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ABSTRACT

The amorphization of alloys is of both broad scientific interests and engineering significance. Despite
considered as an efficient strategy to regulate and even achieve record-breaking properties of metallic
materials, a facile and rapid method to trigger solid-state amorphization is still being pursued. Here we
report such a method to utilize ultrasonic vibration to trigger amorphization of intermetallic compound.
The ultrasonic vibrations can cause tunable amorphization at room temperature and low stress (2 MPa)
conveniently. Remarkably, the ultrasonic-induced amorphization could be achieved in 60 s, which is 360
times faster than the ball milling (2.16 x 10* s) with the similar proportion of amorphization. The ele-
ments redistribute uniformly and rapidly via the activated short-circuit diffusion. Both experimental evi-
dences and simulations show that the amorphous phase initiates and expands at nanograin boundaries,
owing to the induction of lattice instability. This work provides a groundbreaking strategy for developing
novel materials with tunable structures and properties.

© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology.

1. Introduction

As indispensable materials throughout human history, glassy
materials play a vital role in optics, biotechnology, medicine and
electronics. As a relatively new class of glassy state of matter
discovered in 1960s [1], metallic glasses (MGs) possess excel-
lent mechanical properties [2,3], magnetic properties [4,5], high-
performance electrocatalysis [6,7], industrial wastewater treatment
ability [8,9] as well as great industrial potentials [3,10] due to their
unique amorphous structures. As a result, the fabrication of MGs
has attracted great interests motivated by both basic curiosity and
engineering relevance. Generally, the strategies of amorphization of
metallic materials starting from the liquid state [11,12] and vapor
state [13], which greatly limits their fundamental scientific under-
standing and industrial applications [14].
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Solid-state amorphization has attracted much attention as a
facile fabrication method of MGs without rapid quenching from
liquid or gas slates. Since the 1980s, part methods for solid-state
amorphization have been reported, such as hydrogenation method
[15,16], metal film diffusion coupling method [17,18], radiation-
induced method [19,20], ball milling method (mechanical alloy-
ing method) [21-24] and deformation-induced method [25,26].
However, these methods are subject to various limitations: ex-
cessive time [15,18,24], temperature conditions [15,18], low amor-
phous contents [18,25] or complex operating conditions [15,19].
The above methods mainly observed two types of amorphization
reactions: atomic diffusion at fine scales or lattice disordering in-
duced by defect accumulation. The level of amorphization strongly
depends on the concentration and rate of accumulation of lattice
defects. Especially for the ball milling, it requires a long defect
accumulation time to achieve amorphization, even if it is partial
amorphization [24]. Even worse, defect recovery sometimes occurs
(affected by shock frequency) in such process [22-24]. Deforma-
tion and metal diffusion coupling induced amorphization is diffi-
cult over large scale due to that fact that defects usually accumu-
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late locally [25,27]. As a result, although many solid-state amor-
phization ways have been reported, a facile and rapid method to
trigger solid-state amorphization is still being pursued.

Here we report ultrasonic vibration induced amorphization as a
novel approach for the ultra-fast amorphization at room tempera-
ture. In this work, the ultrasonic vibrations (20,000 Hz) are utilized
to collapse the crystalline structure in intermetallic compounds
(IMCs) into an amorphous structure while facilitating the tuning
of the amorphous content at room temperature and low stresses
(2 MPa) conveniently. The ultrasonic method has an outstanding
time advantage (within 60 s) compared to conventional methods,
namely the ball milling, hydrogenation and film diffusion coupling
method (several hours) [15,18,24]. Ball milling experiments show
that the material requires 2.16 x 104 s over the 120 cycles (60 s)
of ultrasonic induced amorphization (360 times slower). Mean-
while, the elements are rapidly redistributed uniformly in two-
phase crystalline IMC via short-circuit diffusion along the dislo-
cations and grain boundaries (GBs). Both experiments and simu-
lations demonstrate that the amorphization occurs rapidly at the
nanocrystalline GBs and then expands at GBs due to the ultra-
fast accumulation of defects and induced lattice elastic instabil-
ity. As a result, the ultrasonic induced amorphization process as a
groundbreaking method for developing novel materials with tun-
able structures and properties. Furthermore, this work provides
new insights into the atomic-scale fundamental mechanism of the
solid-state amorphization.

2. Experimental procedures
2.1. Preparation of the crystalline IMC

The composition chosen for this work was ZrgsCuq75NiqpAl7s
(at.%). The MG rods of 2 mm diameter and 100 mm height were
first prepared by conventional water-cooled copper mold casting
process, followed by micro cutting to cylindrical specimens of 3-
mm height and 2-mm diameter. The as-cast MG samples were
then heat treated in a vacuum furnace at 820 K (T>Tx) for 40 min
to achieve a fully crystallized structure. This material was chosen
because crystallization of the as-cast MG sample is a convenient
way to make two-phase crystalline IMCs.

2.2. Amorphization under ultrasonic vibration

The ultrasonic sonotrode was made of cemented carbide (TC4
titanium alloy) and is combined with a booster and trans-
ducer (Fig. 1(b)), which converted the electrical signals into high
frequency vibrations (frequency = 20,000 Hz). Therefore, the
sonotrode can apply mechanical vibration to the sample under set
pressure. In this work, the energy transfer by ultrasonic vibration
was controllable and samples were placed in a simple mold (see
Fig. S1 in the Supplementary Materials). The crystallized bulk sam-
ples were first crushed into small pieces by applying 50 ] energy
for 0.2 s. After being crushed, the samples were struck with an
energy of 100 J for 0.5 s (set for one cycle), and the treatment
was repeated for 5, 60 and 120 cycles of ultrasonic vibrations. A
considerably shorter interval exists between each cycle to prevent
temperature rise. The static force applied during ultrasonic vibra-
tion was set to 100 N and the vibration amplitude of sonotrode
was 44.4 pm.

The thermal images and corresponding temperature-time pro-
files were detected by the infrared imaging camera (Fotric 280d)
with a macro lens. Load measurement was performed using a self-
made dynamometer, and a data-acquisition card (National Instru-
ments NI-9237) with a sampling frequency of 500 Hz was used to
transmit the data to a computer. Due to the enclosed environment
of the powder beating, its temperature measurement is performed
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using a homemade thermocouple and a data acquisition card. The
high-speed camera was used to capture the crushing process of
bulk crystalline IMC, and the video screen playback was slowed
down by 160 times compared to reality.

2.3. Ball milling experiment

The ball milling experiments were also carried out on the crys-
talline IMC in order to compare the ball milling and ultrasonic vi-
bration methods to achieve amorphization. After crushed the bulk
raw material into particles, the pre-weighted particles were canned
into a high-speed steel vial together with Cr steel balls. A vibra-
tory ball mill with a ball-to-powder ratio of 10:1 and a speed of
200 rpm was used in low vacuum pressure (10~3 Pa). The overall
ball milling process persisted for 6 h, which was interrupted every
45 min during that. Each interruption was followed by an equal
length of time (15 min) to cool down the vials.

2.4. Multi-scale structural characterizations

X-ray diffraction (XRD; Rigaku miniflex600) with CuK, radia-
tion was used to analyze the structure of the bulk Zr-based MG
samples, the crystalline IMC samples and the powder sample ob-
tained by ultrasonic vibration. The scanning electron microscopy
(SEM; Fei quanta FEG 450) was used to observe the two-phase
distribution of crystalline IMC. The microstructures were char-
acterized by the transmission electron microscopy (TEM, Fei Ti-
tan Themis) equipped with energy-dispersive X-ray spectroscopy
(EDS). The TEM samples of the crystalline IMC were prepared on
FEI Scios SEM/FIB dual beam system. To prepare the TEM sam-
ple from the powders, the powders were poured into alcohol and
shake for 20 min. The small particle powders were taken in the
upper solution and dropped on the molybdenum mesh. The lo-
cal density of powders after ultrasonic vibration was detected in
a room temperature high vacuum cavity with synchrotron radia-
tion energy of 8 keV nano-CT (Beijing Synchrotron Radiation Facil-
ity). The size of the structural voxels reconstructed by synchrotron
X-ray nano-CT is 64.1 nmx 64.1 nm x 64.1 nm, with a spatial res-
olution of about 100 nm. A 32-bitfloat-type gray value (g) was as-
signed to each voxel of the reconstructed structure. The gray value
of the powder structural image is linearly related to the local ab-
sorption coefficient of the sample under test [28], which is posi-
tively proportional to the local density of the studied material [29].

2.5. Amorphous content calculation

The amorphous content reflected by XRD results was estimated
using a software equipped with the XRD measurement device.
Briefly, the calculation is defined by dividing the integrated area of
“amorphous peak” by the area of “the sum of amorphous and crys-
talline peaks”, which is similar to the calculation of crystallinity
in Ref. [30]. An example (120 cycled sample) of the calculation
method to obtain the amorphous content see Fig. S2 in the Sup-
plementary Materials, in which amorphous and crystalline peaks
are obtained by suitable fitting method in software.

2.6. Preparation in MD simulations

MD simulations were performed to reveal the effects of ultra-
sonic vibrations on the amorphization of the crystalline phases. All
the simulations were carried out using the open source LAMMPS
package [31]. A Finnis-Sinclair type embedded-atom method (EAM)
potential proposed by Mendelev et al. [32] was adopted to describe
the atomic interactions. Periodic boundary conditions were applied
and the timestep was set 2 fs for all simulations.



L. Li, G.-J. Lyu, H. Li et al.

Journal of Materials Science & Technology 142 (2023) 76-88

40

20

-20

-40

Crystalline intermetallic
compounds

Transducer

Booster

W

Ultrasonic
vibration

Sonotrode

Load (MPa)

NW Vibration

(o]
20+ 18.21 MPa = Bulk crushing
b — Powder beating
15}
10
5l 2.1} MPa
. I I /-l‘l‘

Amorphized state

]
75 C°

Mean: 40.14 °C

26 C°

ean: 32.43 °C

Count
Count

.
30 40 50 60 70

30 40 50 60 70

Fig. 1. Schematic diagram of the amorphization process. (a) Illustration of the transformation in atomic structure during the ultrasonic vibration. (b) Schematic of the
experimental set-up and the experimental process. The insets show the fabrication of powders from the bulk IMC under ultrasonic vibration. (c) Stress change during the
ultrasonic beating of the samples. (d) Temperature analysis of bulk crushing and powder beating under ultrasonic vibration. The upper part shows the thermal image, and

the lower part shows the corresponding temperature numerical distribution.

The B2-CuZr polycrystal was constructed using Poisson-Voronoi
tessellation method [33-35] with B2-CuZr crystal as the seed of
crystalline grain. The polycrystal contains 6 grains and each grain
is randomly oriented, with dimensions of 179 nm x 17.9 nm x
179 nm. To avoid atomic overlaps inside the constructed grain
boundary, atoms with distance lower than 2.5 A were removed.
A hydrostatic pressure of 0.5 GPa was then applied for 0.4 ns at
300 K to eliminate the voids near the boundary. After that, the
polycrystal was relaxed for another 0.4 ns at zero pressure and
300 K before the high-frequency vibration. For the B2-CuZr in-
serted glass composite, a CusgZrsg metallic glass with dimensions
of 124 nm x 124 nm x 12.4 nm was first generated by cool-
ing a well equilibrated liquid from 2000 K to 300 K at 10" K/s,
then atoms in a 10 nm-diameter sphere in the center were re-
placed with B2-CuZr crystal with the same geometry. The [100],
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[010] and [001] directions of B2-CuZr are set along x, y and z axes,
respectively. The composite was then equilibrated at zero pres-
sure and 300 K for 1 ns to obtain a well relaxed glass-crystal
interface.

2.7. MD simulations of high-frequency vibration

To mimic the ultrasonic deformation, a uniaxial sinusoidal
strain €(t) = &,5in(27 ft) was applied on the sample along Z axis,
where ¢, is the strain amplitude and f is loading frequency, fixed
as 10 GHz (thus 100 ps for each cycle) in current simulations. The
temperature was fixed at 300 K and the pressure in lateral direc-
tions was kept zero during the whole deformation. The atomic
configurations were visualized using Ovito software [36]. The
deformation on different phases was analyzed by the minimum
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of the non-affine squared displacements Drznin, where the non-

affine squared displacements D2(t, At) is defined as D2(t, At) =
) : ; - 2

DX O ~ o (0) = (8 ) x [t = A — Rt~ AD]”,

i j

Dfnm is the local deviation from affine deformation which pro-

vides information about non-elastic deformation. The detailed

description about Dr2]rlin can be found in Ref. [37].

2.8. Identification of atomic structures

The atomic structures were identified using Polyhedral Tem-
plate Matching (PTM) method implemented in Ovito software [38].
The PTM algorithm has great reliability in the case of strong ther-
mal fluctuations and strains, thus is suitable for our cases. A rea-
sonable cutoff value of Root-Mean-Square Deviation (RMSD) is re-
quired to avoid false identification when using PTM method. The
RMSD measures the spatial deviation from standard structure of

N
crystal. The RMSD is defined as RMSD(#,w) = [ 1 3" [|7; — w;||%,
i1

where ¥ contains the position of the central atom and its neighbor-
ing atoms and w contains those of standard structure templates.
Atoms with RMSD greater than the cutoff are identified as the
other structure type, while the crystalline structure type with low-
est RMSD is eventually assigned to the remaining atoms. In our
structural analysis, the cutoff value of RMSD was set to be 0.16.

3. Results and discussion
3.1. Process of amorphization

Schematic diagram of the ultrasonic induced amorphization in
Fig. 1(a), illustrates the transformation of the crystalline IMC into
an amorphous structure by the utilization ultrasonic vibration. In
our previous work, ultrasonic vibration as a special energy trans-
fer mode has been found to open new pathways for the process-
ing and functional application of MGs [39-41]. In the present ap-
proach, we have achieved amorphization in the ZrgsCuq75NijgAlys
(at.%) MGs pre annealed to a fully crystallized state having a two
phase polycrystalline IMC structure. The ultrasonic vibration exper-
imental apparatus is illustrated in Fig. 1(b). A very low static pre-
pressure (100 N) is applied to the sample by means of an ultra-
sonic sonotrode for tight compression. Afterwards, the ultrasonic
sonotrode is subjected to vibration at a frequency of 20,000 Hz.
The vibration shape of the ultrasonic sonotrode was a sinusoidal
function with an amplitude of 44.4 um. The displacement of the
ultrasonic sonotrode with respect to time t can be expressed by
the equation d(t) = Asin(2m f - t), where A and f denote the am-
plitude and frequency of the vibration, respectively.

The crystalline bulk IMC can be crushed into particles in just
0.2 s under ultrasonic vibration with an input energy of 50 ] and
imposed stress of 18.21 MPa (Fig. 1(c)). A high-speed image of the
crushing process is shown in Supplementary Video. S1. After the
crystalline IMC was completely crushed, the powders were struck
with 5, 60 and 120 cycles of ultrasonic vibrations, each cycle be-
ing comprised of 100 J input energy for 0.5 s which is equivalent
to 10,000 strikes of the sonotrode on the powders. In this stage,
the stress of ultrasonic beating is only 2.19 MPa (Fig. 1(c)). It is
worth noting that the whole experimental process was achieved
at nearly room temperature. To further verify the heat-free mech-
anism of the ultrasonic process, infrared imaging camera was used
to capture the real-time temperature of the sample being pro-
cessed. The images show that the bulk crystalline IMC samples
were crushed at a mean temperature of 32.43 °C and maximum
temperature of 66.51 °C. The crushed powders were struck during
the ultrasonic vibration process at a mean temperature of 40.14 °C
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Fig. 2. The X-ray diffraction (XRD) analysis of the as-cast, raw crystalline IMC and
powders processed after 5, 60 and 120 cycles. The samples were treated with an
energy of 100 ] for 0.5 s set for one cycle.

and maximum temperature of 45.30 °C (Fig. 1(d)). In order to fur-
ther determine the low-temperature properties, the thermocouple
was used to measure the temperature when powder beating (see
Fig. S3 in the Supplementary Materials), showing that the tem-
perature is close to room temperature (the maximum temperature
is 30.5 °C). Also, the low temperature characteristic of ultrasonic
treatment can avoid the material contamination by oxygen.

XRD was used to analyze the amorphization process, as shown
in Fig. 2. The as-cast bulk MG sample shows a distinct amorphous
structure, and the crystalline IMC obtained after the annealing
treatment exhibits a large number of crystalline peaks. After anal-
ysis it can be determined that the two sets of peaks correspond to
CuZr, and Al,NiZrg crystalline phases. Obviously, as ultrasonic vi-
bration proceeds, the crystalline features gradually weaken as seen
from the diffraction peaks of the XRD pattern. Another evidence
for the gradually loss of crystal characteristics is that the widths
of the crystalline peaks increase substantially as the cycle number
of the ultrasonic vibration treatment increases. According to the
classical Scherrer formula [42], the increase of the peak broaden-
ing indicates decrease in grain size. In this process, large number
of low-intensity diffraction peaks even disappear completely, sug-
gesting that the XRD peaks broaden infinitely and the grains dis-
appear. Apart from the grain size effect, the XRD peak broadening
may also be caused by other reasons like inhomogeneous strains,
twined structure or other point defects that may be present in the
crystallites. To reflect the tunability of ultrasonically induced amor-
phization, we estimated the amorphization content of the struck
powders, which are approximately 27%, 43%, and 52% for the 5, 60,
and 120 cycles of ultrasonic vibrations, respectively.
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3.2. Microstructure characterization of powders

In order to further comprehend the microscopic structure of
powders, the transmission electron microscopy (TEM) was used
to characterize the morphology and atomic structure during ultra-
sonic vibration. Fig. 3(a) shows the TEM image of the structures
of the crystalline IMC, which consists of two crystalline phases.
The microscopic distribution of the two crystalline phases at lower
magnifications see Fig. S4 in the Supplementary Materials. In the
crystalline IMC, the arrangement of atoms inside the grain is highly
ordered and no obvious crystal point or line defects in the sam-
ple (Fig. 3(a)), which is in good agreement and more detailed TEM
image see Fig. S5 in the Supplementary Materials. To explore the
elemental distribution of the crystalline IMC, the energy-dispersive
X-ray spectroscopy (EDS) analysis was performed under TEM. The
EDS analysis also suggests a two-phase nanocrystalline structure,
as shown in Fig. 3(b). By comparing the distribution of each ele-
ment, it can be understood that the Cu-depleted regions are oc-
cupied by the Al and Ni atoms, and this is consistent with the
XRD observations in Fig. 2 where Cu-free (Al;NiZrg) and Ni/Al-free
(CuZr,) phases were detected. The insets in Fig. 3(a) show the spe-
cific crystal structures and their Fast Fourier transformation (FFT)
images of the selected regions R1 and R2, corresponding to CuZr,
and Al2NiZrg, respectively. By comparing the FFT patterns with the
standard XRD features, it is concluded that CuZr, phase has a BCC
structure while Al,NiZrg phase has an HCP structure.

Fig. 3(c) shows the TEM image of the powder treated for
5 cycles of ultrasonic vibrations. The grains of several hundred
nanometers in the crystalline IMC are fragmented into massive
quantities of ultrafine nanocrystals with different crystallographic
orientations, most of them having diameters less than 10 nm. In-
terestingly, some amorphous layers appear at the boundaries be-
tween the neighboring nanocrystals. This observation suggests that
the amorphous phase may have emerged from the GBs of the
nanocrystals due to the high degree of disorder at the GBs. The
more surprising observation is the significant disappearance of the
crystal phases in the specimen treated for 60 cycles, as shown
in Fig. 3(d). Compared with the sample treated for 5 cycles, the
sample struck for 60 cycles exhibits larger fraction of amorphous
phase, which leads to a pattern of individual ultrafine nanocrys-
tals surrounded by the amorphous phase. In the specimen treated
for 120 cycles, many nanocrystals exhibit even finer dimensions
than those observed in the sample struck for 60 cycles, as shown
in Fig. 3(e). The insets in Fig. 3(c-e) show the corresponding FFT
patterns, which simply reflects the change in the degree of amor-
phization with the increase in the number of ultrasonic vibration
cycles. More TEM images of powders see Fig. S6 in the Supplemen-
tary Materials.

The selected area electron diffraction (SAED) ring patterns of
the powders after different cycles of ultrasonic vibrations are
shown in Fig. 3(f-h). While the observation of the diffusive halo
rings in all diffraction patterns reflects the existence of amorphous
phase in all processed powders, the progressive disappearance of
the polycrystalline rings with the increase in the number of ul-
trasonic vibration cycles is an indication of achieving larger con-
tents of the amorphous phase. The diffraction pattern of the pow-
ders struck for 5 cycles shows multiple polycrystalline rings and a
few diffusive halo rings, which indicates the presence of low amor-
phous phase content and large quantity of nanocrystalline phases
having different orientations. Furthermore, in the powders treated
for 60 cycles, the massive crystalline phases undergo amorphous
phase transitions, which is in line with the observation of brighter
diffusive halo ring and duller polycrystalline rings. The polycrys-
talline rings of the 120-cycled powders have disappeared with only
a small amount of the diffraction spots being sparsely distributed,
which means that the powder is nearly completely amorphous.
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The synchrotron X-ray nano-CT was used to further visualize
the powder (around 10 pm) structure. The gray-value images of
the powders struck for 60 cycles and 120 cycles (surface and cross
section) reconstructed by the nano-CT are shown in Fig. 3(i) and
(j). Due to the different absorption of X-rays in different density
regions, the region with high gray value (blue region) represents
a higher density. It is known that the density of the amorphous
state is lower than that of the crystalline state. In the present case,
it can be considered that the lower density region (red region) is
closer to the amorphous state. The 120-cycled surface exhibits a
lower density compared to that of the 60-cycled powder, imply-
ing a more amorphous content on the powder surface. The cross
sections of the powders were also analyzed, and the results show
that the 120-cycled powder already present lower density regions
from the edge to the interior, while the 60-cycled sample has rel-
atively high internal density. On the other hand, local high-density
regions are still observed inside the 120-cycled powder. The above
results demonstrate that the surface of the powder can be amor-
phized in a relatively short cycle, while longer time is required
in the interior area. During the experiments, XRD samples contain
massive larger particle powder (> 10 um) and TEM samples gener-
ally with smaller particles (not exceed 1 um) (Fig. S7 in the Sup-
plementary Materials). During the ultrasonic treatment, the pow-
der was mainly subjected to the action of dry friction, fracture,
shearing, etc. under the sonotrode or between the particles, so that
the powder surface was subjected to significantly more action than
the interior. Due to larger particle powder have a deeper thick-
ness and more difficult to amorphized internally, resulting in a
lower amorphous content measured under XRD than TEM. In sum-
mary, the amorphous content under XRD represents all powders,
while the amorphous content under TEM represents small particle
powders.

3.3. Elemental diffusion

The compositional changes of the powders were character-
ized by the EDS analysis under TEM (Fig. 4). We first observe
the as-crushed powder (treated with 50 ] energy (0.2 s)) which
was processed by the ultrasonic crushing of the crystalline bulk
IMC. The EDS results show that the as-crushed powder is chem-
ically heterogenous and the elements have non-uniform distribu-
tion (Fig. 4(a)), which is with the EDS results for the crystalline
IMC in Fig. 3(b). The non-uniform of element distribution in 5-
cycled powders is not as obvious as as-crushed sample (Fig. 4(b)).
However, the EDS results for the 120-cycled powder (Fig. 4(d))
demonstrate that the elemental distribution of the powder treated
by the ultrasonic vibration is significantly homogeneous. In fact,
60 cycles of ultrasonic vibration will suffice to achieve a nearly ho-
mogenous distribution of elements in the powders (Fig. 4(c)).

In order to further observe the uniformity of element distri-
bution in the amorphous and crystalline phases, we performed
EDS analysis on 120-cycled powder in a more microscopic area
(Fig. 5(a)). The EDS results indicate that not only the elements uni-
formly distributed in this region, but a sufficient amount of each
element is present (Fig. 5(a)). Fig. 5(b) shows the EDS line profiles
for the elemental distribution along the crystalline and amorphous
phases (the scanning direction shown in Fig. 5(a)). The line profiles
do not show significant chemical fluctuations, denoting that there
is no compositional distinction in the amorphous and crystalline
phases. Thus, it can be inferred from the above facts that the ultra-
sonic vibrations promote the large-scale transport of the elements
and facilitate the elemental homogenization process. Meanwhile,
the above results also demonstrate that a polymorphic transition
occurred from crystalline to amorphous phase, forming an amor-
phous phase with a different composition compared to the as-cast
MG.
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It is widely accepted that the smaller the solute atom (Al, Ni,
Cu), the higher the diffusivity is, which is related to the misfit
between the size of the host atom and the solute atom [43]. In
addition, owing to the presence of large number of interfaces in
the nanocrystals, the diffusion coefficient of nanocrystals is usually
several orders of magnitude higher than that in the coarse-grained
polycrystals due to the short-circuit GB diffusion mechanism [44].
Moreover, the diffusion coefficient of the high-angle grain bound-
aries is much higher than that of the low-angle grain boundaries
[45,46]. Under ultrasonic vibration, the IMC, which already has a
high atomic mismatch, is rapidly grain refined and possesses a
high angle GB (Fig. 3(c)). Driven by these factors, the short-circuit
(vacancies, dislocations and GBs) diffusions act as the important
mechanism of elemental diffusion in the crystal-dominated stages.
When the amorphous phase becomes the dominant composition
(a period before 60-cycle to 120-cycle), the presence of the amor-
phous phase would further accelerate the migration of elements
due to its thermodynamically metastable state consisting of mas-
sive free volume [47,48]. Therefore, apart from local short-circuit
diffusion in crystals, diffusion between amorphous phases is ex-
tensive in this stage. After going through these processes, complete
element homogenization within the particles is achieved.

As for the uniform element distribution of amorphous phase
and residual nanocrystalline phase (Fig. 5(a)). It has been previ-
ously shown that the diffusing agent can leak from the dislocation
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pipes into the grain internal, where the grain can absorb elements
provided by outside over a period of time [45]. In 120-cycled pow-
der, lots of dislocations in individual nanocrystals (Fig. 5(c)) and
disordered atomic arrangement at the boundary (Fig. 5(d)) were
found, which continuously absorbed external elements throughout
the whole ultrasonic treatment process.

3.4. Advantages of ultrasonic vibration

Fig. 6(a) summarizes the time consumption and amorphous
content achieved during various amorphization methods (the de-
tailed list of data points from other amorphization techniques see
Table S1. The ultrasonic vibration method not only provides solid-
state amorphization at extremely shorter times (several orders of
magnitude faster than the other methods), but it also yields a con-
siderable amorphous phase content. To further demonstrate the
time advantage of the ultrasonic induction method, ball milling
was used to treat the same crystalline IMC sample, as shown in
Fig. 6(b). The comparison of XRD results reveal that 2.16 x 10* s of
ball milling is required to achieve amorphous phase content almost
similar to the one achieved by ultrasonic vibration for 120 cycles
(60 s). The above findings highlight the importance of ultrasonic
vibration method as a novel amorphization approach, providing a
breakthrough strategy for the rapid development of novel materi-
als with tunable structures and properties.
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Fig. 7. Schematic diagram of the amorphization mechanism. (a) Schematic diagram illustrating the process of amorphization, in which the change of color means the change
of crystal orientation and the black area represents amorphous phase. (b) TEM bright-field image shows the grains of the crystalline IMC (about 500 nm). (c) High-resolution
TEM image shows the grain refinement and amorphization initiating at GBs after ultrasonic treatment, and part of the large-angle GBs exists (green arrows represent grain
orientation). (d) Gradual reduction of the crystalline phase after amorphization of GBs. (e) Large area amorphization.

3.5. Mechanism of amorphization

The interpretation of the amorphous process can be divided
into two stages: (1) the appearance of the amorphous phase;
and (2) the expansion of the amorphous phase in the crystalline-
amorphous interface.

The ultrasonic vibration makes the crushed powders being sub-
jected not only to the unidirectional cyclic loading but also to the
conditions of cold welding, friction, extrusion and fracture, all of
which might lead to a successive accumulation of the versatile de-
fects (GBs, dislocations, twins, vacancies, etc.). The schematic dia-
gram of the amorphous process is shown in Fig. 7(a). It is known
that the deformation mechanism of the polycrystal with grain sizes
in the range of 100-500 nm is similar to that of the conventional
fine-grained materials [49] (Fig. 6(b)). The majority of the grains
in the bulk crystalline IMC are around 500 nm in size, and at this
level the ultrasonic vibrations introduce a high density of disloca-
tions in the sample (see Fig. S8 in the Supplementary Materials).
Driven by the ultrasonic energy, these dislocations begin to anni-
hilate, reorganize and aggregate to form dislocation walls and cells
[50], which gradually develop into a large number of sub-grains
with diameters smaller than 10 nm. With such small grains, defor-
mation in GBs (GB sliding, rotation, and diffusion) become dom-
inant in small sized nanocrystals [51,52]. Under the continuous
high-frequency cyclic loading, the orientation of grains becomes
large difference such that a large number of the high-angle GBs
emerge (Fig. 7(c)). It can be considered that these nanocrystals are
the intermediates from crystalline to amorphous phases.

Previous studies have shown that the nanocrystalline state can
excite atomic-level strain in the GBs during the solid-state amor-
phization reactions, consequently triggering mechanical instability
in the crystal structure [44]. These GBs, especially the high-angle
ones, are usually considered as unstable structures compared to
the ordered lattice inside the grains [53]. These instabilities were
manifested as movement of lattice atoms from their original po-
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sitions, triggering significant effects on lattice strain and soften-
ing of the elastic modulus [54-56]. In the present work, the high-
angle GBs in ultra-fine nanocrystals (Fig. 7(c)) will absorb most
of the strain. When the strain under ultrasonic vibration condi-
tions exceeds a threshold value, the crystal structure collapses into
the amorphous structure [57,58]. Thus, GBs can be preferentially
considered as the origin of nucleation and growth of amorphous
phases. This amorphization process can be understood from the
TEM results of 5-cycled sample (Fig. 7(c)), which just takes about
2.5 s under ultrasonic vibration.

Fig. 7(d) showed that the size of the crystals surrounded by
the amorphous phase is less than 10 nm, which originates from
the amorphization of the nanograins initiated from their GBs. Ap-
parently, the gradual expansion of the amorphous phase is mainly
driven by the separation of interfacial crystal atoms from the lat-
tice (Fig. 5(d)), which is similar to the amorphization of GBs. Af-
ter evolving through this process, most of the grains can be com-
pletely amorphized (Fig. 7(d) and (e)). Further, the amorphous
phase bears most of the strain after extensive amorphization, so
the amorphization in crystal-amorphous interface obviously takes
longer time (60 s for 120-cycled sample).

3.6. Atomic origin of the amorphization under ultrasonic vibration

The MD simulations were performed to further reveal the
atomic mechanism of the amorphization of the crystalline phases
under high-frequency vibrations. Two representative model sys-
tems, B2-CuZr polycrystal and spherical B2-CuZr inserted CusgZrsg
glass composite, were chosen to investigate the initiation and evo-
lution of amorphization, respectively. Fig. 8 represents the struc-
tural evolution of the B2-CuZr polycrystal during a 10 ns high-
frequency vibration at 300 K. The applied strain and the resulting
stress are shown in Fig. 8(a, b) as a function of time. The maxi-
mum strain amplitude €, is set as 6% (within the marginal elas-
tic regime), which is not too large to destroy the sample imme-
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Fig. 8. Evolution of the B2-CuZr polycrystal at the initial stage of amorphization during high-frequency vibration in at 300 K. (a) The cyclic deformation protocol in MD
simulation illustrated by the time-dependent applied strain. (b) Resulting stress under ultrasonic vibration with strain amplitude of &, = 6%. (c) Structural evolution of the
B2-CuZr polycrystal with amorphous regions (atoms identified as the other structure type) removed. (d) Non-affine squared displacement D2. coloring of the B2-CuZr

polycrystal during the vibration.

diately meanwhile not too small to prevent the sample from be-
ing elastically deformed during the whole simulation process. As
shown in Fig. 8(c), it can be clearly observed that the size of each
grain gradually decreases under the vibration, which confirms that
the amorphization starts from the GBs as we have observed in ex-
periments. This scenario is quite different from the grain growth
mechanism under thermal condition. Furthermore, Fig. 8(d) rep-
resents the minimum of the non-affine squared displacement Dfmn
(see Experimental procedures) of the corresponding configurations.
A marked separation between crystalline and amorphous regions
is visible. It can be inferred that under vibration the GBs are more
vulnerable than the grains, therefore, the amorphization originates
from GBs at the initial stage. With the gradual expansion of the
amorphous region, most of the deformation will localize in the
amorphous region, while the grain interior will be deformed elas-
tically.

Once the GBs transformed into amorphous phase at the initial
stage, the original B2-CuZr polycrystal can be treated as a compos-
ite containing the B2-CuZr and the glass matrix. To better investi-

85

min

gate the progress-end stage of amorphization, a spherical B2-CuZr
inserted glass composite was designed and cyclically deformed
with the same magnitude of strain (Fig. 9). Fig. 9(a) shows a slice
of the composite before loading, where a spherical B2-CuZr crystal
is embedded in a CusgZrsg glass matrix. Fig. 9(b) shows the his-
togram of RMSD (see Experimental procedures) during the vibra-
tion. The RMSD values of crystalline and amorphous atoms clearly
separate throughout the entire amorphization process, thus a cut-
off value of 0.16 was chosen for the structural identification. The
amorphization of the spherical B2-CuZr crystal with the loading
time under the vibration is presented in Fig. 9(c). For better vi-
sualization of the amorphization process, the original glass matrix
was removed during the vibration. As seen, atoms gradually depart
from the surface of B2-CuZr crystal, and more and more atoms dif-
fuse from the surface into the glass matrix until complete transfor-
mation to amorphous. Moreover, the atomic diffusion in the load-
ing direction is significantly faster than other directions, resulting
in the remaining B2-CuZr crystal appearing ellipsoidal. In our ex-
periments, we noticed that amorphization starts quickly at the be-
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Fraction of the atoms in B2 crystalline phase during the vibration. (e) Time dependence of atomic fraction of B2 atoms under different strain amplitudes.

ginning and then slows down. It requires only 5 cycles to start
amorphization, while it takes 120 cycles to be nearly fully amor-
phized (Fig. 7(c-e)). Fig. 9(d) shows the time dependence of B2
fraction. The amorphization rate gradually decreases as the loading
continues, which is consistent with the observation in experiment.
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The process of amorphization under high-frequency vibration
is dependent on strain amplitude, since atomic mobility increases
significantly with the increase of strain magnitude. To reveal the
effect of strain amplitude, we also conducted vibrations with var-
ious strain amplitudes on the B2-CuZr inserted glass composite
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(see Figs. S9 and S10). With lower strain amplitudes (1%—3%),
the atomic fraction of crystal slowly increases, corresponding to
the process of crystallization. By contrast, higher strain amplitudes
(4%—6%) result in amorphization (see Fig. 9(e)). As well known,
higher temperatures promote atomic mobility. For a crystalline al-
loy, temperatures lower than melting point leads to crystallization,
while higher than melting point leads to melting. In our simu-
lations, the temperature was always fixed at 300 K. Therefore, it
is inferred that the high-frequency vibration has similar effects
as temperature: both can promote the atomic mobility. Moreover,
large strain amplitude or high temperature easily leads to amor-
phization (or melting). The two scenarios represent either mechan-
ically driven or thermally activated lattice instability of crystalline
lattice.

4. Summary

In summary, we propose an ultra-fast and easy-to-operate strat-
egy to induce amorphization of crystalline by ultrasonic vibrations
under near room temperature and low-stress conditions. In the
early stages of ultrasonic vibration, the defect concentration inside
the sample increases dramatically involving critical role of grain
boundary dynamics. When the grains are quite small (<10 nm), the
GBs bear most of the strain in the form of lattice atomic displace-
ments, triggering elastic instability and then achieving amorphiza-
tion. As the vibration cycle increases, these amorphous phases ini-
tiated at GBs continue to expand into the grain interiors and even-
tually yield large fraction of amorphization. In this process, the ele-
ments (Al, Ni, and Cu) inside the two-phase crystalline IMC diffuse
through short-circuit channels (e.g., dislocations and grain bound-
aries), which homogenizes the elements inside the individual pow-
der. All the above processes happen in a very short period of time
(within 60 s). The atomistic mechanism of amorphization start-
ing from GBs and with significant role of mass transport from GBs
to interior has been captured by molecular dynamics simulations.
Based on the current approach, ultrasonic vibrations may enable
fast amorphization of new materials which sounds implausible by
implementing the conventional solid-state amorphization methods.
Meanwhile, this work provides a new observation window to trace
the fundamental mechanism of order-disorder transition down to
the atomic scale.
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