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A B S T R A C T   

In this paper, the ultrasonic hammering treatment is applied to the lightweight entropic alloy Al80Li5Mg5Zn5Cu5, 
contributing to the modification of coarse microstructures and the improvement of mechanical properties. The 
effects of ultrasonic hammering on the microstructures and mechanical properties of Al80Li5Mg5Zn5Cu5 are 
elaborately studied, and the formation of sub-grains is thoroughly analyzed. Results show that the coarse 
dendrite structure is crushed into diffusely distributed micron-sized particles, and the grain size is refined 
significantly from larger than 200 μm to about5 μm, along with the formation of sub-grains during instant dy
namic recovery. Microhardness and modulus of the grain-refined alloy increase by 50% and 22%, respectively, 
compared to the coarse-grained counterpart without ultrasonic hammering.   

1. Introduction 

Property enhancement through grain refinement to micro/nano- 
scale has been extensively investigated in various alloys over the past 
years, both in bulk alloys [1,2] and surface layers of bulk materials [3]. 
Compared with grain refinement in bulk alloys, preparing well-bonded 
and hard layers with compressive residual stresses and small-sized 
grains provides more promising practical industrial applicability. Sur
face modification is proved to be effective to enhance the corrosion 
resistance, fatigue strength, wear resistance, and more importantly, 
reduce the cost [4–6]. Among various methods, high-intensity ultrasonic 
vibration, as a useful power source characterized by lower energy input 
and shorter treatment time, has aroused wide public concern for ho
mogenizing microstructure, refining grains, and optimizing the overall 
performance, whether in liquid [7–9] or solid alloys. In terms of the 
solid-state metals, ultrasonic surface treatment has been developed 
using different names, such as surface mechanical attrition treatment 
(SMAT) [10,11], ultrasonic impact peening (UIP) [12,13], surface me
chanical grinding treatment (SMGT) [3,14], ultrasonic surface rolling 
process (USRP) [15], and nanocrystal surface modification (NSM) [16, 
17]. 

Among all the ultrasonic-related treatments, the ultrasonic 
hammering (UH) technique is the newly developed one, and has been 

proved to be useful in thermoplastic forming of bulk metallic glasses. J. 
Ma et al. successfully fabricated a series of metallic glasses from micro- 
length scale to macro-length scale, by employing ultrasonic vibration 
and molten plastics viscous medium [18–20]. Later, through establish
ing atomic bondings between ribbons at a low temperature, they 
demonstrated an effective ultrasound-enabled joining approach to syn
thesize metallic glass-glass composites [21]. 

Having similar historical origins as amorphous alloys, high entropy 
alloys have attracted much public attention for their outstanding 
comprehensive properties [22–26]. By combing the low density of 
Aluminum (Al) alloys and high strength and ductility of high entropy 
alloys, the lightweight entropic alloy Al80Li5Mg5Zn5Cu5 has been stud
ied in our previous research works [27,28], and has been chosen in this 
work. It is reported to have a similar density to traditional Al alloys, 
while exhibiting much higher strength and hardness. Moreover, this 
alloy is also predicted to show high corrosion resistance and high 
thermo-stability due to the high entropy effect. In this paper, the high 
intensity and high frequency UH is applied to the entropic alloy 
Al80Li5Mg5Zn5Cu5. Changes in microstructures, grain sizes, and hard
ness, and the related reasons have been comprehensively analyzed. 
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2. Experiments 

The raw materials used in the experiments were pure aluminum 
[99.9 wt.% (weight percent) purity] ingots, pure zinc (99.9 wt.% purity) 
ingots, magnesium-lithium alloys (Mg-20 wt.%Li) and pure copper (99.9 
wt.% purity) ingots. Al–Li–Mg–Zn–Cu alloy ingots with a nominal 
chemical composition of Al80Li5Mg5Zn5Cu5 [in at.% (atomic percent)] 
were melted in a vacuum induction melting (VIM) furnace under Argon 
atmosphere, and cut into small cylinders with the size of Φ3mm*2 mm. 
Then, high-frequency hammering is applied on the surface. 

The apparatus (schematically shown in Fig. 1(a)) in this work is 
made up of a transducer (converting electrical energy to vibrations), a 
booster (amplifying the amplitude of vibrations), and a horn (trans
ferring mechanical vibrations to the sample). Compared to other 
ultrasonic-related surface treatments, it is very different in the mecha
nism. In this UH experiment, the horn is brought into contact with the 
sample under the trigger force F, and then it begins to vibrate at a 
predefined amplitude. The vibration time can last from several milli
seconds to several seconds according to the processing parameters, and 
the actual interacting time towards the sample is determined by the 
trigger force. As shown in Fig. 1(b), when F ¼ 0, the horn is in contact 
with the sample within half a period of ultrasonic vibration, and with 
higher values of F, the fraction of time in which the horn is in direct 
contact with the sample increases. Until finally, the horn always remains 
in contact with the sample and there is no hammering effect. 

In this experiment, the 2020 ultrasonic plastic welding machine 
produced by Shenzhen Hongri Ultrasonic Equipment Co., Ltd. (Shenz
hen, China) was used. The ultrasonic amplitude and frequency used in 
the experiment were 50 μm and 20 kHz, respectively. The ultrasonic 
energy, the applied pressure, and the holding time were set as 150 J, 
0.15 MPa, and 0.01 s, respectively. 

Determination of microstructures was carried out on a field-emission 
scanning electron microscopy (SEM, Auriga Field Emission Scanning 
Electron Microscope, Carl Zeiss, Germany) equipped with an energy 
dispersive X-ray spectrometer (EDX) and an electron backscattered 
diffraction (EBSD). The phase structures were analyzed by an X-ray 
diffractometer (XRD, BRUKERD8 Discover, Germany) using Cu Kα ra
diation. To characterize the hardness and Young’s modulus of the 

Al80Li5Mg5Zn5Cu5 alloys before and after UH treatment, nano
indentation experiments were conducted using a Berkovich triangular 
pyramid indenter with a tip radius of 20 nm. The Poisson’s ratio and 
elastic modulus of the indenter tip were 0.07 and 1.141 � 106 MPa, 
respectively. To ensure the accuracy of the tested point, the valid 
indentation depth was maintained at 10% thickness of the ultrasonic- 
treated layer. 

3. Results 

3.1. Microstructures 

Fig. 2(a) and (b) show the microstructures of as-cast samples before 
UH processing at low and high magnification, respectively. The actual 
compositions of the alloy and phases detected by EDX are shown in 
Table 1. Note that the element Li is difficult to be detected by EDX and is 
ignored in the following experiments, because the use of master alloy 
Mg-20 wt%Li fixes the atomic percentage of Li and Mg, and because the 
mass percentage of Li is very small in the alloy. In addition, the effect of 
Li is not our focus. There is a little difference between the nominal and 
actual alloy composition, because some elemental vaporization may 
occur during vacuum melting. Combined with EDX analysis, three kinds 
of phases can be observed, including Al, Al2Cu, and Al–Zn–Mg–Cu 
phase. In Fig. 2(a), a dendritic structure is exhibited in the as-cast alloy, 
where the FCC-Al matrix has a black contrast, the intermetallic phases 
Al2Cu have a grey contrast, and the Al–Zn–Mg–Cu phase has a bright 
contrast. 

Fig. 2(c) and (d) exhibit the upper surface of the sample after UH 
treatment at low and high magnification, respectively, and Fig. 2(e) is 
the SEM image from the cross-sectional area. It is evident that there is a 
significant microstructural alteration, and the thickness of this defor
mation layer is about 3–5 μm. The coarse dendrites are crushed into 
small particles and diffusely distributed in the Al phase, and the size 
distribution of the intermetallics before and after hammering are plotted 
in Fig. 2(f), through measuring more than 100 crushed particles. As the 
original dendrites are very coarse and they connect into a large network, 
their sizes are considered greater than 10 μm. In terms of the crushed 
intermetallics, the average size is counted as ~2 μm, and their volume 

Fig. 1. (a) The ultrasonic hammering apparatus; (b) Relationship between trigger force and contact time (thick lines) when the ultrasonic is applied.  
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fraction is estimated as ~26%, when assuming that all of the crushed 
particles are spherical and that the volume fraction is approximately 
equal to the area fraction. 

Fig. 3 shows the XRD patterns of the Al80Li5Mg5Zn5Cu5 sample 
before and after ultrasonic modification, and it shows that there is 
obviously no phase transformation when the UH treatment is applied. 
The α-Al and Al2Cu phases are revealed by the diffraction peaks, which 
is consistent with the SEM and EDS results. There are also some small 
peaks from the MgZn2 phase, and they actually correspond to the phase 
with the composition of Mg (Zn, Cu)2, because of the elemental simi
larity and replacement. The intensity of the diffraction peaks of α-Al 

Fig. 2. (a) Low magnification and (b) high magnification of Al80Li5Mg5Zn5Cu5 alloys before UH treatment. (c) Low magnification and (d) high magnification of 
upper surface layer after UH treatment. (e) The cross-sectional area after UH treatment. (f) Particle size-frequency distribution of the original (blue column) and 
crushed (red column) intermetallics. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Detailed compositions of alloys and different phases. Note that the element Li is 
difficult to be detected by EDX and is ignored in the following experiments, 
because the use of master alloy Mg-20 wt%Li fixes the atomic percentage of Li 
and Mg, and the mass percentage of Li is very small in the alloy. In addition, the 
effect of Li is not our focus.  

Composition (at %) Al Mg Zn Cu 

Sample 85.61 4.66 4.89 4.83 
A 94.12 1.55 2.84 1.49 
B 64.65 7.81 4.84 22.70 
C 26.37 19.79 42.53 11.31  

Fig. 3. XRD profile of the alloy before and after UH treatment.  
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phase exceeds that of the other phases, also suggesting a predominant 
volume fraction of the α-Al phase. The unknown phases after hammering 
may come from two aspects: the ternary or even quaternary phases may 
appear under the high-entropy effect and the complex interaction; the 
diffraction peaks of the plasticine substrate is detected during the 
experiment because the sample size is too small. 

3.2. Grain sizes 

The changes of grain size before and after ultrasonic treatment are 
depicted by Fig. 4, which illustrates that coarse equiaxed grains on the 
surface suddenly evolve into fine equiaxed sub-grains, without obvious 
flattening or elongating. The original grain size is ~200 μm as shown in 
Fig. 4(a1) and (c1). Fig. 4(b1) shows the phase map from EBSD patterns, 
where the yellow, red, and black regions correspond to the Al phase, 
Al2Cu phase, and blind zones, respectively. The typical dendritic struc
ture can be identified only when black and red regions are added 
together. This can be attributed to the high-entropy composition and a 
large number of solute atoms in the Al2Cu and Mg (Zn, Cu)2 phase, 
which in turn cause severe lattice distortion and a large number of blind 
zones. 

When the 20 kHz-UH is applied, although the Al phase does not seem 
to be much affected in the SEM pictures (Fig. 2), it is actually severely 
deformed and broken. Compared with the original sample in Fig. 4(b1), 
the increased blind zones (black areas) in Fig. 4(b2) result from the 
strong plastic deformation and high-density dislocation in the Al phase. 
Sub-grains with low-angle boundaries and the size of ~5 μm are formed 
in a single coarse grain, as shown in Fig. 4(a2) and (c2), and the reasons 
for them will be further analyzed in the Discussion section. 

3.3. Hardness and modulus 

Nano-indentation techniques are most frequently used to 

characterize the typical mechanical properties including the micro- 
hardness and Young’s modulus. When the indenter is pressed into the 
specimen, elastic deformation occurs, followed by plastic deformation, 
which leads to the formation of a hardness impression conforming to the 
shape of the indenter. When the applied load is removed, only the elastic 
portion of the displacement is recovered, which facilitates the use of an 
elastic solution in modeling the contact process. A typical load- 
displacement curve as a function of tip penetration depth for the un
treated and UH-treated specimens are shown in Fig. 5(a). It is evident 
that both two specimens have a maximum penetration depth of about 
500 nm, while the maximum load increase from 8.7 to 12.5 mN after the 
effect of high-frequency hammering. Furthermore, these two similar 
load-displacement curves indicate a similar indentation-induced defor
mation mechanism during testing, that is to say, there is no occurrence 
of fracture events in both specimens as observed in Fig. 5(a). 

UH treatment noticeably enhances the surface micro-hardness and 
modules of Al80Li5Mg5Zn5Cu5 alloy, as shown in Fig. 5(b), which is 
averaged from six nano-indentation measurements. The micro-hardness 
of the original sample is only 1.5 GPa. After high-frequency hammering, 
it is increased by 50% and reaches about 2.25 GPa. In terms of the 
modulus, the introduction of 500 Hz-UH improves the elastic modulus 
considerably from 68 GPa to 78 GPa. The increase in mechanical be
haviors of the UH-treated specimen compared to those of the untreated 
specimens may be attributed to the dispersion strengthening, dislocation 
strengthening, and grain boundary strengthening effect, and this will be 
further discussed in Section 4. 

4. Discussion 

4.1. Sub-grain formation 

The concept of sub-grains was originally established in the field of 
creep, where plastic deformation can be carried out in high temperature 

Fig. 4. (a1) (a2) EBSD images, (b1) (b2) phase map, and (c1) (c2) grain size distribution of the alloy before and after UH treatment, respectively. In (b1) and (b2), the 
yellow region refers to the Al-rich phase and the red region corresponds to the Al2Cu phase. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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under a force lower than the yield stress. For Al-based alloys, due to the 
high stack fault energy and the narrow extended dislocation width, the 
dislocations tend to cancel each other out through cross slip and 
climbing. Therefore, dynamic recovery and sub-grain formation are 
more likely to be generated under the reduced local energy, instead of 
dynamic recrystallization. The sub-grain boundaries come close to ideal 
small-angle dislocation boundaries. 

In our UH experiment, the energy of hammering is not only used to 
increase the internal temperature, but is also stored in high-density 
dislocations caused by the severe deformation, and it is also used to 
crush the continuous coarse dendrites, which is different from the 
hammering-treated amorphous alloys [18,19]. As shown in Fig. 6(a), 
with the sudden increase of local dislocation density, in order to keep 
work hardening at the lowest energy level, the number of active slip 
systems in a single crystal tends to locally decrease, compared with the 
number required by Taylor criterion for compatible deformation. In this 
case, crystals rotate and their orientations are changed because of the 
local preference of one slip system, which is driven by applied stress 

(Schmid factor). Similarly, from an energy perspective, the minimiza
tion of energy causes the long-range internal stresses caused by the 
deformation of the unit volume element to be partially offset by the 
deformation and the rotation of the adjacent unit volume element. 
Therefore, the number of active slip systems in each crystal changes, 
thus leading to geometrical softening or hardening. The inhomogeneous 
dislocations then act as the beginning of sub-grain boundaries, forced by 
the laws of non-linear continuum mechanics. These sub-grain formation 
has been explained by R. Sedl�acek et al. [29–32] for the reason of the 
intrinsically developed inhomogeneity of plastic deformation. 

The schematic of dislocation motion in a single crystal is shown in 
Fig. 6(b). Driven by the hammering energy, dislocations start to move, 
reorganize, polygonize, and tangle into dislocation cells. Then, the cell 
walls become thinner, sharper, and gradually change to sub-grains. 
Furthermore, the causes of non-recrystallized grains can also be attrib
uted to the following two points: the pinning effect on dislocations from 
fine intermetallic particles, and the rapid suspension of the ultrasonic 
process. Therefore, energy is not high enough to affect the migration of 

Fig. 5. (a) Load–displacement curve for the untreated and UH-treated specimens; (b) Comparison of the hardness and modulus between the original and UH- 
treated sample. 

Fig. 6. (a) Origin of varying dislocation density and sub-grain formation during deformation, where the change of color means the change of crystal orientation; (b) 
Schematic of the dislocation motion in a single crystal, where GNB, IDB, and IM refer to the geometrically necessary dislocation, incidental dislocation boundary, and 
intermetallics, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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large-angle grain boundaries. In our future experiments, the ultrasonic 
energy and time will be further increased, so that fine recrystallized 
grains and more optimized performance may be obtained. 

4.2. Hardness and modulus improvement 

After dendrites are crushed into small particles by the hammering 
effect, the elastic modulus is improved according to the nano- 
indentation results. Considering the alloy with dispersed intermetallic 
particles as a particle-reinforced composite, the mixing law of compos
ites can be employed to analyze the elastic modulus changing, which is 
calculated as: 

EpEm

EpVm þ EmVp
�E � EmVm þ EpVp (1)  

where Em is the modulus of original alloys tested as 64 GPa, and Ep is that 
of Al2Cu (120 GPa) [33]. Here Vm (~74%) and Vp (~26%) are the vol
ume fraction of matrix and intermetallics, respectively, and they are 
estimated from the SEM images in Fig. 2. It can be found that the elastic 
modulus after hammering (78 GPa) falls exactly between the upper 
(78.56 GPa) and lower limits (72.8 GPa). Therefore, the modulus of the 
surface layer after ultrasonic treatment can be successfully predicted by 
the mixing law. 

As for the hardness improvement, there are several contributions. 
The sub-grain boundaries lead to hardening as they induce long-range 
internal back stresses in the interior of the sub-grains [29], and the 
diffusely distributed intermetallics cause strengthening by hindering 
dislocation motion. Here solid solution strengthening can be ignored 
because there is no change of solubility in the Al matrix before and after 
hammering. However, since the formation of sub-grains has a complex 
effect on the dislocation density, and the pinning effect of sub-grain 
boundaries is difficult to quantify, only strengthening effect from 
dispersed particles is analyzed here. Assuming that only Orowan bypass 
mechanism is activated, when dislocations pass through the hard and 
brittle intermetallics with an average diameter of 2 μm, hardness 
improvement from dispersion strengthening is estimated as [2,34–36]: 

ΔHVp¼CM
0:81Gb

2π
ffiffiffiffiffiffiffiffiffiffiffi
1 � ν
p lnð

d
b
Þð0:615d

ffiffiffiffiffi
2π
3f

s

� dÞ� 1 (2)  

where C is the scaling factor between Vickers hardness and yield 
strength equal to 3.16; M is the mean orientation factor and M is equal to 
3.06 for the face-centered cubic (FCC) polycrystalline matrix; G is the 
shear modulus, equal to 27 GPa for Al alloys; b is the magnitude of the 
Burgers vector (0.286 nm for Al); ν is the Poisson’s ratio (0.3 for Al), d is 
the diameter of the crushed intermetallics, and f is the volume fraction of 
them. The average diameter and volume fraction have been estimated as 
2 μm and 26%, respectively. Consequently, the calculated hardness 
improvement from dispersion hardening is about 57 HV. 

The nano hardness value (GPa) can be converted into the Vickers 
hardness (HV/kg⋅mm� 2) using the conversion factor 92.65 [37], so the 
Vickers hardness improvement of the alloy after the hammering is 
estimated as 69.5 HV. It is evident that the dispersion strengthening 
accounts for about 80% of the total hardness improvement, implying 
that the UH treatment is an effective way to enhance micro-hardness 
mainly through crushing the dendrites. On the other hand, it is also 
indicated that the dislocation density is reduced after sub-grain forma
tion, and the pinning effect of sub-grain boundaries on dislocations is 
obviously weaker than that of large-angle grain boundaries. It needs to 
be emphasized that the model we use here is really rough and we only 
aim to indicate the hardness contribution trend in the surface 
micro-hardness. 

5. Conclusions 

When the high-frequency ultrasonic hammering is applied on the 
Al80Li5Mg5Zn5Cu5 lightweight entropic alloy, temperature rise, severe 
deformation, and dynamic recovery almost simultaneously occur in a 
short time span, which contributes to homogeneous microstructures, 
micron-scale intermetallic compounds, refined sub-grains, and 
enhanced mechanical behaviors in the sample. Compared to the sample 
without treatment, the major contribution to the increasing hardness is 
from the diffusely distributed intermetallics. This UH technique pro
vides a uniform and homogenous treatment for its controllable static and 
dynamic loading, which is proved to be a highly efficient approach for 
improving the micro-hardness of Al alloys. 
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