of metallic glasses can be inversely rejuvenated [27].

Regarding to all these interests for studying the physics and material
application with the ultrasound technique in metallic glasses, we focus
on the evolution of thermodynamic properties for the samples pre-
treated by ultrasonic vibration at various temperatures. We choose
La68.5Al14Ni16Co1.5 bulk amorphous alloy as a prototype for BMGs, due
to its low glass transition temperature and relative good thermal sta-
bility [28]. With this merit, we systematically investigated the tem-
perature range from room temperature to its glass transition point at
which the ultrasound was applied on the samples. The resulting ther-
modynamic properties measured by differential scanning calorimetry
and the hardness of the samples at room temperature were studied.

2. Experiments

Metallic alloy with a nominal composition of La68.5Al14Ni16Co1.5
(at.%) was prepared by arc-melting high-purity elements (>99.9 wt.%)
in a Ti-gettered Ar atmosphere. The ingot was remelted more than 5
times to ensure uniform chemical composition. Then the melt was
sucked into a copper mould to form the as-cast rods with the diameter
of 2 mm. Slices with the thickness of about 1 mm were cut down from
the rod by a water-cooled low-speed diamond cutter in an ethanol so-
lution, and subsequently used for the ultrasound treatment in a heat
bath. H201 methylsilicone fluid was used for the heat transfer and
sound-wave conduction in the bath at the temperature range from 30 ℃
to 150 ℃. The metallic slices were placed about 0.5 cm down to the
ultrasonic sonotrode that emits an acoustic wave with the frequency of
28 kHz at the power of 300 W, at a set of target temperatures.
Illustration of how the sample is treated by the ultrasound is shown in
Fig. 1. For each selected temperature, we conducted ultrasound treat-
ment for two-time intervals, i.e., 30 mins and 60 mins. Afterwards, the
samples were cooled down to the room temperature for further mea-
surements.

The structure of samples were examined by X-ray diffraction (XRD,
Rigaku D max 2500 VB with Cu-Kα radiation), and transmission elec-
tron microscopy (TEM, JEM-2100F, 200 kV). After the ultrasonic
treatment, bulk samples were mechanically ground into thin slices with
the thickness about 1~5 micrometers. Then, the thin slices were used to
prepare the specimens for TEM measurement via ion milling (Gatan
691) under liquid nitrogen cooling. Thermal properties were measured
by differential scanning calorimeter (DSC, Perkin Elmer 8000) at a
heating rate of 20 K/min. The hardness test was carried out by a dia-
mond Berkovich indenter at a maximum load of 30 mN and a loading
rate of 1 mN/s. At least 5 times tests were conducted for each measured

condition to get the final average values of the hardness.

3. Results and discussion

As both isothermal annealing and ultrasound treatment at tem-
peratures below the glass transition point could cause crystallization
[17,22,29], it is necessary to examine phase stability of the samples
after ultrasonic treatment at various temperatures. Sharp diffraction
peaks can be found on the samples with the treatment at 110℃ and
above, indicating crystallization happens inside (Fig. 2(a)). In the
temperature below, no clear clue is shown for the crystalline phase.
There is a broad peak for the scattering angle, 2θ, between 25° and 35°,
corresponding to the structure of the first neighbor shell, or the atomic
interaction distance in amorphous state. A large value shift of 2θ has
been found in the isothermal annealing case with the temperature, in-
dicating the structural densification in Ti-based metallic glasses [29].
But we do not find any significance for similar shift in the La-based
metallic glasses. It is possible that there could be some nanocrystalline
phase in the amorphous matrix that is difficult for X-ray diffraction to
detect [30]. For this sake, we use the TEM as a supplementary method
to verify the disordered structure of the samples. As shown in Fig. 2(b),
there is no observable light spots in the diffraction pattern, confirming
the amorphous state. The isothermal annealing has the probability to
induce nanometric sized crystalline grains, then a long-range ordered
structure emerges [31]. This structural change is both temperature and
composition dependent. Up to 100℃, we do not find any significant

Fig. 1. Illustration of how the sample treated by the ultrasound. Terminal of the
ultrasonic sonotrode and the sample are immersed in the liquid, which is used
for thermal bath and conducting vibrational waves.

Fig. 2. (a) XRD patterns for the as-cast and the ultrasound-treated
La68.5Al14Ni16Co1.5 metallic glasses at different temperatures. (b) TEM diffrac-
tion pattern for the alloys ultrasound-treated at 100 ℃.
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structural change after the ultrasonic treatment in this metallic glass.
As the amorphous state can only be sustained up to 100℃ from the

XRD tests, we measured the thermodynamic properties of the samples
pretreated by ultrasound at this point down to room temperature. The
DSC curves in Fig. 3 show the heat flow at a heating rate of 20 K/min
for the treating time of 30 mins. Isothermal annealing could shift the
glass transition temperature, Tg, and crystallization onset temperature,
Tx, and then change the thermal stability evaluated as the supercooled
liquid region, Tx - Tg, as reported in Zr-based and Ti-based BMGs
[29,32,33]. For this alloy, Tx and Tg are found to be around 147℃ and
166℃ from the as-cast curve. They do not exhibit any perceptible
changes after pretreatment even at temperature as high as 100℃ (see
arrows in Fig. 3). This observation indicates that the macroscopic
characteristics of this BMG was not changed under ultrasound pre-
treatment, consistent with the case of isothermal annealing in La-based
metallic glasses [34]. On the as-cast curve, a distinguishable valley
emerges at the temperature before Tg, i.e., an exothermic process just
before glass transition, which has been well-known to be the annihi-
lation of free volume that frozen in the alloy [35,36]. The annealing
process can induce the diminution of defects in the amorphous struc-
ture those in the form of pseudo-location dipoles and free volumes as
that reported in Fe-based metallic glasses with vibration magnetometer
method [36,37]. With the pretreatment temperature going up, this
exothermic effect becomes more and more weak and eventually dis-
appears at about 90 ℃.

To illustrate how this exothermic effect canbe affected by the ul-
trasonic treatment, we select three temperatures for the comparison of
DSC curves between the case of ultrasound treatment and isothermal
annealing in Fig. 4. At low temperatures (≤ 80 ℃), the thermal flow is
mainly influenced in the exothermic regime: curves for both cases show
the process of free volume annihilation with the ultrasonic treatment of
stronger effect. While for endothermal peaks between Tg and Tx, they
almost keep the same shape as that of the as-cast one, indicating the
relaxation process happened in the alloy is the reduction of the frozen
free volume in the view of free volume theory [34]. At 100 ℃, the
exothermal effect disappears, and the endothermal peaks are sig-
nificantly enhanced comparing to the as-cast curve in both situations.
The ultrasonic treatment, again, is of stronger effect. This can be in-
terpreted as the metallic glasses relaxed into configurations that of
lower energy than the state the normal thermal history can drive the
system into, then more free volumes need to be created during the glass
transition, displaying a higher overshoot in DSC curves. The overshoot
phenomenon has been commonly observed in the annealing process of
BMGs [38,39].

Heat released for BMGs from glass state to supercooled liquid can be
calculated from the DSC curve by: ∫=H qdTT

Te
0

, where T0 (=100 ℃) is
the start temperature that the free volume annihilation begins and Te is
the end temperature of glass transition. To evaluate how deep the en-
ergetic state the alloys can relax into, we calculate the enthalpy dif-
ference: = −H H HΔ 0, with H0 the as-cast enthalpy. The enthalpy
difference for the annealing and the ultrasonic treatment is shown in
Fig. 5. Upon the annealing or the ultrasonic treatment, the enthalpy
difference is positive, indicating more heat absorption needed for the
transition to supercooled state, or to say, a lower enthalpy state of the
pretreated glasses. At temperatures up to 80 ℃, the enthalpy difference
moderately increases with the temperature, due to the free volume
annihilation in the exothermal effect as shown in Fig. 4. At this tem-
perature above, a drastic increment is observed, ascribing to the en-
hanced endothermal effect around the glass transition temperature. It is
plausible that the sharp increase around 80℃ is related to the relaxation
transition from the low-temperature beta to the high-temperature alpha
relaxation mode as that has been reported in the isothermal annealing
process measured by flash DSC [40]. We find both the annealing and
the ultrasonic treatment consistently show the same sharp increment at
80℃, with the latter of stronger effect. Thus, in the temperature range

Fig. 3. DSC curves for the as-cast and the ultrasound-treated alloys at a variety
of temperatures at a heating rate of 20 K/min.

Fig. 4. DSC curves for the annealed and the ultrasound-treated alloys at dif-
ferent temperatures for the treating time of 30 mins at (a), and 60 mins at (b).
The black lines are the as-cast curves, the blue lines are the annealing curves,
and the red lines are the ultrasound-treated. For clarity, curves at different
temperatures are shifted along y-axis.
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investigated, the underlying relaxation processes activated by the ul-
trasonic treatment are the same as those by the isothermal annealing,
only with quantitively difference. We verified this observation by a
pretreatment duration of 60 mins that shows a coinciding result as that
of 30 mins.

To further study the relaxation kinetics, we studied the heating-rate
dependent behaviour of the thermal temperatures, Tg and Tx, those
responsible for the activation processes of glass transition and crystal-
lization. A common approach to estimate the activation energy of any
physical process, for the example of the glass transition, is Moynihan
method [41,42]:

= −
d ϕ

d T
E
R

ln
(1/ )g

g

where ϕ is the heating rate, Eg is the activation energy for the glass
transition, and R is the gas constant. For the purpose of validation, we
also utilized the Kissinger equation to describe the heating-rate de-
pendent glass transition temperature [43]:

= −
′d ϕ T

d T
E
R

ln( / )
(1/ )g

g2

where ′Eg is the activation energy from this method. Illustrations for the
fitting of the heating-rate dependent Tg and Tx at 90 ℃areshown in
Fig. 6(a) and (b) via Moynihan and Kissinger method respectively. The
experimental results show nice correspondence for both fittings. These
two methods give almost the same values for the fitting parameters, i.e.,
the activation energies, for all the cases fitted. For briefness, we only
show one of the fitting results in Fig. 6(c). For the process of the
crystallization, the activation energy almost keeps constant with the
pretreatment temperature, indicating the annealing or the ultrasonic
vibration cannot affect the crystallization behaviour of the BMGs. For
the glass transition process, the activation energy barrier is enhanced
by the annealing and the ultrasound, with the effect becoming more
and more evident with the temperature. The ultrasonic treatment sys-
tematically shows a higher energy barrier than that of the annealing.
Thus, the ultrasound vibration can accelerate the structural relaxation
and make the system jump into a deeper energy minimum, consistent
with the enthalpy state of the samples (see Fig. 5).

Having elucidated the temperature dependence, we turn to the
study of the time effect. We conducted the ultrasonic vibration on the
alloys at 90 ℃ with various treating times. The enthalpy difference
relative to the as-cast one measured by DSC is shown in Fig. 7. It
monotonically increases with the treating time, showing a tendency of

saturation at the long-time regime, i.e., longer than 60 mins. The sa-
turation phenomenon can be interpreted as the ultrasound can only
shake the atoms in the local energy basin at a small vibrational

Fig. 5. Enthalpy difference for the annealing case and the ultrasound-treated
case at different temperatures.

Fig. 6. The heating-rate dependent glass transition and crystallization tem-
peratures, with the Moynihan and the Kissinger fitting in (a) and (b) respec-
tively. (c) is the fitting result for the activation energy in the case of Moynihan
method. The solid lines with filled symbols are the activation energy for the
glass transition, while the blue lines with hollowed symbols are the ones for the
crystallization. Circles are for the treating time of 30 mins, with squares for 60
mins.
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amplitude, which limits the range of the minimum energetic states that
the system can explore. The amazing thing is that the annealing seems
to approach the ultrasonic state when the annealing time is long en-
ough. This, again, indicates the fact that the ultrasound vibration only
quantitively differs from the annealing effect in this study. It is due to
the small power of the ultrasound technique utilized here, where most
of the atoms still linearly responds to the external field. Works of ex-
periments and computer simulations with the strains exceeding the
yield point, have already shown that an oscillatory strain can re-
juvenate the system, an effect different from the annealing but not
observed here [20,44,45].

The hardness of the pretreated alloys with the treating time is
shown in Fig. 8. The micro-hardness exhibits a quick increase with the
treating time both by the annealing and the ultrasonic treatment, with a
bigger enhancement for the latter at all the points except for the
treating time of 120 mins. There is a jump at the time of 10 mins, in-
dicating both the annealing and the ultrasound can significantly en-
hance the hardness in short time, but much weaker effect in longer
time. Nevertheless, the enhancement of the hardness indicates the
pretreated alloys are in a relaxed structure of low potential energy,
coinciding with the results of thermodynamic measurements.

4. Conclusions

In this paper, the evolution of the enthalpy, the activation energy
and the hardness of the La-based bulk metallic glasses before and after
the ultrasound treatment at various temperatures and treating times
have been investigated. It is found that the ultrasound can accelerate
the structural relaxation process of these metallic glasses at the tem-
peratures below 100 ℃, above which the crystallization happens. The
enthalpy exhibits a sharp change at around 80 ℃, ascribed to the ac-
celerated relaxation to the energetic state lower than the one the
normal thermal procedure can arrive at. The measured activation en-
ergy of the glass transition shows an increasing tendency with the
pretreating temperature, consistent with the lower enthalpy found. All
these ultrasonic effects we found, however, only quantitatively differs
from the isothermal annealing effect, without any qualitative differ-
ence. We ascribe it to the linear respond of the atoms under the ultra-
sound treatment by the technique we utilized.
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