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� A facile and rapid method of solid-
state amorphization is proposed.

� Ultrasonic vibration treatment
enables easy crystal-amorphous
transformation of high entropy alloys.

� Grain refinement is the key to the
crystal-amorphous transformation,
and grain boundary amorphization is
the main mechanism.

� The mechanical properties of the
treated samples have significantly
improved.
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Due to the distinct design concept, high-entropy alloys (HEAs) exhibit unusual properties and lead an
emerging new field. In this work, we show that a typical face-centered cubic crystalline phase
CoCrFeNiMn HEA can be readily transformed into the amorphous phase under the ultrasonic vibration
treatment (UVT) at a frequency of 20000 Hz. The nanoscale hierarchical features include twins, stacking
faults bands, hexagonal-close packed phase bands and even amorphous bands can be obviously identified
in samples treated by different UVT energies. The dominant mechanism of ultrasonic vibration-induced
amorphization is that the grain refinement promotes the formation of amorphous phases when the defect
density at the grain boundaries reaches a critical level. In addition, the mechanical instability is easily
induced by ultrasonic vibration at high strain rate to generate amorphous phase inside the grains. As a
consequence of UVT, the HEA samples revealed significant mechanical performance improvement owing
to the microstructure evolution especially the generation of amorphous phase, such as yielding strength
and hardness. This rapid amorphization process provides not only a candidate strengthening mechanism
for HEA, but also a novel approach to unveil the pending crystal-amorphous transition problem.
� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

High-entropy alloys (HEAs) contain five or more major ele-
ments with equal or nearly equal atomic percentages, with the
concentration of each element varying between 5 and 35 % [1–4].
This solid solution HEAs in a stable equiatomic multi-element alloy
possesses various excellent properties such as fatigue properties,
phase stability and radiation damage tolerance [5–8]. Therefore,
HEAs have attracted significant attention in the last decade as a
material with potentially interesting properties [9–11].

The introduction of amorphous phases to HEAs can provide
additional strengthening and toughening mechanisms for its excel-
lent properties [12–15]. The appearance of partially amorphous
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phases in the deformation zone of HEAs under the action of
extreme forces has been reported previously, such as forced shear-
ing [13], low temperature stretching [14], high pressure torsion
[15], and ball milling [16,17]. In addition, magnetron sputtering
and laser melting and sinking also tend to make crystalline solid
solutions amorphous owing to the rapid cooling process [18–21].
Above all, these methods that enable the conversion of ordered
state crystals to disordered non-crystals are an interesting and
worthwhile phenomenon to investigate, in terms of performance
and mechanistical principle.

For the study of amorphization phenomenon, a novel and effi-
cient high-frequency low-stress ultrasonic vibration treatment
(UVT) is applied in this work. It is a simple, economical and flexible
auxiliary method [22–25] that can improve the plasticity, strength,
hardness and formability of samples in an extremely short time
[26–29]. By applying UVT to the face-centered cubic (FCC) CoCrFe-
NiMn HEA, we were surprised to find large amorphous regions on
the HEA specimens by transmission electron microscopy (TEM).
Besides, a large number of dislocations, twins, stacking fault (SF),
as well as hexagonal close-packed (HCP) were observed by using
high-resolution transmission electron microscopy (HRTEM). In
terms of mechanical properties, the CoCrFeNiMn HEA treated with
UVT showed a significant increase in hardness and yield strength.
Our results show that UVT could be a novel strategy that trans-
forms metal materials such as HEAs from crystalline to amorphous
state.
2. Materials and methods

2.1. Materials preparation

Nominal composition Co20Cr20Fe20Ni20Mn20 (at.%) HEA master
alloys are purchased commercially. The master alloy was cut into
a cuboid with dimensions of 20 � 8 � 2 mm3 by a low-speed wire
electrical discharge machining (WEDM-LS, AP250LS, Sodick,
Japan). And the surface was subsequently polished with sandpaper
for UVT experiments.

2.2. Ultrasonic vibration treatment (UVT) setup

The ultrasonic sonotrode generator generates an initial ultra-
sonic signal with a frequency of 20 kHz, and an ultrasonic sono-
trode with a diameter of 5 mm was selected to obtain a high-
frequency mechanical vibration through signal conversion. Firstly,
a special fixture was used to fix the sample on the experimental
bench, to maintain the stability of the sample under the energy
of high frequency vibration. Secondly, we set processing parame-
ters on the control panel and then started the ultrasonic vibration
machine. With the downward movement of the ultrasonic sono-
trode, high frequency ultrasonic vibration was applied. It should
be noted that the impact was exerted on the near-surface zone.
Finally, the sonotrode left a circular indentation on the surface of
the sample. In order to obtain the desired experimental results, a
series of parameters (amplitude, pressure and energy, etc.) were
adjusted after several experiments, and finally-three sets of suit-
able experimental parameters were determined. Table S1 lists
the experimental data parameters.

2.3. Structure characterization

The atomic structure was characterized in a JEM-2100F TEM
with energy dispersive spectroscopy (EDS). HEA samples for TEM
observation were prepared on a double beam system (FEI Scios).
These samples were taken from the area of UVT. The microstruc-
ture in the deformation area of the samples was characterized by
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electron backscattered diffraction (EBSD). The samples were pre-
pared by ion-beam polishing for 1 h at 6.5 kV. The EBSD character-
izations were operated with a step size of 0.5 � 2 lm at 20 kV.

2.4. Temperature and force measurement

To obtain the thermal effects of the process, an infrared thermo-
grapher with an accuracy of 1 �C was used to monitor temperature
changes. The HEA sample was put on a dynamometer to receive
the real-time force during ultrasonic vibration loading. The data-
acquisition card (National Instruments NI-9237) was used to col-
lect and process the force data with a frequency of 2,000 Hz.

2.5. Mechanical testing

In the compression experiment, the samples were made into a
cylinder with a height of 1.8 mm and a diameter of 1.5 mm by
using WEDM-LS for the ultrasonic vibration treated area. A univer-
sal material testing machine was used to perform multiple com-
pression experiments on the samples. The compression
properties of the micropillars were tested on a nanoindentation
testing system (Hysitron TI950). The hardness of the samples
was measured by a FMARS9000 automatic micro hardness instru-
ment to do a mapping over a 2 � 2 mm2 region, the hardness of the
cross section of the UVT treated area was also tested.
3. Results

3.1. UVT experiment results

In the present work, UVT experiments were carried out in four
groups of samples. The purpose was to transform the crystalline
structure of HEA into an amorphous phase structure, as shown in
Fig. 1a-c. Generally, the whole process would last only a few sec-
onds. Taking 15000 J energy treated sample as an example, HEA
samples before and after UVT are shown in Fig. 1d. The local defor-
mation zone is exactly where the amorphous phase appears. From
the force data collected in the experiments, the average stress is
about 23 MPa (Fig. 1e). Obviously, this is a low stress experiment.
Fig. 1f shows the thermogram at the highest temperature during
the UVT process, and Fig. 1g shows the temperature curve of the
UVT process. The temperature curve of the 15000 J sample shows
that the maximum temperature rise throughout is less than
200 �C, which is far below its melting point of the equiatomic CoCr-
FeNiMn HEA. That is to say, the possibility of an amorphous phase
formed by rapid cooling can be excluded.

3.2. Amorphous phase under TEM

To better investigate the formation process of the amorphous
phase, the microscopic morphology, the corresponding selected
area electron diffraction (SAED) patterns and the selected-area
HRTEM images of the as-received, 5000 J, 10000 J and 15000 J sam-
ples are shown in Fig. 2. Fig. 2a-c illustrate that the as-received
sample is a typical FCC structure. It can be clearly seen that the
SAED of FCC matrix at [122] zone axis (Fig. 2b) and typical FCC
matrix (Fig. 2c). Fig. 2d-f are the TEM images after 5000 J energy
UVT, the selected section is no longer as complete as the FCC struc-
ture. Several diffraction rings and heterogeneous diffraction spots
also indicate that the FCC structure of HEA has been difficult to
observe by TEM. And it transforms from a single crystal structure
to multiple fine crystals + internal amorphous structure. This struc-
ture is closer to the polycrystalline, which is similar to a typical
polycrystalline diffraction ring (Fig. 2e). After further analysis, we
can see the HRTEM image reveals that some amorphous phases



Fig. 1. Ultrasonic vibration treatment of HEA. (a) Schematic diagram of the sample and its internal atomic structure. (b) Schematic diagram of UVT device. (c) Schematic
diagram of the treated sample and its internal atomic structure. (d) Comparison of 15000 J energy treated samples before and after UVT. (e) The stress-time curve of UVT
process (15000 J). (f) Infrared thermographic image of the highest temperature point (15000 J). (g) Temperature profile of the UVT process (15000 J).
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are interspersed among numerous small grains with different crys-
tal orientations, as shown in Fig. 2f. The inset is the corresponding
fast Fourier transform (FFT) pattern, which is similar to the result
of the SAED image. This is the initial stage of amorphous phase for-
mation. Immediately afterwards, we tried the UVT with 10,000 J
and many slip bands and high density of dislocations appear,
which can be seen in Fig. 2g. Amorphous diffuse halo rings and
diffraction spots appear in Fig. 2h, indicating that there are both
amorphous and crystalline phases here. The increase of the amor-
phous phase is clearly seen in Fig. 2i, and the amorphous phase is
interspersed with many nanocrystals about 5 nm. Fig. 2j shows the
morphology of the 15000 J sample observed under TEM. The corre-
sponding SAED pattern of this region is shown in Fig. 2k. Surpris-
ingly, when the input energy is increased to 15000 J, the
amorphous phases are formed more uniformly and densely in
Fig. 2l compared with Fig. 2i, although some nanocrystals are also
present. Also, the amorphous diffuse halo ring is more obvious. In
general, Fig. 2 shows the direct observational evidence of amor-
phous phase in the HEA crystal phase. However, the proportion
of the amorphous phase to the overall crystalline phase remains
3

low (Discussion and Supplementary Materials will further explain).
The amorphous phase clearly visible under TEM laid the founda-
tion for the subsequent work.

In more detail, we selected a sample treated with 15000 J
energy and observed the characteristics of different regions by
TEM. An amorphous-crystalline-amorphous TEM image was pre-
sented to demonstrate the transition between the two phases
(Fig. 3a). Fig. 3b is the corresponding FFT pattern of Fig. 3a, show-
ing the obvious amorphous ring and crystalline phase diffraction
spots. In this case, three regions (R1, R2, R3) were chosen for speci-
fic observation. R1 is an amorphous region (Fig. 3c). The corre-
sponding FFT pattern (Fig. 3f) has a clear amorphous ring. The R2
region is a typical crystal structure, which can be clearly seen from
the results in Fig. 3d and Fig. 3g. The R3 region is an amorphous
region, and the disordered structure can be clearly observed in
the magnified Fig. 3e. Also its corresponding FFT pattern (Fig. 3h)
can prove this. Another amorphous-crystalline transition structure
is also shown in the supplemental material (Fig. S1). An EDS map-
ping is performed of the region in Fig. S1a. Element segregation and
aggregation are not observed in the results (Fig. S1b-f). The distri-



Fig. 2. The crystal-amorphous transition process of HEA treated by UVT. (a, d, g, j) The TEM morphologies of the untreated, 5000 J energy treated, 10000 J energy treated and
15000 J energy treated samples, respectively. The blue circle area is the corresponding SAED area. (b, e, h, k) The diffraction patterns correspond to (a), (d), (g) and (j). (c, f, i, l)
The HRTEM images of the untreated, 5000 J energy-treated, 10000 J energy-treated and 15000 J energy-treated samples, respectively, and the insets are the FFT patterns.
Where the FFT patterns in the lower right corner of (i) and (l) correspond to the green boxed region.
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bution of various elements is uniform. Additional evidence of
amorphous is provided in supplementary materials (Fig. S2).

Here we describe the volume fraction of the sample where the
amorphous occurs, so we give the volume fraction of amorphiza-
tion roughly by the process of FIB sampling and TEM characteriza-
tion. First, the sampling depth of FIB is about 6 lm, and the
effective observation area after ion thinning is about 5*5 lm (as
shown in Fig. S3). We can find the amorphous phase in the whole
sample by high-resolution TEM. After some statistics and analysis
(please see Supplementary Material Fig. S4 for details), we deter-
4

mined that the area occupied by the amorphous phase is about
15 %. Therefore, we presume that the volume fraction of sample
amorphization is 15 % and its depth is at least 5 lm.
3.3. Mechanical properties

At the macroscopic level, we characterized the mechanical
properties of the samples to investigate how the UVT would bring
to them. The compression experiments were performed on three
treated samples as well as the original samples. After further mea-



Fig. 3. Detailed analysis of 15000 J energy treatment sample. (a) TEM images of the amorphous-crystalline-amorphous transition structure. (c,d,e) are enlarged views of the
R1-3 region in (a), respectively. (b,f,g,h) are the corresponding FFT patterns of (a,c,d,e), respectively.
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surement, it was found that the height of all samples which
h > 1.8 mm. So, to ensure the consistency of samples size, we made
the height of the samples uniform at h = 1.80 ± 0.03 mm (Fig. S5).
Fig. 4a shows the compression curves of the four samples. The yield
strength was calculated as the stress value corresponding to 0.2 %
residual deformation. The corresponding yield strength for each
sample was obtained after multiple data sets were calculated.
The strengths of the as-received sample, 5000 J sample, 10000 J
sample and 15000 J sample are � 282 MPa, �314 MPa,
�377 MPa and � 398 MPa, respectively. It can be seen that the
yield strength of HEA increases with the increment of energy input.
The maximum strength is increased by 41 %.

To explore the effect of UVT from the top to the bottom of the
specimen, a cross-sectional hardness test of the UVT treated area
was done. The results are shown in Fig. 4b and it was found that
UVT only affected the hardness of the sample to a depth of approx-
imately 0.6 mm and did not affect the hardness of the bottom of
the sample. In addition, the hardness of the UVT-treated samples
was measured by a microhardness tester to do a mapping over a
2 � 2 mm2 region. The results of the surface mapping diagram
for hardness are shown in Fig. 4c. The average hardness of the four
5

samples are about 265 HV, 277 HV, 298 HV, and 328 HV, with a
maximum hardness increase of about 24 %. Both the strength
and hardness of the samples are positively and linearly correlated
with the experimentally applied ultrasonic vibration energy.

In addition, UVT affects mainly the surface area, so we added a
micropillar compression experiment. The experiment was per-
formed using a pillar of 3 lm height and 3 lm diameter prepared
by FIB (Fig. 5a), and the compression experiment was performed
on a nano-indenter using a 10 lm diameter indenter. The result
data obtained from the micropillar compression experiments are
shown in Fig. 5b, and the strengths of the as-received, 5000 J,
10000 J and 15000 J samples are � 850 MPa, �1000 MPa,
�1180MPa and� 1300MPa, respectively. At the microscopic level,
the UVT samples still show the pattern that the higher the treat-
ment energy, the higher the yield strength. 15000 J samples show
a maximum strength increase of 53 %.



Fig. 4. Improvement of mechanical properties. (a) Compression curves for untreated sample, 5000 J energy-treated sample, 10000 J energy-treated sample, and 15000 J
energy-treated sample. (b) Cross-sectional hardness for four types of samples. (c) Surface hardness mapping for four types of samples.

Fig. 5. (a) SEM image of micropillar. (b) Stress–strain curves of micropillar compression.
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4. Discussion

4.1. Mechanism of the amorphization process

Although there is extensive research on the field of amorphiza-
tion, the mechanisms of amorphization are still the subject of
much research and discussion [30–32]. Thus, we need to further
analyze the mechanism of UVT-induced amorphization in CoCrFe-
NiMn HEAs. The internal atomic structure was mainly observed by
HRTEM to verify the transition from crystal to amorphous. Taking
the 10,000 J energy-treated sample as an example (Fig. 6a), we
observed a variety of structures by TEM and analyzed them in
detail. In the area shown in Fig. 6a, amorphous and crystalline
dominate most of the area, as shown in the supplementary mate-
rials (Supplementary Fig. S2d-f). A TEM-EDS line scan of this region
Fig. 6. Analysis of the amorphization. (a) Local morphology of the 10,000 J energy treat
dislocation and twinning regions. (c) HRTEM image of the twin region selected from (a)
region from (a). Amorphous island in the FCC matrix is shown. (e) HRTEM image of the ye
selected from the green region of (b). HCP structure of the atoms is shown. (g) TEM imag
state. (i) HRTEM image of the two grains at the GB. The green arrows are highlighted at
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was performed to amorphous region and FCC matrix (Supplemen-
tary Fig. S6). No obvious compositional differences between the
amorphous regions and the FCC matrix were detected. To verify
that the crystal-to-amorphous transition of this alloy is polymor-
phic solid-state amorphization (SSA), the chemically averaged
compositions of the individual elements were measured in EDS
line scan data across the amorphous-crystalline interface: Co-20
at%, Cr-17 at%, Fe-17 at%, Mn-23 at%, and Ni-25 at%. This suggests
that the observed amorphous phases are not caused by chemical
reactions occurring during the experiment, but may be due to
deformation brought about by high-frequency ultrasonic vibra-
tions. The SSA is commonly found in most crystalline materials
[33,34], which is a phenomenon worthy of in-depth study.

A significant number of dislocations, twins and amorphous
phases were found by TEM characterization (Fig. 6b) and high-
ment sample. (b) TEM image of the SFs region selected from (a). The complex layer
. Dislocations are marked with the symbol \. (d) Selected HRTEM image of the FCC
llow region selected from (b). Demonstrates the details of the twin. (f) HRTEM image
e of low-angle GB shows ordered states. (h) TEM image of high-angle GB, disordered
the high-density defects.
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lighted in Fig. 6c. It is worth mentioning that many amorphous
islands with sizes around 2–3 nm were found in the FCC region
(Fig. 6d), and similar areas we have observed in many places
(shown in Fig. S7). Fig. 6b illustrates the SFs region with the corre-
sponding FFT pattern inserted to show the formation of SFs. The
yellow boxed area corresponds to the enlarged figure of Fig. 6e,
showing the twin. The green boxed area corresponds to Fig. 6f,
where the SFs region is most likely to show the FCC ? HCP phase
transition. Because the current equiatomic HEA has a low SF
energy [35]. Zaddach et al. [36] used density functional theory to
calculate SF energy and obtained that the value of CrMnFeCoNi
HEA at 0 K was only 20 mJ/m2. The presence of HCP, on the other
hand, induces the transition from the crystalline phase to the
amorphous phase more easily. Crossed SFs in Fig. 6b form
Lomer-Cot-trell locks (LCs), and the lower SF energy promotes
the formation of LCs, twins and HCP bands. Of more interest to
us is another scenario where amorphization occurs in the grain
boundaries (GBs). For now, abundant literature has reported exam-
ples of crystal GB amorphization [37–42], which is a reliable
explanatory path for crystal amorphization. Simulations in the lit-
erature show that internal boundaries tend to be the preferred
nucleation sites for migrating dislocations, resulting in dislocation
obstruction and dislocation pile-ups [43,44]. Fig. 6g shows the
junction of two grains G1 and G2 with a low-angle GB, which is
in an ordered state. Fig. 6h shows the junction of two grains whose
GBs are high-angle GBs, which is identified as disordered in the lit-
erature [37]. High-frequency vibrations can easily squeeze or
stretch the atoms between GBs, and Fig. S8 gives a sketch for
high-angle GBs to explain this phenomenon. This means that
high-angle GBs are the most likely locations for amorphous phases.
In Fig. 6h, it is clear that the disorder region at the grain boundaries
expands from bottom to top. In Fig. 6i, the disorder region expands
again at any time with the continuous input of ultrasonic energy.
The precursors of amorphous phase are gradually formed at the
GB, and there are severe lattice distortions. Heavily distorted
regions are sandwiched between the grains, these regions are in
the metastable mesophase and are most susceptible to transforma-
tion to the amorphous phase under continuous ultrasonic vibra-
tion. Close to the grain surroundings are some high-density
defects (green arrows), which are also precursors to amorphiza-
tion. There are similar reports in the relevant literature [45]. Thus,
from Fig. 6g-i, we believe that the main mechanism dominating
amorphization of HEA in UVT is GB amorphization.

Grain refinement, which is considered to be the first step before
the onset of amorphization [46]. In ball milling amorphization,
only crystals with grain size less than 100 A undergo amorphous
transformation during the ball milling process [47]. The grain
refinement process is not difficult to see in the TEM images
(Fig. 2c ? 2f), with a large number of nanocrystals present in
Fig. 2f, and the wider diffraction pattern in this region also shows
a typical polycrystalline diffraction ring (Fig. 2e). Supplementary
material Fig. S9 gives an EBSD pattern of the as-received sample,
illustrating that the grains of the commercially purchased samples
are super-sized. After UVT, the super-sized grains break up and a
large number of nanocrystals appear. The black and white patches
shown in Fig. S10 in the supplementary material are the nanocrys-
tals. After a certain degree of grain refinement, the nanocrystal
structure is unstable and ideal for promoting SSA [48,49]. In addi-
tion, after grain refinement, the percentage of sub-GBs increases
significantly and the degree of confusion is elevated, which in this
case is highly conducive to the spread of amorphous phases. From
the kinetic perspective, high-frequency sustained ultrasonic vibra-
tions can provide enough momentum for atoms in disordered GBs
to move to a metastable position. When metastable atoms are
prevalent, then providing energy as a driving force to drive the
atoms can easily lead to amorphization [50,51]. From thermody-
8

namic perspective, increasing the number of GBs by reducing the
grain size introduces disordered structures, thereby increasing
the energy storage of the system. Meanwhile, UVT can provide
energy to the sample. In summary, grain refinement, as a necessary
prerequisite for amorphization, is a crucial part of this work.

In the grain interior, SSA is generally an amorphization that
occurs at high strain and/or high strain rate. At high strain rates,
there is not enough time for the sample to activate the plastic
deformation mode [52]. In our work, UVT produced a local defor-
mation of the sample, forming a pit of 2–3 mm in the middle.
But the deformation process is very rapid, and UVT meets this
characteristic of high strain rate. When the partial crystalline
transformation to amorphous is completed in a very short period
of time, it will skip the phase transformation modes of twinning,
layer dislocation, and FCC ? HCP. It is worth noting that the ultra-
sonic vibration not only collapses the sample surface area once, but
repeatedly and rapidly impacts the sample surface numerous
times. This process is actually adding defects to the samples con-
tinuously. Under ultrasonic vibrations at high frequencies, it is
extremely easy to cause mechanical instability of the crystalline
phase [53]. In this case, defects (e.g., dislocations and point defects)
tend to appear inside the grains. Once the defects accumulate to a
certain concentration, they converge to form nano-amorphous
islands. With the input of ultrasonic vibration energy, the amor-
phous islands increase and interconnect. It is likely to form a large
region of amorphous phase within the crystal. The appearance of
amorphous islands within the crystal (secondary mechanism),
can be used as a complement to the amorphization at the grain
boundaries (primary mechanism).

We can envision an abbreviated process of amorphization rep-
resented by the schematic diagram shown in Fig. 7. The TEM pic-
tures in Fig. 7a correspond to the schematic process in Fig. 7b. In
Fig. 7b, UVT causes the grain refinement of the equiatomic CoCrFe-
NiMn HEA to occur first, when disorder boundaries start to appear.
Subsequently, high-frequency ultrasonic vibration continues to
provide deformation energy, and the volume fraction share of dis-
ordered boundaries increases significantly. In other words, the dis-
ordered regions (yellow lines in Fig. 7b) expand, cross, and
nucleate at the GB with the increase of dislocation density to even-
tually form a large amorphous phase. If the defect density is the
variable, then the disordered phase generation starts with point
defects and dislocations (Fig. 7c). As the defect density increases,
twins appear. And then, the increase in defect density and the pro-
liferation of SFs make it easy for phase transformation to occur.
Eventually, the highest strain state of amorphization is reached.
Generally, SSA follows basically this process. However, since the
amorphization process is complex and diverse, there are cases
where the intermediate stages can be directly skipped, such as
the amorphous islands that appear in this work. Our results pre-
sented above may provide new insights to understand the nature
of the crystal to amorphous transition.

4.2. Mechanical properties of HEAs after UVT

On the macroscopic compression experiments, it can be con-
cluded that UVT treatment has an enhancement effect on the
strength. In the 5000 J sample, the apparent increase in strength
is mainly due to grain refinement (less amorphous phase at this
point). In the case of the 10,000 J and 15,000 J samples, the amor-
phous phase plays a very important role. Because there is a limit to
the refinement of the grain, it cannot be refined indefinitely. So, the
contribution of amorphous phase in mechanical properties - as a
barrier to dislocation propagation [54–55]. And the amorphous
phase should be harder than its crystalline counterpart,
crystalline-amorphous nanolaminates enhance the strength and
hardness of the material [56–57]. In addition, the grain refinement



Fig. 7. Proposed hierarchical deformation mechanism paradigm for equiatomic CoCrFeNiMn HEAs. (a) HRTEM images of HEA samples. In the process of grain refinement after
UVT, the amorphous phases are produced as the crystal grains are refined. (b) The yellow lines in the four models represent the disordered regions of grain boundaries. With
the increase of dislocation density, the final SSA occurs. (c) Highlight the details of the mechanism of amorphous, showing dislocations, twinning, phase transitions and
amorphous phases. In general, triggering the next mechanism requires the creation of additional defects (energy source). The model is a holistic orientation in which the
various mechanisms are interacting to form intricate microstructures.
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and the increase of dislocation density have enhanced effects on
the strength and hardness of the material. Therefore, the UVT-
treated high-entropy alloys has these special microstructures,
which are able to enhance the strength and hardness substantially.

In microscopic samples, micropillar compression similarly
demonstrated the ability of UVT to enhance the strength of HEA.
In terms of yield strength, the microscopic samples were approxi-
mately 3x higher than the macroscopic samples. This happens due
to the extrinsic size effect of small samples. This size effect is deter-
mined by the size of the dislocation source [58]. At least we can be
sure that the as-received sample is due to this reason, because its
grains are not refined. While the 5000–15000 J samples are more
complex internally, we cannot exclude that they do not receive size
effects. And, they may still be in the presence of internal stresses,
which would likewise lead to an increase in strength. But in macro-
scopic compression, the depth of UVT influence is at 1/3 of the sur-
face, and overall, the internal stress will have much less effect on
the strength. In addition, we did not consider the effect of strain
rate on strength when doing micropillar compression experiments.
In the micropillar compression experiments, the higher the strain
rate the greater the strength enhancement [59]. Therefore, it will
be more interesting to design more systematic and rational exper-
iments to explore the microscopic properties of UVT in future
work.
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5. Conclusion

All in all, we propose a rapid and facile amorphization UVT
method for the multi-component HEA under low stress and tem-
perature. We are able to roughly estimate an amorphization vol-
ume fraction of 15 % at a depth of 5 lm on the sample surface.
The equiatomic FCC structure of CoCrFeNiMn HEA can generate a
variety of microstructural morphologies by UVT in seconds, includ-
ing nanocrystalline, SFs bands, twins, HCP lamellae, amorphous
bands, and amorphous islands. GB amorphization plays a dominant
role in the amorphization process of HEA. Grain refinement and the
introduction of amorphous phases improve the mechanical proper-
ties of this material. At the macroscopic level, the yield strength is
increased by 41 % and the hardness is increased by 24 %. On the
microscopic level, the yield strength was increased by 53 %. Our
results throw lights on the revealing of the order–disorder transi-
tion in alloys and provide new ways to realize the strengthening
of metallic materials.
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