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Bulk metallic glass (BMG) possesses a range of desirable properties, including exceptional mechanical, soft
magnetic, and catalytic properties, etc. However, to pursuit extensive specific applications, enhancing the
corrosion resistance of BMG is required. Herein, an effective method involving ultrasonic vibrations (UV)
treatment was proposed to significantly enhance the corrosion resistance of BMG. The self-corrosion potential of

UV processed BMG increased by up to 0.14 V in 1 N HCl solution and 0.2 V in 3.5 % NaCl solution, respectively.
Additionally, the maximum reduction in corrosion current density for the UV processed BMG in these solutions
was 15 % and 20 %, respectively. Micro-morphology results indicated that the UV processed BMG exhibited
better pitting resistance. It is found that a denser arrangement of BMG was obtained after UV which resulted in
reduced relaxation enthalpy and enhanced corrosion resistance. This work introduces an innovative and
convenient method to enhance the corrosion resistance of BMG for engineering applications.

1. Introduction

Corrosion refers to the chemical or electrochemical interaction be-
tween materials and the environment [1]. It can rapidly lead to mate-
rials failure during usage, thereby affecting their lifespan and strength
[2]. Even worse, corrosion leads to significant resource wastage and
economic losses, posing a great threat to the safety of national econo-
mies and property worldwide [3,4]. Therefore, to develop corrosion
modification technology holds great social, economic, and practical
significance.

Amorphous alloys, also known as metallic glasses, are a type of alloy
that lacks long-range periodic crystal structure and translational sym-
metry. Due to their unique mechanical, physical, and chemical proper-
ties, bulk metallic glasses (BMGs) have attracted significant attention
since their discovery [5-12]. BMGs exhibit outstanding properties
compared to traditional crystalline materials, such as superior strength,
excellent wear resistance and corrosion resistance [13-18], rendering
them highly promising for applications in both fundamental science and
industrial fields. In the past several decades, various types of
corrosion-resistant BMGs have been developed [19]. The excellent

* Corresponding author.
E-mail address: majiang@szu.edu.cn (J. Ma).

https://doi.org/10.1016/j.jnoncrysol.2024.123223

corrosion resistance of BMGs is not only influenced by alloying elements
but also closely related to their metastable amorphous structure. Owing
to the lack of grain boundaries, dislocations, stacking faults, and sec-
ondary phase precipitations, the propensity for preferential corrosion of
BMGs can be relatively diminished [20-22].

To further broaden their application scope and attain superior
corrosion resistance, a range of corrosion performance modification
methods based on BMGs have emerged. Microalloying with specific el-
ements is a common method used to enhance the corrosion resistance of
BMGs, but it may potentially reduce the glass forming ability of the
system [23,24]. In recent years, ion implantation technology [25] has
been applied to enhance the corrosion resistance of BMGs, but it can
introduce new elements that may affect other properties. Heat treatment
methods [26] can also be employed to improve the corrosion resistance
of BMGs, but the heat treatment process is inconvenient and
time-consuming that sometimes may span hours or more [27]. The
above methods for enhancing the corrosion resistance of BMGs are
time-consuming, involve complex processing, and incur high costs.
Therefore, there is an urgent need for a simple, convenient, and
cost-effective method to enhance the corrosion resistance of BMGs.
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Recently, ultrasonic vibrations (UV) technology has been success-
fully applied to the manufacturing of BMGs [28], including welding [29,
30] and molding [31], among other processes. In addition, it has been
proved to be a fast and simple method to achieve structural modification
of MGs, such as rejuvenation or relaxation, which could greatly affect
the properties of them [30,32,33]. Here, we report a method to enhance
the corrosion resistance of BMG through UV treatment. Through
comparing the electrochemical parameters of the as-cast and UV pro-
cessed samples, we found that the UV processed samples exhibited a
higher self-corrosion potential and lower corrosion current density,
which are important sign of enhanced corrosion resistance. Meanwhile,
micro-morphological analysis revealed that the UV processed samples
exhibited enhanced resistance to pitting corrosion. The results demon-
strate that UV treatment significantly enhances the corrosion resistance
of BMG in less than 1 s by swiftly making its atomic structure more
tightly aligned and reducing relaxation enthalpy. It is expected that this
work can provide new strategies and ideas to further enhance the
corrosion resistance of BMGs.

2. Materials and methods

The alloy ingots with nominal composition of Zrs5CuggNisAl;o with a
mixture of elements with a purity of at least 99.9 % were prepared by arc
melting method under a Ti-gettered high-purity argon atmosphere. Each
ingot was remelted at least five times to make sure the chemical ho-
mogeneity of the composition. Cylindrical sample rods with diameter of
5 mm and length of 40 mm were prepared using copper mold suction
casting. The sample rods were cut into multiple disks with thickness of
1.5 mm by a low-speed diamond cutting machine. The surfaces of the
upper and lower ends were polished to maintain parallel.

Subsequently, the polished samples were subjected to UV treatment.
The specific parameters of the UV equipment include welding pressure,
input energy, etc. In this work, a UV frequency of 20,000 Hz was used.
The UV process begins by placing the polished samples into a designated
mold, followed by preloading with a low load of 22 N to ensure close
contact between the sonotrode and sample. Upon contact, UV is released
based on the input energy. Generally, this process only lasts a few sec-
onds, depending on the magnitude of the input energy. In this work,
energy inputs of 300 J and 600 J were used to apply UV. To obtain
thermal effect during the UV process, an infrared thermal imaging
camera with high accuracy of 1 K was utilized to monitor real-time
temperature changes. Simultaneously, a precise force measuring in-
strument was used to monitor real-time changes in force throughout the
UV process. In order to further investigate the phase structural changes
of the samples before and after UV treatment, the X-ray diffraction
(XRD, Rigaku MiniFlex 600) with Cu ka radiation was employed. The
thermal response of the samples was confirmed by differential scanning
calorimetry (DSC, Perkin-Elmer DSC-8000) a heating rate of 20 K/min,
to measure the activation energy of the crystallization process. The
transmission electron microscopy (TEM) samples were prepared on a FEI
Scios SEM/FIB dual beam system at room temperature. The micro-
structure of the samples was characterized using TEM (TEM, FEI Titan
Cubed Themis G2 300), and selected area electron diffraction (SAED)
was performed under TEM mode.

The electrochemical tests were conducted by a CHI660e electro-
chemical workstation. In a three-electrode cell, the samples served as the
working electrode, an Ag/AgCl electrode functioned as the reference
electrode, and a platinum foil was employed as the counter electrode.
Prior to the electrochemical tests, both as-cast and UV processed samples
were mechanically polished to a mirror finish by 4000-grit size metal-
lographic sandpaper, followed by degreasing in acetone, rinsing with
alcohol and distilled water, and drying in air for 24 h. In this study, the
electrolytes used were 1 N HCl and 3.5 % NaCl solution. To stabilize the
open circuit potential, the samples were immersed for 30 min in the
solutions, and then the polarization behavior of the samples were
measured at a scan rate of 1 mV/s. Some samples were removed after
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polarization to the pitting potential and subjected to morphological
analysis by scanning electron microscopy (SEM, FEI QUANTA FEG 450).
The corrosion behavior was comprehensively evaluated through elec-
trochemical tests and morphological analysis of the samples after tests.

3. Results and discussion

The schematic diagram of the UV process and the overall
morphology of both the as-cast and UV processed samples are depicted
in Fig. la. We can see that the UV equipment comprises three main
components: a transducer converting electrical energy into mechanical
vibrations, a booster amplifying the vibrations amplitude, and a sono-
trode transmitting the mechanical vibrations to the sample. Further-
more, the UV processed sample remain intact following the polishing
treatment. Due to the UV lasts less than 1 s, there may be some thermal
effects involved on the samples. Fig. 1b shows the temperature variation
during the whole UV process. It can be found that the maximum tem-
perature of the entire UV process is 411 K, which is still lower than their
glass transition temperature (Tg) and returns to near room temperature
after 2 s, effectively avoiding the influence of excessive temperature on
the performance of the samples. As shown in Fig. 1c, when UV is
operated, only a pressure of 14.37 MPa and a very short time of 0.14 s
are required. Therefore, the UV process is a low temperature rise and
low pressure process [34,35].

Fig. 1d shows the XRD patterns of the as-cast and UV processed
samples. The patterns display only a broad diffraction peak without any
obvious crystalline peaks, indicating that all samples are the completely
amorphous state. To further confirm that the as-cast and UV processed
samples do not contain crystallization, we compared the DSC traces of
all samples at a heating rate of 20 K/min. The distinct glass transition
signals and sharp crystalline peaks can be observed in Fig. 1e, indicating
that the BMGs maintain an amorphous nature before and after UV
treatment. The values of the glass transition temperature (Tg), the onset
temperature of crystallization (Ty), the resulting temperature interval of
the supercooled liquid region (ATy = Tx—Tg), and the enthalpy for
crystallization (Hcrysy) are summarized in Table 1. It can be found that
the values of Ty and Ty increase slightly after UV treatment, keeping the
supercooled liquid region almost unchanged. The enthalpy for the
crystallization of the UV processed samples shows a slight decrease with
respect to the as-cast sample. This means that within a certain range of
input energy, it has little effect on the thermal stability of the amorphous
phase.

The electrochemical tests were designed to investigate the effect of
UV treatment on the corrosion resistance of BMG. Fig. 2 shows the
potentiodynamic behavior of the as-cast and UV processed samples in 1
N HCI and 3.5 % NaCl solutions open to air at room temperature. The
electrochemical parameters of the samples including the open circuit
potential (OCP), corrosion potential (Ecor), pitting potential (Ep;) and
corrosion current density (I.or) are summarized in Table 2. Performing
OCP tests to stabilize the potential can effectively avoid the effect of
large potential fluctuation on the results in electrochemical tests. As
shown in Fig. 2a, The UV processed samples (300 J, —0.447 V; 600 J,
—0.417 V) exhibit higher OCP values compared to the as-cast sample
(—0.501 V), indicating reduced corrosion tendencies [36]. Fig. 2b shows
the polarization curves of the as-cast and UV processed samples in 1 N
HCI solution. It can be observed that all samples undergo active disso-
lution in 1 N HCI solution, and no self-passivation was observed in po-
larization curves. This is similar to the literatures, which suggest that
Zr-based BMGs have poor corrosion resistance in HCI solution [37,38].
However, the UV processed samples exhibit the higher Ecor and Ej;; and
lower I o respect to the as-cast sample, demonstrating that the UV
processed samples exhibits better corrosion resistance than the as-cast
sample [39].

The result of corrosion tests in 3.5 % NaCl solution was different. The
OCP values of all samples first fluctuated greatly and finally reached a
relatively stable state, as shown in Fig. 2c¢, demonstrating that the
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Fig. 1. (a) Schematic diagram of the UV equipment and the overall morphology of the as-cast and UV processed samples. (b) Temperature change during UV
treatment for the sample with an input energy of 600 J. (c) The variation of UV stress with time under energy value of 600 J. (d) XRD patterns of as-cast and UV
processed samples. (e) DSC curves of as-cast and UV processed samples, with arrows indicating Ty and T.

Table 1
Values of Tg, Ty, ATy, and AHys: at a heating rate of 20 K/min.

Sample Ty (K) Ty (K) AT, (K) AHeryse U 8
as-cast 680 767 87 53.362
300J 681 768 87 51.527
600J 683 771 88 49.643

stability of passive film was enhanced during the immersion [40].
Similarly, the UV processed samples exhibit higher OCP than the as-cast
sample. In Fig. 2d, we can see that the as-cast and UV processed samples
were spontaneously passivated and show wide passivation areas with a
similar Epj;, ranging from —0.30 V to —0.31 V. In addition, both E¢,; and

Icorr of the UV processed samples change significantly, showing higher
Ecorr and lower Io., which indicates a reduced tendency to corrode [41,
42].

To further investigate the impact of UV treatment, we conducted
electrochemical tests on both the flat surfaces and cross-sections of the
samples. Some samples underwent UV treatment, as illustrated in
Fig. 3a. Subsequently, the flat surfaces of both the as-cast and UV pro-
cessed samples were subjected to identical duration of electrochemical
tests in 1 N HCl solution. In Fig. 3(b and c), both samples exhibit typical
corrosion pits of varying sizes and shapes, resulting from the rupture of
the passive film. However, in the UV processed sample (see Fig. 3c),
while some regions display corrosion pits, as shown in Fig. 3d, it is
noteworthy that numerous areas with flat and less visibly ruptured
passive films were found, as shown in Fig. 3e. Hence, the evidence from
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Fig. 2. (a and b) Open circuit potential curves and polarization behavior of the samples obtained in 1 N HCI solution. (c-d) Open circuit potential curves and

polarization behavior of the samples obtained in 3.5 % NaCl solution.

Table 2
The electrochemical parameters (OCP, Ecor, Epit, Icorr) Of the as-cast and UV
processed samples.

Solution Samples OCP(V) Ecore(V) Epi(V) Ieor(105A/cm?)
1 N HCl as-cast —-0.501 —-0.532 —-0.421 4.266

300J —0.447 —0.411 —0.329 3.891

600J —-0.417 —0.394 —-0.322 3.311
3.5 % NaCl as-cast —0.444 -1.329 —-0.301 5.888

300J —0.436 —1.206 —0.307 5.012

600J —0.405 —1.124 —0.309 5.628

corrosion morphology suggests that UV treatment contributes to an
enhancement in the corrosion resistance of the samples. To further
confirm this result, we performed the same electrochemical tests on a
cross-section of the UV processed sample, as shown in Fig. 3f. Interest-
ingly, in Fig. 3g, we can observe that the pitting craters start growing
from bottom to top, indicating that the areas farther from the UV
treatment are the first to begin corrosion. Fig. 3h shows the corrosion
morphology in the region exposed to UV, where the corrosion pits are
barely visible. In contrast, Fig. 3i depicts the corrosion morphology in
the region without UV exposure, where continuous growth of corrosion
pits can be observed. Therefore, it can be inferred that UV treatment has

the potential to enhance the corrosion resistance of the BMG samples.

To visualize the differences in corrosion resistance of the both sam-
ples, Fig. 3(j-1) presents the corrosion morphology of the as-cast and UV
processed samples after immersion in a 1 N HCl solution for 1, 3, and 5
days, respectively. It can be clearly observed that with increasing im-
mersion time, the corrosion morphology of the as-cast sample becomes
more complex. In addition, the number of pitting corrosion pits was
greater in the as-cast sample and tended to expand compared to the UV
processed sample.

We next study the corrosion mechanism of BMG after UV treatment.
It has been proved that the chemical composition and amorphous
structure have a significant influence on the corrosion behavior of BMG
[18,25]. To exclude the effect of compositional changes on corrosion
resistance, the elemental distributions of the samples were measured by
the EDS under SEM. In Supplementary Fig. 1S, we can clearly see that
the elemental content of the as-cast and UV processed samples was
almost the same. This indicates that the enhancement of the corrosion
resistance of the samples is not attributed to a change in chemical
composition but is more likely due to alterations in the amorphous
structure. To demonstrate that the enhancement in the corrosion resis-
tance of the samples is indeed attributed to the change in its amorphous
structure, TEM and DSC analyses of the samples were conducted.

Fig. 4(a and b) shows the high-resolution transmission electron
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Fig. 3. (a) Planar electrochemical test. (b) Corrosion morphology of the as-cast sample. (c) Corrosion morphology of the UV processed sample. (d-e) Corrosion pits
and passivation film area of the UV processed sample, respectively. (f) Cross-section electrochemical test. (g) Corrosion morphology of the UV processed sample’s
cross-section. (h) Corrosion morphology corresponding to the region exposed to UV. (i) Corrosion morphology corresponding to the region without UV exposure. (j-1)
Comparison of corrosion morphology between the as-cast and UV processed samples immersed in 1 N HCI solution for 1, 3, and 5 days, respectively.

microscopy (HRTEM) images and the corresponding selective area
diffraction patterns (SADPs) of the as-cast and UV processed samples,
respectively. It is evident that both samples exhibit an amorphous state.
Moreover, the radius of the SADP is observed to increase after UV
treatment, as illustrates in Fig. 4c. Since the radius of the SADP is
inversely proportional to the average atomic distance (D) in the region
[43,44], we can determine the average atomic distance for both as cast
and UV processed samples, thereby quantifying the change in free vol-
ume for the UV processed sample.

As shown inset in Fig. 4c, the as cast and UV processed samples have
the following values of D: 2.74 and 2.69 A, respectively. The third power
of D is correlated with the mean atomic volume by equation [54]:

D5 _ Vov

~o _ (€]
D}, Vo

where Dg and Dyy is the average interatomic distance of as cast and UV
processed samples, respectively; Vo and Vyy is the mean atomic volume
of as cast and UV processed samples, respectively. Relative changes in
free volume could be estimated according to [55]:

3 3
=%*100% @
0

AV
Thus, the free volume of the sample is reduced by 5.38 % after UV

treatment. we infer that the amorphous structure of the UV processed

samples undergoes alteration, with the atoms becoming denser.

To further verify that the UV processed samples undergo relaxation,
the relaxation enthalpy values were measured by DSC curves to quan-
titatively determine the extent of BMG structural relaxation [45], as
shown in Fig. 4d. It is worth noting that the broad specific heat exotherm
preceding glass transition of the BMG is a characteristic of structural
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Fig. 4. (a and b) HRTEM images and corresponding SADP of as-cast sample and UV processed sample. (c) Electron diffraction intensity profiles extracted from the
SADPs. Inset shows the corresponding average interatomic distance. (d) Relaxation exotherm of as-cast and UV processed samples. (e) Schematic diagram of the
process of structural evolution and stabilization of the potential energy landscape under the action of UV.

relaxation [46]. The relaxation enthalpy values (AH;.)) of the as-cast and
UV processed samples (300 J and 600 J) are 0.457 J/g, 0.316 J/g, and
0.103 J/g, respectively. We can see a significant reduction in the AH;¢) of
the UV processed samples. The results demonstrate that UV treatment
can rearrange the atoms inside the BMG, thus effectively eliminating
some inelastic regions and excess free volume, etc. [47].

To investigate the process of amorphous structure evolution and
stabilization of samples during UV treatment, we established a potential
energy landscape as shown in Fig. 4e. We can see that the as-cast sample
is quenched at a relatively high energy state, and after UV treatment, it
can cross the energy barrier into the energy basin with lower potential
energy and form a denser atomic stacking state. Due to the presence of a
large number of inelastic regions with low activation energies in BMG
[48,49], these inelastic regions are activated under high-frequency UV
and form a denser arrangement. It has been reported that the corrosion
behavior of BMG is closely related to the amorphous structure [50].
Moreover, UV treatment reduces the free volume of the BMG, conse-
quently decreasing the average atomic distance and chemical potential.
This benefits a more stable structure that enhances their corrosion
resistance [50-52]. In contrast, excessive free volume and nano-vacancy
can render BMG susceptible to chemical attack [53], consequently
reducing their corrosion resistance. Hence, the UV processed samples
can achieve a more stable state, thereby enhancing their corrosion
resistance.

4. Conclusions

In this work, a UV treatment method was developed to enhance the
corrosion resistance of BMG. Compared with Microalloying, ion im-
plantation technology and heat treatment, UV treatment offers a highly
efficient and convenient measure. The corrosion resistance of the UV
processed samples was confirmed to be superior to that of the as-cast
samples through electrochemical tests and micro-morphology charac-
terization in our study. Due to UV treatment, the atoms in the inelastic
regions of the BMG are more tightly packed together, resulting in a more
stable amorphous structure, thus enhancing the corrosion resistance of
BMG. As a result, this work provides a promising and cost-effective route
to enhance the corrosion resistance of BMGs, thus broadening their
engineering applications.
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