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Abstract: The wide application of amorphous alloys is complicated by a narrow range of their thermal stability, embrit-
tlement at elevated temperatures, difficult machinability, and low tensile plasticity. Ultrasonic treatment is an innovative
method for solving these problems. Integration of ultrasonic technology into the technological chain can contribute to
the improvement of the operational property of amorphous alloys, the manufacture of parts from them at different scale
levels, and high-quality joining with other materials. The effect of ultrasonic vibrations on structural transformations and
mechanical behaviour of amorphous alloys is not completely understood. The lack of an integrated scientific basis for
the physical processes and accompanying effects in amorphous alloys under ultrasonic excitation prevents the develop-
ment of the corresponding technology and optimization of its modes. Over the past decade, researchers have proposed
various methods of ultrasonic treatment of amorphous alloys to improve their formability, achieve a balance of plasticity
and strength, and consolidate with each other and with metals. In addition, certain ideas have been developed about their
structure rejuvenation and the possibilities of transformation them to a partially nanocrystalline state under the action of
ultrasound. To summarise these developments, the systematic discussion on features, parameters, and modes of ultrasonic
treatment applied to ribbon and bulk amorphous alloys to improve their structure-sensitive properties are provided in this
review. On this basis, the limitations of current study are discussed. The most promising applications of ultrasonic tech-
nologies for rapidly melt-quenched alloys in the near future include: their additive manufacturing, creation of hybrid com-
posites by ultrasonic welding, ultrasonic forming for manufacturing products of complex shapes and geometries, complex
multi-stage processing to obtain a unique combination of properties (e.g., melt quenching — laser irradiation — ultrasonic
stimulation). This review enhances the existing knowledge on ultrasonic control of the properties and structure of amor-
phous alloys and facilitates a fast references on this topic for researchers.
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INTRODUCTION

Amorphous alloys (AAs) produced by rapid melt
quenching or by casting in a copper casting-mold
(in the case of bulk amorphous alloys) have unique physical
properties, which makes them very promising for many
applications in such areas as energy production, electronics,
catalysis, medicine, and the aerospace industry [1-3]. Due
to their unusual structure with the absence of long-range
order and structural defects such as dislocations and grain
boundaries, amorphous alloys, compared to their crystalline
counterparts, are characterised by an increased elastic limit,
high strength, hardness, corrosion and wear resistance, cata-
lytic activity, and some of them — by biocompatibility [4—
6]. However, as a kind of metastable material, AAs trans-
form into a more stable energy state under the action of
applied stresses, high temperatures, or even under natural
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conditions. The phenomenon of “aging” of the structure
may be accompanied by deterioration of properties. More-
over, amorphous alloys demonstrate almost zero tensile
plasticity due to the propagation of main highly localised
shear bands, which prevents their use as a structural mate-
rial [7; 8]. In this regard, the close attention of material sci-
entists is focused on the development of strategies for
the structural rejuvenation of AAs, which will contribute to
greater disordering of the amorphous matrix and, thus,
effective softening [9]. On the other hand, the balance of
strength and plasticity can be achieved by forming an opti-
mal proportion of nanocrystals in the volume of AAs,
which can prevent crack propagation and initiate an in-
crease in the number of shear bands, due to which plastic
deformation in amorphous alloys is realised [10—12]. Nu-
merous approaches are used to modify the structure of AAs,

Frontier Materials & Technologies. 2025. No. 2

53


https://orcid.org/0000-0002-1163-3888
https://orcid.org/0000-0002-7199-487X

Permyakova L.E., Dyuzheva-Maltseva E.V. “Effect of ultrasonic treatment on structural transformations and mechanical behaviour...”

overcome embrittlement, and improve their thermal sta-
bility: annealing and thermal cycling [13-15], electro-
static compression [16; 17], ion irradiation [18; 19], cold
rolling [20; 21], and high-pressure torsion [22; 23].
However, these methods usually require a lot of experi-
mental time and high costs, and some have limitations in
sample size, which makes their application in production
processes quite difficult. Therefore, there is an urgent
need to develop an innovative, one-step, convenient ap-
proach to the processing of amorphous alloys.
The method based on the use of ultrasonic (US) vibration
energy with a frequency above 20 kHz is one of
the promising methods for processing materials, charac-
terised by ease of control and a fast response time [24—
27]. It can directly introduce high energy into the glassy
matrix, affecting the response of properties and complex
physical processes, including glass transition, structural
relaxation, crystallization, strengthening and plasticiza-
tion mechanisms.

The purpose of this work is to analyse the world experi-
ence of using ultrasonic processing to control the structure
and improve the properties of amorphous alloys, as well as
to carry out technological operations with them.

METHODS

The search for relevant scientific papers related to
the review topic covered the period from the moment of
the first publication to the present day. The selection
was carried out among papers of peer-reviewed jour-
nals, books, conference materials from reliable interna-
tional abstracting and indexing databases Web of Sci-
ence and Scopus. Moreover, in order to track current
studies, the resources of the Russian Science Citation
Index (RSCI) and the patent database of the Russian
Federation were used.

The ranking of the found materials was carried out de-
pending on the characteristics of the physical processes and
phenomena occurring during ultrasonic treatment, as well
as the achievement of specific practical goals. In accor-
dance with this, three areas of research on amorphous
alloys during ultrasonic modification were identified:

1) study of the processes of rejuvenation of their struc-
ture for the implementation of forming;

2) study of the processes of nanocrystallization of
amorphous alloys for the best combination of strength and
plasticity;

3) development of the methodology of ultrasonic solder-
ing/welding for effective rapid connection of amorphous
alloys with each other or with crystalline materials.

RESULTS

1. Retrospective analysis

When analysing literary sources in retrospect, it is
important to note an important fact: the first publications
on the use of ultrasonic excitation on amorphous alloys
appeared in Russia. In 1992, scientists O.M. Smirnov
and A.M. Glezer from the I.P. Bardin Central Research
Institute of Ferrous Metallurgy in their paper [28], and

a year later in their author’s certificate [29], noted
the effectiveness of ultrasonic treatment for improving
the mechanical properties of Fe—Cr—B amorphous alloys
ribbon. Only almost a decade later, in 2003, full-scale
studies in this area were launched at the Universities of
Osaka and Kagawa [30; 31]. At first, the response
of elastic and inelastic properties of bulk zirconium-
based ZrssCujoNisAl;, AA under ultrasonic vibrations
was studied, and the experiments were carried out in
a very wide frequency range of 300-1500 kHz [30].
In 2005, the features of Pdy,sNi;sCuzgPyy AA crys-
tallization were studied at frequencies of 0.35 MHz [31].
Then, Japanese researchers decided to test the possibility
of joining amorphous alloys with each other using ultra-
sonic welding and in 2008 reported successful consolida-
tion of ZrssCu;¢NisAl;, using a combination of ultrasonic
welding and slight heating (below the glass transition
temperature) [32]. Several publications were enough to
arouse interest in China and to seize the initiative in
conducting fundamental research on the effect of ultra-
sonic stimulation on the structure and properties of
amorphous alloys. Currently, Chinese research groups
are the absolute leaders in this area. Attempts to study
ultrasonic technologies as applied to amorphous alloys
were also made in the USA [33], Belarus [34], Germany
[35], and Ukraine [36—-39], but only sporadically.

2. Structural rejuvenation

2.1. The problem of embrittlement and its solutions

It was found that metallic materials undergo signifi-
cant softening accompanied by a decrease in strength
under the influence of ultrasound (acoustoplasticity ef-
fect, or Blaha effect) [40; 41]. Based on these characte-
ristics, the forming technology using ultrasonic vibration
was developed. Brittleness remains one of the main dis-
advantages of amorphous alloys, preventing their wider
application. During labour-intensive processes (irradia-
tion, elastostatic loading, cryothermal cycling) when
combating the loss of plasticity in AA, reverse relaxation
inevitably intervenes, which weakens the effect of struc-
tural rejuvenation. Moreover, the rejuvenation mecha-
nism itself is not completely clear. In order to find suit-
able solutions to the embrittlement problem, in studies in
recent years, ultrasonic vibrations have been combined
with the process of forming amorphous alloys.

In [42; 43], a significant improvement in the thermo-
plastic formability of bulk Zr;sTi3Bess75Cug,s amorphous
alloys was found when using ultrasonic vibrations and its
positive correlation with the ultrasound amplitude. In [44],
a method of compression using ultrasonic vibration was
proposed. By the example of Zrs; sCuy79Nij46Al 0 Tis alloy,
it was shown that this method can achieve rapid (in 10 s)
structural rejuvenation, and the alloy itself becomes more
heterogeneous with better ability to plastic deformation.
Moreover, under ultrasonic compression, plastic deforma-
tion occurs on the fracture surface of the alloy, indicating
that as the ultrasound amplitude gradually increases, the
yield strength of the alloy decreases and the plasticity in-
creases, which can significantly simplify the formability of
the alloy at room temperature.
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2.2. Physical aspects of the rejuvenation process and
the accompanying response of mechanical properties

Fig. 1 shows schematically a multilevel landscape of
potential energy illustrating the evolution of possible struc-
tural states of amorphous alloy. Energy wells and barriers
control the thermodynamic stability of the material. The
deepest minimum of energy corresponds to stable crystal-
line phases, and other energy minima represent some me-
tastable glassy states (Fig. 1 a).

Rejuvenation is accompanied by an increase in poten-
tial energy and an increase in the free volume concentra-
tion. In turn, structural relaxation leads to a decrease in
potential energy and a lower free volume content com-
pared to the initial state of amorphous alloy (under con-

ditions of ultrafast cooling during their production) [45].
Annihilation of free volume or loose packing regions
during aging leads to the fact that AAs become even
more brittle. However, when energy is introduced into
amorphous alloy using ultrasonic vibrations at certain
values of amplitude and exposure time, they are able to
rejuvenate, since they acquire additional free volume and
greater plasticity. During ultrasonic treatment, the com-
bined effect of external applied elastic stress, internal
converted heat and ultrasonic resonance of atoms can
stimulate the movement of loosely packed atoms in the
AA to a high-energy state, thereby causing the formation
of other regions with free volume and rheological units
to improve formability [44; 46].
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Fig. 1. Schematic illustrations of the energy states of atoms in the potential landscape (a)
and the structure evolution of amorphous alloys in initial state (b), during aging (c),
during ultrasonic rejuvenation (d) and afterwards (e)
Puc. 1. Cxemamuueckue unnoCmpayuy IHep2emuieckux COCMOosIHUL amomos 6 NOMeHYualbHoM Janowagpme (a)
U IBONIOYUU CIPYKMYPbL AMOPDHBIX CHAAB0E 8 UCX0OHOM cocmosinuu (D),
npu cmapenuu (c), 6 npoyecce ¥3 omonodicenus (d) u nocne nezo (e)
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In as-cast and melt-quenched amorphous alloys, re-
versible and irreversible B-relaxations can occur [47], the
behaviour of which can be judged by the configurations of
white and grey atoms in Fig. 1 b, respectively. With in-
creasing aging time, the grey regions gradually become
black, and the white ones are significantly compressed
(Fig. 1 c). Under ultrasonic loading, the structure again be-
comes loosely packed (Fig. 1 d), so the set of highly mobile
white atoms increases, and zones with grey atoms appear
again after exposure to ultrasound (Fig. 1 e).

In [48], using atomistic modelling and evaluation of
the nanomechanical characteristics of bulk LagsAlsNisCu;oCos,
Pd40CU30P20Ni10 and Zr35Ti30CU8_25Beza_75 amorphOUS
alloys, evidence was provided that their significant
plastic flow below the glass transition temperature un-
der ultrasonic exposure is explained by dynamic inho-
mogeneity and cyclically induced atomic-scale expan-
sions (liquefaction) in the amorphous alloys. This leads
to significant rejuvenation and final “collapse” of
the solid-like amorphous structure.

In [36; 37], the influence of preliminary ultrasonic
treatment on the mechanical properties and structural
features of bulk  Zrs,5TisCui79NissAlg  and
Zr46.05CUys.05Al; sEry amorphous alloys was studied us-
ing the acoustic emission method under uniaxial com-
pression. The research results were interpreted within
a polycluster model of the AA structure. The analysis
of the obtained data allowed substantiating the mecha-
nism of structural changes and a decrease in the strength
of amorphous alloys as a result of alternating mechani-
cal loading with an ultrasonic frequency of 20 kHz.
The authors substantiated that the resistance to plastic
deformation of amorphous alloys is determined by
the strength of the intercluster boundaries, which are
restructured and “softened” under the action of ultra-
sonic mechanical loading.

In [49; 50], the mechanical behaviour of Pd;,CusoP2oNi1g
and LassAl,sNisCugCos amorphous alloys after ultra-
sonic vibrations was studied by the nanoindentation
method. A noticeable softening after ultrasonic treatment
was expressed as a decrease in hardness and elastic
modulus — by ~25 and 40 %, respectively. It was found
that flow defects with a shorter characteristic relaxation
time, activated under loading with ultrasonic cycling,
promote rapid diffusion of atoms with a low energy bar-
rier. Ultimately, this leads to a noticeable creep dis-
placement and, thus, to greater formability at ambient
temperature.

A method for producing amorphous alloys was pro-
posed, which included melting a metal blank in a cru-
cible, melt quenching the on a rapidly rotating disk, but
the nuance was that in order to increase the temperature
range of plasticity, immediately after removing the rib-
bon, it was additionally subjected to ultrasonic treatment
with an amplitude of alternating stresses [29]. In this
case, the ratio of the amplitude of alternating stresses to
the Young’s modulus of the processed material should be
within the range of (0.135-0.48)x107°. This range was
chosen so that the applied alternating stresses of ultra-
sonic frequency did not exceed the yield strength of

the studied amorphous alloys, did not provoke their sub-
sequent destruction, but contributed to the effective
preservation of plasticity and a shift in the embrittlement
threshold towards higher temperatures.

In the work [28], using the example of the Fe;,CrsB1s
AA, it was shown that, depending on the ultrasonic impact
parameters, the critical temperature of amorphous alloy
embrittlement can shift either upward or downward depend-
ing on the amplitude of the ultrasonic vibrations used.

The results of dilatometric studies in the work [38]
show an increase in the temperature of crystallization of
the Fe;gNisSiyyBs AA by 30-50 K after different modes
of ultrasonic treatment and the microhardness of the
amorphous alloy decreases by 15 %. This indirectly con-
firms the fact that the percentage content of the crystal-
line phase in the alloy decreases due to a decrease
in the size or dissolution of frozen crystallization centres
in the amorphous alloy.

2.3. Ultrasonic assisted shear punching

Ma J. et al. used high-frequency vibrations for shear
punching of templates, products from bulk and ribbon
amorphous alloys of the following systems: Zr-Ti—-Cu—Be,
Fe-Si-B, La—Al-Ni-Cu-Co, La-Ni-Al, and Cu-Zr [51-
53]. Fig. 2 shows a schematic representation of the experi-
mental assembly for this technology.

Under the action of ultrasonic vibration of the punch,
the plastic powder melts due to frictional heat generation
and viscoelastic thermal effect and continues to flow
downwards under the action of the extrusion of the ultra-
sonic head, plastically deforming the amorphous ribbon
or plate. The disordered structure of the amorphous al-
loys helps them to soften in a localised area during high-
frequency vibrations, which leads to low-stress deforma-
tions. For example, using ultrasonic vibrations and
a molten plastic viscous medium, various forms of AA in
the shape of the letters “B”, “M”, “G” and Chinese cha-
racters T, X were produced on an area of 5 mm? [51].
In [54], to increase the plasticity of amorphous alloys,
a method for their forming using ultrasonic vibrations in
liquid media (fresh and sea water, alcohol) was pro-
posed. In the process of this treatment, at low stress
(300 MPa) and temperatures significantly below the glass
transition temperature T,, complex structures such as
lattices, gear wheels and hexagons about 5 mm in size
were successfully produced from AAin 1s.

These fast ultrasonic forming methods (from millise-
conds to several seconds) help to preserve the amorphous
nature. They largely allow avoiding time-dependent crystal-
lization and oxidation processes and thereby bypassing tra-
ditional heat treatment, as well as the risk of crystal growth.
In order to prevent the AA relaxation, it is possible to adjust
the ultrasonic thermal effect by controlling the amplitude
and time under compression with ultrasonic vibration, and
thereby effectively improve the mechanical properties of
amorphous alloys.

Promising ultrasonic methods to improve the plasticity
of amorphous alloys at room temperature (ultrasonic as-
sisted shear punching and ultrasonic extrusion forming) can
be applied to the rapid manufacture of macro-, micro-,
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