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Due to their excellent properties of specific strength,
fracture resistance, corrosion and oxidation resistance, the
high-entropy alloys have attracted widespread attention as
engineering materials. For the sake of industrial applica-
tions, one of the essential stages would be the forming of
them, especially the construction of multi-scale structures
from macroscale to nanoscale. In this work, an efficient
method to achieve the fabrication of multi-scale structures
on the high-entropy alloys is proposed, namely ultrasonic
vibration-assisted plastic forming. In this way, the required
pressure can be effectively reduced from 1.53 GPa to
6.87 MPa. And the whole process takes place in millisec-
onds. Meanwhile, transmission electron microscopy (TEM)
and electron backscatter diffraction (EBSD) were used to
explore the plastic deformation mechanisms of a synergy
between dislocation and twinning. The current findings
open a window not only to propose new methods for
forming multi-scale structures of high-entropy alloys but
also to reveal the plastic deformation mechanism.
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Ultrasonic processing is a non-traditional machining
method which uses ultrasonic vibration to introduce energy
into the machining process. It mainly relies on the instan-
taneous local impact of abrasive to remove the machined
material, and the macroscale cutting force and cutting heat
in the whole process are very small. Therefore, the tool
load is reduced, the workpiece is less prone to surface
burns, and the degree of surface finish is improved, further
improving machining quality and efficiency [1-4]. At the
same time, it is especially suitable for processing parts with
thin wall [5], micro-groove [6] and low stiffness [7].

In 1955, Blaha and Langenecker [8] found a sudden
reduction in the deformation force of materials under ultra-
sonic vibration. Subsequently, in 1966, Langenecker [9]
proposed that ultrasonic vibration could soften metals without
heating. This phenomenon is now often referred to as
acoustoplasticity. Based on this interesting property, scientists
have conducted numerous studies in terms of volume effects
and surface effects [10, 11]. Dislocation theory as a repre-
sentative of volume effects is considered to preferentially
absorb acoustic energy and thus reduce critical stress [9, 12].
Likewise, friction has become a frequent subject of discussion
on the surface effects of ultrasonic vibration [13]. Based on
this unique property and scientists’ research on the mecha-
nism, ultrasonic vibration-assisted plastic forming (UAPF)
was born. In industry, this technology is used in engineering
applications for plastic processing processes such as piercing
[14], injection molding [15], powder molding [16], wire
drawing [17], extrusion [18], sheet molding [19].

With the further study of materials, multi-principal
element alloys have gradually become a new hot spot in the
field of metallurgy. They include medium-entropy alloys
(MEAs) and high-entropy alloys (HEAs). MEAs are usu-
ally ternary systems with good mechanical properties. For
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instance, CrCoNi-based MEAs have excellent strength-
toughness properties, strength and ductility at cryogenic
temperatures and high strain rates [20-22]. HEAs with
good fracture toughness [23], tensile strength [24], corro-
sion resistance [25], oxidation resistance [26] and other
excellent properties are gradually on the stage of engi-
neering materials. It is well known that HEAs have four
unique effects: high-entropy effect [27], sluggish diffusion
effect [28], “cocktail” effect [29] and lattice distortion
effect [30]. Although scientists have conducted some
research on HEAs, little research has been done on the
formation of microscale and nanoscale structures of HEAs.
On the one hand, scientists have only studied some aspects
of processing such as the ultra-precision cutting [31] or
ultrasonic vibration-assisted turning [32] of HEAs. On the
other hand, existing processing methods such as additive
manufacturing for structural forming require expensive
equipment, a long manufacturing cycle and restricted
ultimate forming dimensions [33, 34].

Therefore, this work proposes a more convenient
method for the forming of HEAs, that is, UAPF of HEAs at
macro- to nanoscale. Ultrasonic vibration not only prevents
the dislocation from plugging at the grain boundary during
UAPF but also induces the formation of twins. This allows
dislocations and twins to absorb more energy, leading to
the continuation of plastic deformation. That is to say,
UAPF can be used to widen the limit size of structures. Due
to the mechanical effect of ultrasonic processing, the
pressure required for material forming can be effectively
reduced from 1.53 GPa to 6.87 MPa. Moreover, due to the
rapid release of ultrasonic vibration, the whole time of
UAPF is usually in milliseconds, so it makes the processing
very efficient. In tests, the temperature rise of the whole
process is less than 100 K and can be restored to room
temperature after 15 s. The UAPF method will provide a
better scheme for the rapid plastic forming of HEAs.

The CoCrFeNiMn HEAs were prepared from five ele-
ments with a purity of 99 at% by vacuum arc melting. Then,
the samples were cut to 20 mm in length, 8 mm in width
and 3 mm in height using wire electrical discharge
machining-low speed (WEDM-LS). Samples with a diam-
eter of 5 mm and a height of 2 mm, and a diameter of 4 mm
and a height of 1 mm were also prepared by WEDM-LS.
The surface of the samples was then polished with a pol-
ishing machine using 400, 800, 1200, 1500 and 2000 meshes
abrasive papers and velvet polishing cloth, respectively.

The whole process consisted of generating a high volt-
age, high-frequency signal of 20 kHz from the generator
and converting the signal into high-frequency mechanical
vibration through the transducer system, and then con-
tacting by the ultrasonic indenter (Ti-6Al-4V) to the sam-
ple. Due to the short working cycle, the total vibration time
can be controlled in milliseconds.
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The low-magnification structures were observed by
scanning electron microscopy (SEM; Quanta FEG 450,
FEI, America). Through the confocal laser scanning
microscope (CLSM; VK250, KEYENCE, Japan), the
three-dimensional morphology and dimensional data of the
molds and HEAs could be obtained. In order to further
observe the evolution of microstructure and thus speculate
on the mechanism, the HEA samples were prepared by
SEM/focused ion beam (FIB) double beam system (FEI
SCIOS, FEI, America). The microstructure was then ana-
lyzed by a double spherical aberration corrected transmis-
sion electron microscope (TEM; FEI Titan Cubed Themis
G2 300, FEI, Netherlands). The characteristics of the
microstructure were observed by the high-angle annular
dark field (HAADF) and selected area electron diffraction
(SAED) patterns, and the TEM-equipped energy-dispersive
spectroscopy (EDS) was used to analyze the surface ele-
ment distribution. Besides, through EBSD equipped with
an HKL-EBSD system, the microstructural features of the
sample deformation zone were characterized using the field
emission scanning electron microscope (FESEM; MAIA3,
TESCAN, Czech). The samples were prepared by ion-
beam polishing for 1 h at 6.5 kV, and the EBSD charac-
terizations were operated with a step size of 0.5-2 pum at
20 kV. Eight points were selected from the untreated
samples and the UAPF-treated samples, respectively, to
obtain the changes in the mechanical properties of HEA.
Then, the surface hardness was then measured at the
selected location under a load of 4.90 N for 10 s with the
automatic Vickers hardness tester. Load measurement was
performed using a self-made dynamometer, and a data-
acquisition card (National Instruments NI-9237) with a
sampling frequency of 500 Hz was used to transmit the
data to a computer. The thermal images were captured by
the infrared imaging camera (Fotric 280d, FOTRIC, China)
with a sampling frequency of 60 Hz.

Figure 1a shows schematic diagram of UAPF. The
whole process of UAPF is very simple, i.e., the HEA and
the mold are stacked in a locating part, and then, ultrasonic
vibration is applied to them by the indenter. Macroscale
structures can be prepared in this simple way. Figure 1b
shows a mold with the structure of the convex “HEA”
letters, and Fig. lc shows a HEA replica sample with the
structure of Fig. Ib. CLSM images with blue and red
square areas in Fig. 1d correspond to the positions in
Fig. 1b and c¢ and show the flatness of the replicated
structures. Besides, HEA can also replicate the concave
structure of the mold. Figure le corresponds to a mold with
the structure of the concave “HEA” letters, and Fig. If
shows a sample of HEA with a replica of the structure in
Fig. le. Similarly, the CLSM image with orange and yel-
low square areas in Fig. 1g corresponds to the positions in
Fig. le and f, showing the flatness of the replication
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Fig. 1 a Schematic diagram of UAPF; b mold of a structure with a convex structure of “‘HEA’ letters; ¢ reproduction of HEA sample
with the structure of b; d CLSM images represent flatness of blue and red square areas in b and c¢; e mold of a structure with a concave
structure of “HEA’ letters; f reproduction of HEA sample with structure of e; g CLSM images represent flatness of orange and yellow

square areas in e and f

structure. It can be seen that macrostructures can be pre-
pared by UAPF with good replication accuracy and quality.

Through UAPF, the microscale and nanoscale structures
of HEAs can also be prepared. Figure 2a shows the HEA
sample with microgrooves, and it is prepared by the
structures of the stainless steel mold in Fig. 2b. Figure 2¢
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shows a cross-groove structure prepared by the tungsten
carbide mold in Fig. 2d. In addition, 200 nm diameter
nanowires and 390 nm nanowires can also be prepared by
UAPF in Fig. 2e and f. Figure 2g shows the lateral mor-
phology of the 200 nm nanowires. These microstructures
allow HEAs to have more potential applications.
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Fig. 2 a SEM image of reproduction of HEA sample with straight groove structure; b SEM image of straight groove structure in mold;
¢ CLSM image of reproduction of HEA sample with cross-groove structure; d CLSM image of cross-groove structure in mold; SEM
image showing HEA nanowire prepared using anodic aluminum oxide (AAO) template of e 200 nm, f 390 nm; g SEM image showing

lateral morphology of 200 nm diameter nanowires

To further investigate the mechanism of UAPF action on
HEASs, the microstructures of as-cast HEA and the UAPF-
treated samples were observed. In contrast with the atomic
arrangement in HRTEM image of as-cast HEA in Fig. 3a,
the UAPF-treated sample in Fig. 3b shows a sea of defects.
Figure 3c shows the one-dimensional Fourier-filtered
image of Fig. 3b, showing a set of planes with blue arrows.
The dislocations are displayed in the form of symbols L in
Fig. 3c. As shown in Fig. 3d, the green lines in EBSD
image represent the grain boundaries of adjacent grains
whose phase difference is less than 10°, known as low-
angle grain boundaries. Low-angle grain boundaries can be
considered as arrays of dislocations [35]. Figure 3e shows
the large-scale morphology of the UAPF-treated sample
under TEM. By the difference of the contrast, the position
of the dark color can be analyzed as the area with dense
dislocations. Not only that, but also obvious stacking faults
(SFs) and deformation twins (DTs) were observed in the
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region of high-density defects. Figure 3f and h shows both
HRTEM images, and their enlargements are in Fig. 3g and
i, respectively, both reflecting the distinctive features of
SFs. Even more, multiple deformation twins were found in
the other region of high-density defects, as shown in
Fig. 3j. Figure 3k represents HRTEM image of the green
square area in Fig. 3j. The characteristics of the multiple
deformation twins can be further confirmed by fast Fourier
transform (FFT) image in Fig. 31. EDS equipped in TEM is
used to map elemental distributions. As shown in Fig. 3m,
it does not show appreciable compositional variations in
the area with many defects.

The deformation mode of high-entropy alloys under
dynamic loading is dislocation based, and dislocations
rapidly increase in value and generate dislocation entan-
glement at high strain rates [36]. As the plastic deformation
of the metal continues, slip within the crystal becomes
difficult. At this time, twinning can coordinate the stress—

Rare Met.



Ultrasonic vibration-assisted multi-scale plastic forming of high-entropy alloys

Fig. 3 a HRTEM image of as-cast HEA sample; b HRTEM image of UAPF-treated HEA sample; ¢ one-dimensional Fourier-filtered
image of b, showing a set of planes with blue arrows. Dislocations are displayed in the form of symbols 1; d EBSD image of local
misorientation showing dislocation density; e low-magnification TEM image showing high-density defects; f HRTEM image showing
SFs; g HRTEM image taken from the yellow square area in f; h HRTEM image showing SFs; i HRTEM image taken from yellow
square area in h; j TEM image showing multiple DTs; k HRTEM image taken from green square area in j; | FFT image of k showing DT
feature; m EDS images showing elemental distribution
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Fig. 4 a Comparison of hardness of as-cast HEA and UAPF-treated HEA; b time—stress curve of convex structure and concave
structure forming process; ¢ temperature distribution image and temperature numerical distribution

strain and ensure a certain degree of plastic deformation
capacity. The formation of twins will change the orienta-
tion of the crystals and induce the transformation of certain
non-easy slip systems to easy slip systems, and subse-
quently, the opening of new slip systems will promote the
multiple slip of dislocations [37]. Moreover, multiple twins
can provide easy dislocation slip and cross-slip paths while
creating greater barriers to dislocations [38]. At the same
time, the instantaneous stress provided by dynamic loading
will change the twin threshold of HEAs [39]. Twins play an
important role in the dynamic deformation of HEAs with
low fault energy. Because the instantaneous stress under
dynamic load brought by high-frequency ultrasonic vibra-
tion is very high, twinning is more easily induced [40]. As
is known to all, CoCrFeNiMn HEA has low stacking fault
energy, resulting in a more likely occurrence of twins
[41, 42]. That is to say, the HEAs of lower fault energy are
easy to coordinate plastic deformation by twinning. Coin-
cidentally, researchers have also shown that through
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ultrasonic  vibration, the compression strain of
AlgoLisMgsZnsCus entropic alloy increases from 17%
under conventional compression to 30%, while the applied
stress is less than 100 MPa [43].

According to EBSD and TEM figures above, many low-
angle grain boundaries and twinning boundaries can be
observed, leading to the occurrence of grain boundary
strengthening [44]. At the same time, in the process of
deformation, ultrasonic vibration can refine the grains of
metals [43], increase the area of grain boundary per unit
volume and realize strengthening. As shown in Fig. 4a, it is
obvious that the Vickers hardness has increased to twice
the original hardness.

Also, the UAPF process conditions are friendly to mate-
rial forming. As shown in Fig. 4b, when a convex mold is
used to form a concave structure, a pressure of 6.87 MPa and
a very short time of 0.20 s are generally required. Similarly,
when a concave mold is used to form a convex structure, a
pressure of 2.07 MPa and a time of 0.21 s are required.
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Compared to the previous cold embossing work on HEAs
where the minimum required pressure was 1.53 GPa, this
work even requires the pressure of 6.87 MPa [45]. Moreover,
although the previous work already had a short molding time
of 7 s, this work can be molded in milliseconds [45]. This
makes the forming of HEAs efficient. At the same time, the
temperature rise of the UAPF process is not obvious. The
maximum temperature of the HEAs throughout the UAPF
process was 389.15 K and returned to near room temperature
after 15 s. Figure 4c shows the temperature distribution at
some time points during the UAPF process and no high
temperature was generated during the process. This can, to a
certain extent, reduce the adverse effects of the warming
effect on the mechanical properties and physical properties
of the material.

In this work, an efficient method was developed to
prepare the multi-scale structures on CoCrFeNiMn HEA in
milliseconds. Through the UAPF method, the macroscale
structures with “HEA” letter structures, microscale groove
structures and nanoscale nanowire structures can be easily
prepared. At the same time, due to dislocation plug and
high-frequency vibration, twin coordinated plastic defor-
mation occurs. Therefore, plastic deformation can continue
and further improve the forming limit size of the material
to achieve the forming of a more macroscopic structure.
Due to fine grain strengthening and grain boundary
strengthening, HEA samples are twice as strong as
untreated samples after UAPF. Not only that, due to
ultrasonic vibration in the forming process, the pressure is
significantly reduced and only needs less than 10 MPa. As
the temperature does not increase significantly during the
process, the adverse effects easily brought about by the
warming effect are suppressed. All of these make UAPF
easy to be industrialized due to its simple processing
conditions, fast forming speed in milliseconds and high
quality.
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