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With the adoption of a high-frequency ultrasonic vibration method, we successfully fabricated the composites of
amorphous and high-entropy alloys. The low-temperature and low-stress method enables us to fabricate com-
posites which unite both crystalline and amorphous properties. Through adjusting the mass ratios of amorphous
and high-entropy alloys in the composites, the regulation of the properties of the composites was achieved.

Microscopic observations demonstrate that the composites of all proportions exhibit good bonding quality
without the existence of pores or cracks. Due to the mixture of amorphous and crystalline phase, the mechanical
properties of the composites were optimized compared to that of the pure single-phase materials. Our results
provide ideas for the design and fabrication of composite materials containing multiphase and multi-component

with specific properties.

1. Introduction

As a consequence of their unique amorphous structure, amorphous
alloys, also known as metallic glasses (MGs), possess many potential
applications in industry[1-8]. Because of their considerable strength[9],
corrosion resistance[10, 11], toughness[12], hardness[13], wear resis-
tance[14], catalysis[15] and super plasticity[16] compared to tradi-
tional crystalline materials, since the first discovery of MGs in 1960[17],
MGs have received great attention from material researchers, and thus
trigger a large number of studies and reports. Meanwhile, another series
of multi-principal element materials, namely high entropy alloys
(HEAs), have also attracted extensive interests owing to their unique
microstructure and properties[18].

Compared with traditional crystalline alloy, some high-entropy al-
loys have exceptional corrosion resistance, oxidation resistance, great
ductility, and high tensile strength[19-29], and can especially exhibit
excellent mechanical properties under some extreme conditions[30].
Since the 1910s[31], high-entropy alloys have been regarded as a
research hotspot as a result of their potential for applications in material
science and engineering. Theoretically, the fabrication of composites of
amorphous alloys and high-entropy alloys is possible to integrate the
superiority of both and simultaneously compensate for the defects of a
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single material. There have been reports of ex-situ metallic glass matrix
composites (MGMCs) with improved toughness obtained by adding a
second solid-state phase to the liquid state of the MG alloy. The second
phase added to the glass matrix can be ductile metallic [32] or brittle
intermetallic/ceramic particles/fibers. As MGMCs have better mechan-
ical performance compared to the monolithic MGs, developing new
techniques to fabricate MGMCs can be of paramount importance from
both the scientific and technological points of view [33].

Recently, an ultrasound-assisted forming method for amorphous al-
loys[34-37] has been proposed, which turn out to be novel and ideal for
the fabrication of the composites of MG and HEA in this study. Normally,
most amorphous alloys present nearly no plasticity at room temperature,
which greatly hinders their plastic forming using traditional processing
methods. Therefore, the achievement of super-plasticity of amorphous
alloy is the basis of the fabrication of the composites of MG and HEA.
Traditional method to process MGs is normally conducted within their
supercooled liquid region (SLR), which is known as “thermal-plastic”
forming (TPF) at high temperature. To develop extensive homogeneous
plastic flows while avoid crystallization, the selection of MGs composi-
tion and the protocol for thermal treatment subjects to limitations.
During the TPF process, the intrinsic structures and mechanical prop-
erties would be degenerated obviously. By contrast, homogeneous
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super-plasticity can occur rapidly in different MGs at room temperature
when subjected to ultrasonic agitations in seconds. The super-plasticity
is attributed to dynamic heterogeneity and cyclic induced atomic-scale
dilations in MGs, which leads to significant rejuvenation and final
collapse of the solid-like amorphous structure, thereby leading to an
overall fluid-like behaviour. The ability of amorphous alloys to soften
and flow to a specific shape under high-frequency ultrasonic vibration
enables MGs to yield super-plasticity flow and "ultrasound plastic"
forming near room temperature through ultrasonic liquefaction. In this
study, we have successfully fabricated composites of amorphous alloy
and high-entropy alloy which unite both crystalline and amorphous
properties at low temperature and low pressure. Additionally, through
the adjustment of the proportion that amorphous and high-entropy al-
loys account for in the composites, we have been able to regulate the
properties of the composites to achieve better mechanical performance
than pure single-phase materials.

2. Material and methods
2.1. Materials

Amorphous alloy LassAlysNisCujgCos (at%) and high entropy alloy
CoyoCrapFegoNisgMnyg (at%) powders were used as raw materials in this
experiment. The reasons for adopting La-based MG include its wide
supercooled liquid region (SLR), which is important to retain its amor-
phous structure under high frequency ultrasonic vibration, more
importantly, its ultrasonic plasticity and glass forming ability are crucial
to guarantee its binding with HEA. Similarly, the potential property
under applied ultrasonic vibration and the prominent plasticity of
Coz0CraoFegoNizgMnyy make it a good option for the study. The high
entropy alloy powder was prepared by vacuum arc melting and real air
atomization process, and the amorphous alloy was prepared by vacuum
arc melting and high vacuum single-roller belt dumping and mechanical
crushing process. In the experiments, the amorphous alloy and the high
entropy alloy powder were mixed in the mass ratios of 8:2, 7:3, 6:4, 5:5,
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and 4:6 respectively.

2.2. Characterization

The intrinsic properties of amorphous alloy, high entropy alloy and
their composites were determined by X-ray diffractometer (XRD; Rigaku
miniflex 600, Japan) with Cu Ka radiation. The micromorphology of the
composites before and after compression experiments was observed by
scanning electron microscope (SEM; FEI QUANTA FEG 450, USA). The
dimension and characteristics of defects that may exist inside the com-
posites were characterized using a three-dimensional computed to-
mography system (CT, Sanying precision instruments-nano Voxel
3000d, China). A microhardness tester (FM- ARS9000 Japan) was used
to analyse and compare the microhardness of amorphous alloys, high
entropy alloys and composites. The electron diffraction patterns and
energy dispersive spectrometry were conducted using a transmission
electron microscopy (TEM; FEI-Titan3-themisg2, USA). The nanoscale
mechanical properties were tested by a nanoindentation testing system
(Hysitron TI 950, Bruker, Germany) with a Berkovich tip.

2.3. Experimental setup

A schematic diagram of the fabrication of amorphous alloy and high
entropy alloy composites is shown in Fig. 1(a). Specifically, the mixed
powder was firstly compacted under the pre-pressure provided by a horn
without the application of ultrasound, and later the compacted powder
was continuously pressed for several seconds under the horn with high-
frequency ultrasound (~20,000 Hz). During this process, the amorphous
alloy underwent softening and plastic flow and bonded into a bulk mass
with the high entropy alloy wrapped inside, resulting in the formation of
a complete block. Based on the ultrasonic vibration method, we ach-
ieved the regulation of the structure and property of the composites
through adjusting the mass ratio of amorphous alloy and high-entropy
alloy. By altering the composition and content of raw materials, we
are even able to artificially design and prepare materials containing

Fig. 1. (a) A schematic diagram for fabricating the HEA and MG composites, the inset is the HEA and amorphous alloy composite. (b) A schematic diagram of the
HEA and MG powder and their composite. (c) The parameters applied during the ultrasonic vibration.
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multi-phase and multi-component functional gradients with specific
properties according to the requirements. During the ultrasonic vibra-
tion experiments, the temperature rise and pressure values imposed on
the samples were also determined.

3. Results and discussion
3.1. Amorphous and high-entropy alloy composites

In the above-mentioned experiments, we successfully obtained
composites of amorphous and high-entropy alloys. Fig. 1(a) shows
composite block with a diameter of ~5 mm and a thickness of ~3 mm,
with a distinct metallic luster on the block surface. The size of the sample
varies with the altering of the mold size and experimental parameters.
The temperature and pressure profiles during ultrasonic vibration of the
5:5 composite are given in Fig 1 (c) as representative. As can be seen, the
maximum temperature rise in the composite is as small as 38.2 °C which
is far lower than the glass transition temperature of the La-based MG
matrix which is (190 °C). Further, it is evident from Fig. 1 (¢) that the
applied pressure during the ultrasonic process is ~11 MPa, being quite
smaller than the yield stress of the HEA which is determined to be 160
MPa. These findings highlight the advantages of the ultrasonic vibration
technique to fabricate MGMCs compared to the conventional ap-
proaches where high temperatures/pressures are required to fabricate
MGMCs.
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3.2. Intrinsic properties and microscopic morphology

The intrinsic characteristics of amorphous alloys, high entropy alloys
and composites were determined using XRD. Fig. 2(a) shows the XRD
patterns of amorphous alloys, high entropy alloys, and the composites. It
is clear that the XRD pattern of all composites consist of amorphous and
crystalline peaks, and the intensity of the amorphous peaks ascends as
the proportion of amorphous alloys in the composites increases, indi-
cating amorphous structure of MG in the composites remains un-
changed. Fig. 2(b)-(k) show the cross-sectional morphology of the
composites after compression test. The content of spherical particles
which proves to be HEA in the SEM morphology of the cross-section
increases as the mass ratio of high-entropy alloys in the composites
improves. Furthermore, it can be seen from the SEM images that HEA
particles are embedded into the composites, showing stable bonding of
MG and HEA after ultrasonic vibration.

3.3. EDS and electron diffraction pattern

The elemental distribution of the composites was determined by
energy dispersive spectrometer to figure out how amorphous and high
entropy alloys were distributed and bonded in the composites. Fig. 3(0)
illustrates the elemental distribution of the composite in the microscopic
region where the amorphous and high entropy alloys are bound. In the
region enriched in La, Al, and Cu elements, the chemical composition
should be LAs5Al»sNIsCu;gCos, and in the region enriched in Cr, Fe, and

Fig. 2. (a) The XRD patterns of HEA, amorphous alloy and their composites. (b)-(k) show the cross-sectional SEM images of the composites after compression, the
mass ratio of MG and HEA of the composites is 8:2, 7:3, 6:4, 5:5, 4:6 respectively from top to bottom. (1) The overall SEM image of the observed 5:5 composite.
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Fig. 3. (a)-(d) The SEM images of the fabricated 5:5 composite under magnification levels of 500x, 2000x, 4000x, 8000x. (e) The dark-field TEM image of the
bonding area. (f) The local enlarged image of (e). (g) The bright-field TEM image of the bonding area. (h) The local enlarged image of (g). (i)-(k) The diffraction
patterns which correspond to regions 1, 2, and 3 in (h). (1)-(n) The high-resolution TEM images from regions 1, 2, and 3 in (h), respectively representing the pure MG
phase, MG and HEA binding phase, and the pure HEA phase. (0) The elemental distributions in a micro-region that contains both MG and HEA phase.

Mn elements, the chemical composition should be CoyoCraoFeso.
NiggMnyg. Further, the elemental maps obviously show that the chem-
ical elements interdiffuse and this atomic transfer between different
elements yield the bonding between the MG matrix and the HEA
particle.

To further investigate the internal structure of the composites, we
determined the binding interface of the amorphous alloy and the high
entropy alloy, and cut there with FIB. The interface was then observed
by transmission electron microscopy. Fig. 3(e-h) show the dark-field and

bright-field images of the interface and the surrounding regions. Three
different contrasts can be detected from the TEM images, being marked
as regions 1, 2, and 3 in Fig. 3(h). The selected area electron diffraction
(SAED) patterns of these regions are shown in Fig. 3(i-k). It is evident
from Fig. 3(i) that the region 1 has a typical diffraction halo ring,
indicating that this region is a pure amorphous region and that the
amorphous alloy retains its amorphous structure after high-frequency
ultrasonic vibration. For the interface region (region 2), the diffraction
pattern (Fig. 3(j)) exhibits both a halo and crystalline diffraction spots,
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indicating that this region is where amorphous alloy is combined with
high entropy alloy. In the region 3 (Fig. 3(k)), the diffraction halo dis-
appears and there remain only diffraction spots, indicating that this
region is a pure high entropy region. These gradual changes in diffrac-
tion patterns reflect the binary phase composition of the composites. The
binary phase composition can also be determined from the comparison
of the dark field image and bright field images. The high-resolution TEM
images (Fig. 3(1-n)) also confirm that while regions 1 and 3 respectively
are purely amorphous and purely crystalline, the interface region con-
tains both the amorphous and crystalline phases.

3.4. Defects and bonding quality analysis

In order to detect whether defects exist inside the composite, the
samples were observed at different magnification levels using SEM. As
can be seen from Fig. 3(a-d), the samples display good compactness, no
pores and cracks are observed on the surface at the magnification levels
of 500%, 2000, 4000%, and 8000x, demonstrating the fine bonding
quality of the composites. Besides, a high-resolution computed tomog-
raphy system with an actual spatial resolution of 0.5 pm was applied for
the three-dimensional visual characterization of the sample interior.
Owing to the high voltage X-ray source with a micro-focal and highly
sensitive detector, the CT clearly displays the sample interior. Fig. 4
shows the CT scanning images of the composites from the outer edge to
the center at different cutting positions. The tomography images
demonstrate the bonding state of the amorphous alloy and the high-
entropy alloy. No obvious defects are seen inside the samples. In addi-
tion. Density is also a convincing index to further evaluate the bonding
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quality of the composites. During the experiment, Archimedes’ principle
was adopted to make a comparison of the actual and theoretical density
of MG, HEA and the composites. The actual density of the MG, HEA and
composites should be calculated by the equation: p,.aq = (01 %
p1)/ (@1 — w2), in which p,.... represents the actual density of the ob-
ject, while p; represents the density of distilled water whose value is
supposed to be 0.999 g/cm® at room temperature, and w1, @, represent
the weight of the object in air and distilled water respectively. The
theoretical density of the composites should be calculated by the
following equation:

(wMG + wadmixlurc)
@
(wMG//)MG + Wadmixture /padmixmre)

14 composites =

In equation (1), the mean value of the actual density of as-cast MG
and HEA obtained from repeated measurement is 5.72505 g/cm® and
7.87857 g/cm®, and that of the composites of which the mass ratio of
MG and HEA is 8:2, 7:3, 6:4, 5:5, 4:6 is 5.84653, 6.03541, 6.28892,
6.50065, 6.71098 g/cm? respectively. Specially, the mean value of the
actual density of MG obtained from vibrated powder is 5.42863. The
corresponding value of the theoretical density of the composites is
5.79077, 5.90168, 6.06484, 6.21972, 6.39575 g/cm>. By comparing the
values of the actual densities and theoretical densities, one can realize
that as the volume fraction of the HEA particles in the composite in-
crease, the difference between the theoretical and actual densities gets
larger. This trend suggests that some residual porosity may exist in the
composite which is proportional to the increase in interfacial area be-
tween the HEA and MG.

Fig. 4. The cross-sectional CT images at different cutting positions from the outer edge to the center, the illustration shows how the sample was cut during CT.
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3.5. Properties of composite materials

Compression experiments were performed on amorphous alloys,
high-entropy alloys and composite samples to test their macro-
mechanical properties like compressive strength, elasticity and plas-
ticity. Furthermore, microhardness tester was applied to determine the
micro-mechanical properties of the samples. The results of macroscopic
and microscopic mechanical properties are shown in Fig. 5(a-b). From
the stress-strain curves obtained by the compression experiments, we
can learn that the amorphous alloy exhibits relatively high strength,
reaching approximately 800 MPa, while also showing poor plasticity,
conforming to the commonness of amorphous alloy. The strength of the
high-entropy alloy is low, while simultaneously exhibiting excellent
plasticity. With the increase of the proportion of high entropy alloy, the
composites present slightly poorer strength and obviously better plas-
ticity, which is in line with initial expectations.

It should be here noted that the strength and plasticity of the

Journal of Non-Crystalline Solids 582 (2022) 121458

composites obtained from ultrasonic vibration (this study) are compar-
atively larger than those achieved in the composites processed from the
supercooled liquid [39]. We assume that the oxide layer on the MG
particles formed during ultrasonic vibration process was thinner than
during thermo-plastic forming process performed under much higher
temperatures, and the oxide layer hindered the bonding between MG
and HEA particles, which resulted in comparatively deteriorated me-
chanical performance of the composites.

The overall view of the 5:5 MGMC sample after the fracture is shown
in the inset of Fig. 5(c) as a representative of the fracture behaviour in all
studied composites. It can be seen that the failure has occurred by
shearing at the plane around 45° with respect to the loading axis, sug-
gesting that the main deformation mechanism is shear banding. To
further investigate the fracture behaviour in the 5:5 composite, the
morphology of the fracture surfaces are shown in Fig 5(c) and (d).
Several shear bands are seen at the surface adjacent to the fracture
surface of the as-cast MG (Fig. 5(c)). Furthermore, some dimple or vein-

Fig. 5. (a) Compressive stress-strain curves of MG, HEA and their composites. (b) The microhardness of MG, HEA, and the composites. (¢)-(d) The shear bands on the
surface adjacent to the fracture surface in the 5:5 composite. The inset shows the overall view of the fractured sample. (d) The morphology of the fracture surface of

the 5:5 composite. (e) A schematic diagram illustrating the bonding mechanism.
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like patterns are observed throughout the fracture surface in Fig. 5(d),
which is a characteristic feature in MGs and can be ascribed to the local
melting within the primary shear bands induced by the high elastic
energy of the instantaneous fracture. In addition, the extended plasticity
observed in 5:5 composite might be attributed to the delocalization of
shear strain due to the presence of the HEA powders which is associated
with multiple shear banding, as observed in Fig. 5(c). The final failure
will then occur by the propagation of crack around the HEA powders and
the detachment of the HEA particles from the surrounding MG matrix.

The mechanical properties of the composites inherit the advantages
of both amorphous alloy and HEA and thus exhibiting tailorable strength
and plasticity, which makes the composites competent on some occa-
sions where MG and HEA are not when applied alone and entitles the
composites with more application prospects. The results of microhard-
ness test indicate that the microhardness of high entropy alloy is the
lowest, coming at nearly 130 HV, followed by amorphous alloy, up to
about 240 HV, and notably, the microhardness of each proportion of
composites is higher than both amorphous alloy and high entropy alloy,
and when high entropy alloy makes up higher proportion in the com-
posites, the hardness of composites rise.

3.6. Bonding Mechanism

The crack of the oxide layer of MG[38] and the transfer among atoms
of MG and HEA contribute a lot to the stable bonding of the composites.
It is widely accepted that a strong physic bonding of two surfaces re-
quires atoms contact and contaminant free condition. However, it’s
quite challenging for metals to reach such requirements, which is
attributed to the contaminants attracted by high surface energy of
metals during processing. One of the typical factors that caused the
contaminants is oxygen, which resulted in the formation of a compact
oxide layer. The oxide layer plays as a hindrance of the bonding for MG
with other materials, hence, it’s crucial for MG to break through the
barrier of the oxide layer so that to bond with HEA to fabricate their
composites. In this study, before ultrasonic vibration was applied to
fabricate the composites, the MG and HEA powders were evenly mixed,
meanwhile, there remain large amounts of gaps between MG and HEA
particles because of no interaction, as seen in Fig. 5(e). With the appli-
cation of ultrasonic vibration, MG particles were enabled to soften and
deform, leading to the elimination of those gaps, which made HEA
particles fully wrapped by MG. Furthermore, the oxide layer of MG
crashes under high frequency ultrasonic vibration, making elements
transfer possible. As seen from Fig. 3(0), the La, Al and Cu elements
partly transfer from LassAlysNisCujgCos side towards the CogoCrag.
FegoNigoMnyg side, and assembly, the Cr, Fe and Mn elements from
CoyCragFeyoNiggMnyq side partly transfer to the LassAlysNisCuigCos
side, promoting the bonding of MG and HEA, and thus achieving the
formation of all of the composites with the unique sandwich-like
structure. In this whole process, the application of ultrasonic vibration
enabled MG to stick together with HEA like glue[39], and the
compressive force from the horn made the composites fairly compact.

4. Conclusion

In summary, by using ultrasonic vibration, we successfully fabricated
composites of amorphous and high-entropy alloy under low temperature
and low stress conditions. Through tuning the mass ratios of amorphous
alloy and high entropy alloy in the composites, the regulation of the
compressive strength and plasticity of the composites is achieved. SEM
and TEM characterization proves that the composites of all ratios exhibit
good bonding quality and there are no defects of pores and cracks
existing inside their interior. Our results shed light on the design and
fabrication of functional gradient materials containing multiphase and
multi-component with specific properties.
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