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Abstract 

Deformation at a high-strain rate and low stress is of great significance for the 

emerging entropic alloys. However, this deformation process is generally achieved 

under heating or cryogenic conditions to ensure a good plasticity. Here, we demonstrate 

a facile route to enhance the plasticity of entropic alloys at ambient temperature. 

Assisted by ultrasonic vibration at a frequency of 20,000 Hz, the compression strain of 

the Al80Li5Mg5Zn5Cu5 entropic alloy increases from 17% under conventional 
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compression to 30% within 1 s, while the applied stress is less than 100 MPa, only 1/6 

of the compressive strength. In contrast to conventional compression, the ultrasonic 

loading achieves a high-instantaneous strain rate up to 10
3 

s
-1

 and high-frequency cyclic 

loading. This loading mode results in reflected stress waves and stress-relief effects in 

the deformation areas, thus causing the dislocations diffusion in face-centered-cubic 

(FCC) phases as well as the refinement and dispersion of intermetallic phases in the 

entropic alloy. These distinct microstructural evolutions synchronously suppress 

dislocations pile-up, and facilitate the grains rotation and sub-grains formation, which 

significantly decrease the deformation stresses, accommodate higher plastic strains, and 

eliminate deformation textures. Our studies discover a novel deformation mechanism 

for the entropic alloy that can offer a versatile approach of rapid structure forming. 

Keywords 

Entropic alloy; Ultrasonic vibration loading; Enhanced plasticity; Dynamic deformation 

mechanism; Microstructures evolution 

1. Introduction 

A series of entropic alloys, especially high-entropy alloys (HEAs) and their 

derivatives, have been developed, based on the concept of multi-principal elements [1, 

2]. These entropic alloys have been emerging as excellent structural and functional 

materials with flexible compositions, and unique properties like high strength, great 

corrosion resistance, anti-irradiation, and extreme-temperature tolerance, etc. [3-7] 

Forming entropic alloys into desired structures are critical for different applications. 
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Therefore, the approaches to achieve enhanced plasticity and rapid deformation of the 

alloys are greatly concerned.  

As solid solutions of multiple elements, entropic alloys may exhibit distinct 

deformation mechanisms, compared to conventional alloys [8-11]. The mechanical 

properties and deformation behaviors have been widely studied under different loading 

conditions. A variety of entropic-alloy samples have been subjected to the conventional 

tension and compression tests at a strain rate of 10
-4 

~ 10
3
 s

-1
, under ambient temperature 

[12]. In general, the HEA systems with a principal phase of a face-centered-cubic (FCC) 

structure possess the good synergy of mechanical strength and ductility, while the 

increase of a body-centered-cubic (BCC) phase is conducive to achieving high yield 

strength. The entropic alloys with more compositions tend to be improved in strength at 

the expense of ductility, due to solid-solution strengthening [5, 13]. To 

reconcile this contradiction, it has been proposed to tune the precipitates distribution and 

valence electron concentration (VEC) by doping elements in HEAs [14], which can 

further influence the phase proportions and ductility. Moreover, the loading tests under 

elevated-temperature or cryogenic conditions were also carried out to 

improve the deformation capacity of entropic alloys. Most of the entropic alloys 

exhibited lower strength and better plasticity at 1,000 ~ 1,500 K dominated by grain 

sliding [5, 15] or ultra-low temperatures (4.2 ~ 200 K) dominated by twinning [3, 16]. 

The facile routes have always been explored to enhance the deformation capacity 

of metallic alloys [17]. Ultrasonic-assisted processing is to exert dynamic loads on the 
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target samples with high frequency vibrations (20 kHz ~ 40 kHz), and has already been 

successfully utilized in the plastic forming and bonding of bulk metallic glasses 

(BMGs) at room temperature [18-21], achieving fast rejuvenation and structure 

fabrication under a very low stress. Meanwhile, the acoustic-softening effect of the pure 

or monocrystal metals has also been discovered and studied 

from the view of engineering [22, 23]. This feature indicates that ultrasonic loading can 

be a potential way to change the deformation mechanisms of various materials. 

However, the engineering studies can’t clarify the microstructures-evolution behavior 

under ultrasonic loading, especially for more complex alloys, such as entropic alloys. In 

the present work, we tell a new story, and report the discovery of 

ultrasonic-vibration-enhanced plasticity to almost double the plastic strain of the 

entropic alloy under a very low stress at room temperature and a relatively-high strain 

rate of 3 × 10
-1

 s
-1 

(a compression strain of 30% within 1 s). The 

microstructures-evolution behaviors and underlying deformation mechanisms are new 

to the entropic-alloy community. Based on this novel phenomenon, the rapid forming of 

the entropic-alloy structures in less than 1 second are also proposed, which is of great 

significance to the extensive applications of these metallic materials.  

 

2. Materials and methods 

2.1. Sample preparation 
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The Al80Li5Mg5Zn5Cu5 (atomic percent, at. %) entropic alloy was produced from 

elements with a purity of 99.99% in a weight percent by vacuum-induction melting. The 

ingots were cut into the samples with a diameter of 2 mm and a height of 2 mm by 

wire-electrical-discharge machining. The entropic-alloy samples were then polished 

with sandpapers of 2,000 meshes to remove the oxide films on the external surfaces. 

2.2. Compression tests 

The ultrasonic-compression (UC) experiment was carried out on an 

ultrasonic-vibration device at room temperature, as schematically presented in Fig. 1a. 

This device is made of 5 components, including a pneumatic piston, booster, horn, 

worktable, and power supply. The pneumatic piston converts the air pressure into 

mechanical pressure to a booster, and the booster converts the electrical energy from the 

power supply to vibration with a resonant frequency. The ultrasonic system, including 

the piezoelectric transducer and horn, has a resonant frequency of 20 kHz. Hence, the 

ultrasonic-loading frequency was set as 20 kHz. The customized ultrasonic horn can 

amplify the vibration amplitude to a maximum value of 60 μm, and directly exert the 

loads to the sample. The entropic-alloy sample was put on a dynamometer to receive the 

real-time force during ultrasonic loading. The data-acquisition card (National 

Instruments NI-9237) was used to collect and process the force data with a frequency of 

2,000 Hz. The ultrasonic vibration was triggered at the applied load of 50 N on the 

sample. This trigger force is to eliminate the clearance between the ultrasonic horn and 

sample. Previous experiments show that the deformation stress of the entropic alloy 
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decreases with increasing the vibration amplitude (Fig. S1), due to the enhancement of 

the stress-wave effect as the vibration amplitude increases. Therefore, the maximum 

vibration amplitude (60 µm) has been chosen for the ultrasonic loading to 

take full advantage of ultrasonic vibration. The UC can achieve cyclic loading with 

20,000 cycles within 1 s, and a high instantaneous strain rate reaching 10
3 

s
-1

, which can 

be estimated by the ratio of the amplitude (60 μm) to sample length (2 mm) within the 

half vibration period (1/40,000 s). The Al80Li5Mg5Zn5Cu5 entropic alloy achieved a 

maximum compression strain of 30% within 1 s under the ultrasonic compression. Thus, 

the average strain rate can be calculated as 3 × 10
-1

 s
-1

.  

The conventional-compression (CC) experiment was conducted on a mechanical 

testing machine (Zwick Roell Z050 TEW). The compression strength of the 

entropic-alloy sample was measured at a stain rate of 2 × 10
-4

 s
-1

. 

2.3. Thermal imaging 

The thermal images of the deformation area of the entropic alloy during UC were 

captured by the infrared imaging camera (Fotric 280d), and the data-acquisition 

frequency used in experiments is 21 Hz. 

2.4. X-ray diffraction 

Phase identification was determined by X-Ray Diffraction (XRD), using the 

Rigaku miniflex 600 XRD instrument and employing the Cu Kα radiation with a 

wavelength of 0.154 nm. The XRD pattern was acquired in a scanning angle 2θ range of 

20° ~ 90° at a scan rate of 4° per minute and a scan interval of 0.02°. 
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2.5. Transmission electron microscopy 

The samples after deformation were cut in half along the compression axis for the 

characterization of deformation areas. The microstructure and phase analysis were 

performed in a transmission electron microscope (TEM, FEI Titan Themis) equipped 

with the energy dispersive spectroscopy (EDS). The entropic-alloy samples for the 

TEM observation were prepared on the Dual Beam System (FEI Scios).  

2.6. Electron Backscatter Diffraction 

The microstructure evolutions in the deformation areas of the samples were 

characterized by electron backscattered diffraction (EBSD), using the TESCAN MAIA3 

scanning electron microscope, equipped with an HKL-EBSD system. The samples were 

prepared by ion-beam polishing for 1 h at 6.5 kV. The EBSD characterizations were 

operated with a step size of 0.5 ~ 2 μm at 20 kV, and the Oxford HKL Channel 5 

software (Oxford Instruments) was used to analyze the obtained data [8]. The local 

misorientation of the deformation area was determined, based on a kernel average 

misorientation (KAM) method [24]. 

2.7. Ultrasonic-assisted forming 

The steel mould was fabricated into a regular hexagon cavity that can be inscribed 

in a cylinder with a diameter of 2 mm. The Al80Li5Mg5Zn5Cu5 sample with a diameter 

of 2 mm was placed on the steel mould and was applied with the UC loading at a 

maximum stress of 98 MPa. Thus, the entropic-alloy sample was formed into the 

regular hexagon rod by plastic deformation within 1 s. Similarly, the steel mould of 
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microgrooves with a depth of 200 μm and a width of 400 μm was fabricated by 

wire-electrical-discharge machining. Then the microgrooves were rapidly patterned on 

the surface of the entropic alloy by UC. 

 

3. Results 

3.1. Compressive-deformation behavior 

The Al80Li5Mg5Zn5Cu5 entropic alloy was subjected to the CC and UC at ambient 

temperature, respectively. Both of the compression tests have been repeatedly 

conducted for 3 times under the same loading conditions to ensure the repeatability of 

results (Fig. S2 and S3). As shown in Fig. 1a, the plunger rod of an ultrasonic booster 

applied the dynamic load on samples with high frequency vibrations (20 kHz) in the UC 

test. The entropic alloy exhibited a typical compression fracture with large cracks at a 

strain of 17% in the CC test, while assisted with ultrasonic vibrations, the compression 

strain of the sample increased to 30% without obvious cracks (Figs. 1b and S4), 

suggesting that the plasticity of the entropic alloy was obviously enhanced under 

ultrasonic loading. Due to the vibratory friction, the mean temperature of the 

deformation area was slightly increased from room temperature to 362 K during 

ultrasonic loading (Figs. 1c and S5), and the plastic deformation was accomplished 

within 1 s (Video S1). The influence of this instantaneous thermal effect on plastic 

deformation can be ignored, considering that it is far below the 

recrystallization temperature of the entropic alloy. The maximum stress applied in UC is 
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only 98 MPa at an average strain rate of 3 × 10
-1 

s
-1 

(Fig. 1e), less than 1/6 of the 

compressive strength (650 MPa) obtained in CC (Fig. 1d). That is to say, a higher 

plastic strain of the entropic alloy was achieved in UC under a relative high strain rate 

and a very low compression stress. The distinct compression behaviors indicate that the 

underlying deformation mechanisms for this entropic alloy are different at various 

loading modes.  

A series of experiments have been conducted to confirm that this unique 

deformation behavior is not induced by the accumulation of cracks during ultrasonic 

loading. The original Al80Li5Mg5Zn5Cu5 samples have been pre-loaded by UC, 

achieving different samples with a pre-strain of 10%, 20%, and 30%, respectively. 

Subsequently, the samples with different pre-strains are subjected to the conventional 

compression at a strain rate of 2 × 10
-4

 s
-1 

on the mechanical-testing machine. The 

obtained stress-strain curves are shown in Fig. S6, the maximum deformation stresses 

reach 648 ~ 680 MPa, which is much higher than the stress under the ultrasonic loading 

(98 MPa). In addition, the micro hardness of the longitudinal section of the deformed 

sample with an UC strain of 30% has been measured on the automatic micro-hardness 

instrument (FM-ARS9000). As shown in Fig. S7, 10 × 20 points distributing in the 

deformation area (0.8 × 1.6 mm) have been detected, and the micro-hardness of the 

deformation area is 122 ~ 158 HV, which is higher than the micro-hardness of the 

original sample (110 ~ 118 HV). This trend can prove that there is no property 

degradation of the entropic alloy after ultrasonic loading. The electron backscattered 
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diffraction (EBSD) detection shows no crack in the deformed area of the entropic alloy 

after ultrasonic loading (Figs. 2g and S8). Meanwhile, the longitudinal sections of the 

original sample and compressed sample have been observed, respectively, by a scanning 

electron microscope (SEM), as exhibited in Fig. S9, the conventionally-compressed 

sample with a strain of 17% demonstrates significant cracking on the 

longitudinal section (Fig. S9b), while for the ultrasonic-compressed sample with a strain 

of 30%, there is no crack observed (Figs. S9c, d). Therefore, the significant decrease of 

deformation stress under ultrasonic loading is due to the unique evolution of 

microstructures in the entropic alloy rather than the effect of cracks. 

 

3.2. Microstructure characterization 

The initial microstructure of the Al80Li5Mg5Zn5Cu5 alloy shows a predominant 

volume fraction of an FCC α-Al with intermetallic compounds (IMCs) precipitated at 

grain boundaries (Fig. 2). The X-ray diffraction (XRD) patterns of the samples show the 

peaks of FCC phases and a series of IMCs [25]. The peak broadening was observed 

after compression due to lattice distortion (Fig. 2a). The transmission electron 

microscopy (TEM) characterization coupled with energy dispersive spectroscopy (EDS) 

reveal that the IMCs phases are rich in Mg, Zn, and Cu elements in addition to the Al 

element (Figs. 2b, c, d), and these phases exhibit higher strengths and brittleness than 

the FCC matrix [26]. The electron backscattered diffraction (EBSD) patterns 

demonstrate the change of the grain size and orientation in the deformation areas. The 
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longitudinal sections of the samples have been repeatedly observed by EBSD and TEM 

ensuring a good repeatability of the results. The number of grains with a size of 10 ~ 25 

μm accounts for around 60% in the detected areas of the original and CC samples (Figs. 

2e, f). However, there still exist coarse grains with the size of 100 ~ 160 μm. In contrast, 

the coarse grains of FCC phases are refined and thus, disappeared in the UC sample, 

achieving an average grain size of 17 μm (Figs. 2g and S10). Meanwhile, more bulging 

grain boundaries are induced after UC (Fig. 2g), which may facilitate boundaries sliding 

during deformation [27]. Moreover, the large size of IMCs phases (~ 15 μm) is 

distributed locally in the original samples (Fig. 2h), which is against the cooperative 

deformation of the adjacent FCC grains. The CC process obtained slightly-refined IMCs 

with a size of about 12 μm (Fig. 2i), while under the UC, the ultrasonic vibration 

effectively crushed the IMCs phases into an average size of 6 μm, which dispersed the 

refined IMCs uniformly at the grain boundaries of FCC phases (Fig. 2j and Fig. S11). 

The pole figures of the grains in the deformation area of the entropic alloy have been 

obtained from the EBSD detection (Fig. S8). Comparing with the grain orientations of 

the original sample (Fig. 2k), the CC process significantly enhanced the deformation 

texture of the Goss {110}<001> with a maximum pole density of 9.28 (Fig. 2l and Fig. 

S12). Conversely, the UC undermined the preferential grain orientation during 

deformation, hence weakening the deformation texture and anisotropy in the entropic 

alloy (Fig. 2m). 

The TEM images of the deformation areas further clarify microstructures evolution 
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in the entropic alloy under UC. Extensive dislocations and sub-grains are observed in 

the FCC α-Al phases, and a series of shear bands with a thickness about 120 nm are also 

formed in the dislocation areas (Fig. 3a), indicating that the FCC phases have undergone 

large deformation and accommodated the major plastic strain by dislocation glide [27]. 

The high-resolution images of magnified areas demonstrate the microcracks in the 

IMCs phases caused by compressive deformation, resulting in the refined IMCs 

precipitated at grain boundaries of FCC phases (Figs. 3a and S13). The EDS mapping of 

the refined phases shows the same compositions as that of IMCs (Figs. 2d and S14), 

which confirms the refinement of IMCs induced by dynamic loading in UC. The 

rotation behaviors in grain interiors are also estimated under different compression 

modes. As shown in Fig. 3b, after conventional loading, the Euler angles of crystals 

inside the grain exhibit a minimal deviation (within 5°) along the orientation, A, 

indicating a slight rotation in grain interiors. However, UC causes a large-angle rotation 

of internal crystals in a multi-axis (Fig. 3c), thus inducing a significant difference of 

orientations in grain interiors, which can promote the formation of sub-grains with new 

orientations. The local misorientation of the grains is adopted to characterize the 

distribution of dislocations after compression. The densities of geometrically-necessary 

dislocations (GND) are obtained, based on the strain-gradient theory [28]. The average 

dislocation density (ρ
GND

) in the deformation areas has the same order of magnitude 

under both compression modes. It is notable that the dislocations induced by CC tend to 

be localized in several grains and grain boundaries (Fig. 3d), which is not conducive to 
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accommodating plastic deformation [29].
 

However, under UC, the dislocations 

distribute more evenly in the deformation area (Fig. 3e), also achieving a higher 

compression strain. These different microstructure evolutions in the entropic alloy 

correspond to the distinct deformation mechanisms. 

 

4. Discussion  

In the CC, the samples are subjected to the unidirectional loading with a constant 

strain rate of 2 × 10
-4 

s
-1

. When undergoing plastic deformation, the dislocations tend to 

pile up at grain boundaries and in the IMCs-precipitated areas [30], inducing the dense 

GND in local regions (Fig. 3d). This deformation behavior achieves a compression 

strength of 650 MPa (Fig. 1d), due to the dislocations-strengthening effect. However, 

the stress concentrations are also produced in the dislocations pile-up areas, resulting in 

crack initiation, propagation, and material fracture eventually [29]. Consequently, a 

relatively-low deformation strain of 17% was obtained under a high stress in CC (Fig. 

1b). By contrast, in UC, the high-frequency cyclic loading (20 kHz) and the high 

instantaneous strain rate reaching 10
3 

s
-1 

that can be estimated by the ratio of the 

amplitude to sample length within a half vibration period are achieved. These loading 

features evoke different evolutions of FCC phases and IMCs, as presented 

schematically in Fig. 4, obtaining a higher plastic strain at a low stress of 98 MPa under 

UC. 
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The combination of cyclic loading and high strain rate produces the stress waves in 

the sample during UC. Therefore, within one loading cycle, when the ultrasonic rod 

vibrates downward, the high-strain-rate compression induces the rapid glide and 

multiplication of dislocations, achieving the fast plastic deformation as well as elastic 

strain in the entropic alloy. Meanwhile, the compressive-stress waves propagate in the 

material and are reflected at the bottom of the sample, turning to be opposite stress 

waves [31]. When the ultrasonic rod vibrates backward, the relief of the elastic strain 

and the reflected stress waves will cause the reverse slip of the partial-deformation areas. 

Hence, the dislocations-migrating orientations are rearranged due to the altered stress 

state [32]. This loading mode produces a relaxation effect for the dislocation 

accumulation, and facilitates the dislocations diffusion, which can suppress the 

dislocation tangle and pile-up in local regions. Thus, after multiple loading cycles, the 

dislocations achieve a higher density and distribute more uniformly in the deformation 

area (Fig. 3e). Similar to the effect of the image force on dislocations [33, 34], dynamic 

loading preferentially activates the dislocations migrating to the orientations with low 

resistance, and generates more movable dislocations in the deformation areas [27]. As a 

result, the work-hardening behavior is significantly diminished during deformation, and 

higher plastic strains can be achieved at a low stress even less than 1/6 of the 

compression strength (Fig. 1e). 

Therefore, the plastic deformation of the entropic alloy in an ultrasonic-loading 

cycle involves the competition between dislocations immobilization (entanglement or 
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pile-up), and the generation of movable dislocations, which is corresponding to work 

hardening and stress relief, respectively. At the loading stage, the high instantaneous 

strain rate (up to 10
3 

s
-1

) of stress waves causes the rapid nucleation and multiplication 

of dislocations in FCC grains, according to the Orowan theory [35], the relationship 

between the dislocation motion and strain rate can be given as: 

=
d

d

dd
b L b v

d t d t


  

ε is the deformation strain, ρd is the dislocation density, t is loading time, b is magnitude 

of the Burgers vector, L is the average displacement of a dislocation, and v is the 

dislocation-gliding velocity. 

The dislocation density (ρd) in the deformation region increases dramatically, and 

the dislocations with different Burgers vectors (b) tend to be nucleated and emitted at 

the initial stage of an ultrasonic loading cycle. While the dislocation-gliding velocity (v) 

is limited to the sound velocity in the material due to the phonon-drag effects [36], thus 

the movable dislocations with a confined mean free path (L) cannot effectively 

accommodate the plastic strain and dissipate the inputting ultrasonic-loading energy, 

which may induce a risk of embrittlement. However, the average strain of a single 

ultrasonic-loading cycle is only 1.5 ×10
-5

 (a maximum strain, 30%, divided by 20,000 

loading cycles in 1 s), this loading mode can avoid the dislocations avalanche and crack 

initiation at a high instantaneous strain rate (up to 10
3 

s
-1

), while generating great 

amounts of dislocations with different Berger vectors in the deformation region. Then, 

at the unloading stage, the reflected stress waves will release the tangling and pilling-up 
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dislocations, and also promote dislocations annihilation by increasing the encounters of 

the dislocations with opposite Burgers vectors, which suppresses the dislocations 

pile-up in localized areas (Fig. 3d,e), and significantly reduces the dislocations-motion 

resistance in a next ultrasonic loading cycle. As the deformation increases, the diffused 

dislocations from different slip planes inevitably intersect with each other, forming the 

high dense of forest dislocations (Figs. 3a and S13), and producing stress concentrations 

in the dislocation walls [37, 38]. However, because of the stress-relief effect of the UC, 

these dislocation junctions will be driven to merge into grain boundaries [39, 40], 

leading to the formation of sub-grains boundaries and grain refinement of the coarse 

FCC phases (Figs. 2g and 3a), which contributes to accommodating dense dislocations 

and releasing stress concentrations. Thus, the cyclic-stress waves produce a 

dynamic-recovery effect on the microstructures evolution at ambient temperature, 

inducing a dramatic reduction of the deformation stress and enhanced plasticity of the 

entropic alloy under ultrasonic loading. 

In addition, different loading modes exhibit distinct stress-transfer mechanisms, 

and significantly affect the interface interaction of the FCC α-Al phase and IMCs 

(Al2Cu, MgZn2) in the entropic alloy. In the conventional quasi-static loading, the 

stresses tend to distribute uniformly on the FCC-IMCs heterogeneous interfaces [41], 

the plastic FCC phases preferentially deform according to the minimal energy principle, 

while the hard IMCs retain integrity and move with the plastic deformation of FCC 

grains until the work hardening increases to a certain extent, then the IMCs may slightly 
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fracture due to the increased back stress on the interfaces (Fig. 2i). However, in the 

ultrasonic loading, the high instantaneous strain rate (up to 10
3 

s
-1

) induces the rapid 

pile-up of dislocations in the FCC-IMCs interfaces, causing a high back stress on IMCs. 

Meanwhile, the reflection and refraction of cyclic-stress waves tend to occur on the 

FCC-IMCs interfaces due to the different acoustic resistance, inducing a high strain rate 

and intensive stress concentration. Based on the balance between the kinetic energy and 

the newly-generated surface energy [42], the nominal fragment size of IMCs under 

dynamic loading can be expressed as: 

2 3

2 0
=

/

Ic
K

d
c ' 

 

 
 
 

 

KIc is the material fracture toughness, ρ is the material density, c is the sonic velocity in 

material, and ε′ is the loading stain rate. 

Hence, the fragment size decreases with the increase of strain rate, and the high 

strain rate can induce the fragmentation of brittle phases under a low stress owing to 

their poor ductility [29]. As observed in Figs. 3a, S13, and S14, the microcracks and 

debris are more prone to be initiated in IMCs under ultrasonic loading, due to the high 

back stress of heterostructures at the FCC-IMCs interfaces [41]. And the ruptured and 

refined IMCs tend to disperse in the FCC grain interiors and boundaries along with the 

plastic deformation, the refinement and rotation of FCC grains (Figs. 2j, S10, and S11). 

This evolution can inhibit the excessive pile-up of dislocations around the coarse IMCs 

embedded at grain boundaries, and is conducive to the cooperative deformation of FCC 

grains, which could improve the migration ability of grain boundaries, and the refined 
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IMCs may even be regarded as the solid lubricant [43]. In short, as depicted in Fig. 4, 

the microstructure evolutions under UC effectively enhance the plasticity of the entropic 

alloy to achieve the rapid deformation at low stresses. 

Furthermore, it is notable that the crystals of the FCC-grain interiors undergo 

multi-angle rotations under ultrasonic loading (Fig. 3c), which helps accommodate 

dense dislocations and release stress concentrations during the formation of sub-grain 

boundaries, thus improving the deformation capacity of samples under cyclic loading 

[44]. When activated by the recovery stress during the ultrasonic-loading cycles, the 

dislocations with different Burgers vectors will be rearranged by reverse motions and 

interactions, such as diffusion, tangle, and annihilation after every ultrasonic-loading 

cycle, and the dislocations free paths tend to change to the directions with the lowest 

sliding resistance in the next loading cycle, exhibiting multiple-gliding orientations. The 

polycrystalline materials are composed of grains with different shapes, sizes, 

orientations, and boundaries. Thus, the macro-plastic deformation of the entropic alloy 

need to be obtained by the cooperative deformation of grains with different slip systems. 

According to the Schmid theory, during the polycrystalline plastic deformation, each 

grain is required to have at least 5 independent slip systems to meet the requirements of 

the cooperative deformation [45]. Therefore, there are multiple activated slip systems in 

the entropic alloy during ultrasonic loading to achieve a plastic strain of 30%. In 

addition, the Schmid factor in the deformation area of the entropic alloy after ultrasonic 

loading is obviously higher than that of conventional loading (Fig. S15), demonstrating 
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that the slip systems tend to be more easily activated under UC. This trend indicates that 

different slip systems can be activated during ultrasonic loading, which will causes the 

lattice deflection in FCC grains [10]. Hence, under the constraint of grain boundaries, 

the crystals of the grain interiors gradually rotate towards different favorable 

orientations that are conducive to plastic deformation (Fig. 3c), achieving 

uniform-stress fields [36]. Therefore, the preferential grain orientation is attenuated 

under UC. This evolution can explain the elimination of deformation textures after 

ultrasonic loading (Figs. 2m and S12). In contrast, under the conventional loading, the 

dislocations gliding and grain orientations are highly correlated with the axial loading 

direction [46], which significantly enhances the Goss {110}<001> deformation textures 

(Figs. 2l and S12). Besides, the maximum temperature in the deformation areas during 

ultrasonic loading is only 89℃ (Figs. 1c and S5), no evidence of grain-boundary sliding 

has been observed at this low temperature. Therefore, the large angle rotation of FCC 

grains is caused by the dislocations diffusion and lattices deflection under ultrasonic 

loading. 

Figure 5a exhibits the comparison of the deformation behavior under UC in the 

present work and the conventional compression of entropic alloys (Table S1). It can be 

seen that most of the conventional-loading tests were conducted under a low strain rate 

or high temperature to reduce the deformation stress. While the UC of the entropic alloy 

achieves a very low deformation stress of 98 MPa, less than 1/6 of the compression 

strength, at a relatively-high strain rate (3 × 10
-1 

s
-1

) under ambient temperatures (Figs. 
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5b, c). Based on this deformation behavior, the ultrasonic-assisted plastic forming was 

carried out on the entropic alloy. The three-dimensional (3D) structure of a regular 

hexagon rod with a height of 1.5 mm was formed from the cylindrical sample with a 

diameter of 2 mm by UC (Figs. 5d, e). By utilizing the steel mould (Fig. S16), the 

two-dimensional (2D) structure of microgrooves with a depth of 80 μm were patterned 

on the entropic-alloy surface under UC (Figs. 5f, g). These structures with different 

scales were rapidly formed within 1 s under a low stress less than 100 MPa, and 

achieved a replication rate of over 90%, compared with the mould, demonstrating a 

facile approach for the plastic forming of the entropic alloy. 

 

5. Conclusions 

We have demonstrated the ultrasonic-vibration-enhanced plasticity phenomenon, 

which almost double the plastic strain of the entropic alloy under a very low stress at 

room temperature and a relatively-high strain rate of 3 × 10
-1

 s
-1

. These 

macroscopic-deformation behaviors of the entropic alloy correspond to distinct 

microstructure evolutions under ultrasonic loading. The high-instantaneous strain rate 

(up to 10
3 

s
-1

) and high-frequency cyclic loading (20,000 Hz) during ultrasonic loading 

induce stress waves and stress-relief effects in the entropic alloy. This loading mode 

causes the rearrangement of the stress state and dislocation-slip orientations in the 

deformation areas, facilitating dislocations diffusion and annihilation, and suppressing 

the dislocations pile-up in local regions. Meanwhile, the reflection and refraction of 
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cyclic-stress waves at the FCC-IMCs interface induce intensive stress concentration, 

causing the significant refinement and dispersion of IMCs phases. This 

dynamic-recovery effect at ambient temperature also enhances the sub-grain formation 

and large-angle rotation of FCC grains under ultrasonic loading, which attenuates the 

preferential grain orientations. These microstructural evolutions in the entropic alloy 

contribute to reduce the deformation stress to 1/6, and achieve higher plastic strains up 

to 30% as well as eliminate deformation textures. Benefiting from such a unique 

discovery, a rapid forming process of entropic alloys is also conducted, based on the 

ultrasonic-loading approach to make complex and delicate structures. 
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Figure 1. Deformation behavior under different loading conditions. a Schematic of 

ultrasonic-assisted loading, b Sample deformation of conventional compression (CC) 

and ultrasonic compression (UC), c Thermal infrared images of the deformation area 

during ultrasonic loading, d Stress-strain curve of CC at room temperature, e 

Mechanical response of the entropic alloy under UC. 
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Figure 2. Microstructure analysis of different samples. a X-ray diffraction (XRD) 

patterns of the original and compressed samples, b Transmission Electron Microscopy 

(TEM) images of different phases, c Selected Area Electron Diffraction (SAED) 

patterns of FCC and IMCs phases, d Energy dispersive spectroscopy (EDS) maps of 

different phases, e, f, g Electron Backscatter Diffraction (EBSD) map of the original, 

CC and UC samples, respectively, h, i, j Phase maps of the samples under different 

loading conditions, k, l, m Pole maps of the deformation areas of corresponding 

samples along the planar {100} direction. 
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Figure 3. Microstructure evolution under compression. a TEM images of the 

deformation area in ultrasonic compression, a series of sub-grains, dislocations, and 

shear bands are formed in the FCC phases due to the accommodation of the plastic 

strain, and the magnified images demonstrate the microcracks in IMCs phases and the 

refined IMCs resulted by dynamic loading, b, c Grain-orientation spread and internal 

crystal rotation caused by different loading modes, a small deviation of Euler angles 

within 5° in the crystals is observed along the orientation, A, after conventional loading, 

while the large-angle rotation of internal crystals in a multi-axis along the orientation, B, 

is induced by ultrasonic loading, d, e Distributions of local misorientations 

corresponding to geometrically necessary dislocations (GND) in the deformation areas 

induced by compression, the average dislocation density (ρ
GND

) reaches the same order 

of magnitude (10
13 

m
-2

) under both loading modes, while comparing with the localized 

dislocations after conventional loading, a more uniform distribution of dislocations is 

achieved after ultrasonic loading. 

 

                  



34 
 

 

Figure 4. Schematic of microstructure evolution and deformation mechanisms 

under different loading modes. 
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Figure 5. Compression behavior of ultrasonic loading in the present work, 

compared with the conventional loading of entropic alloys. a Comparison of the 

strain rate, temperature, and stress under ultrasonic compression and conventional 

compression, b Corresponding relationship between the strain rate and compression 

stress of entropic alloys, c Corresponding relationship between the loading temperature 
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and compression stress under different loading modes. Structural plastic forming of 

the Al80Li5Mg5Zn5Cu5 entropic alloy by ultrasonic loading. d Regular hexagon rod 

with a height of 1.5 mm formed from the cylindrical sample with a diameter of 2 mm, e 

The SEM image of the formed regular hexagon rod of the entropic alloy, f The 

microgrooves patterned on the surface of the entropic alloy with a depth of 80 μm and a 

width of 170 μm, g The SEM image of the formed microgrooves on the entropic alloy. 
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