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room temperature which limits the application of BMGs. Here, we report a high efficiency and energy-saving
punching method suitable for processing of BMGs. By use of ultrasonic vibration on the punch, the accurate
shape can be quickly manufactured from a BMG plate with a thickness upon 1 mm at an extremely low punch

pressure of 110 MPa, which is less than one tenth of the estimated value by conventional theory. The underline
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physical mechanism of softening in BMG during the ultrasonic vibration assisted punching process was
interpreted by cyclic liquefaction or the activation and connection of liquid-like regions in the elastic matrix of
BMGs. This work would provide a novel route for solving the machining problem of BMGs at room temperature
and promote wider applications of BMGs in precision manufacturing field.

© 2020 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Owing to the unique disordered structure, the mechanical properties
of BMGs tend to be superior compared with their metallic counterparts,
such as higher strength and hardness, better wear resistance [1-6].
Therefore, BMGs have been considered to be the promising structural
materials in the next generation [7-10]. However, BMGs exhibit
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macroscopic brittleness during deformation, which seriously hinders
their application as structural materials. Once the stress exceeds its
yield strength, the formation, propagation and penetration of shear
bands throughout the samples will lead to the catastrophic failure of
BMGs [11-13]. This mean that the conventional processing methods
based on deformation of the material are not applicable for BMGs. The
brittle nature of BMGs acts as Achilles' heel and restricted these mate-
rials to form into useful products. A compromising method is the ther-
moplastic forming for BMGs [14,15]. When the temperature reaches
the glass transition temperature, the metallic glass enters the
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supercooled liquid state and has super plasticity [16,17]. However, the
metastable state of BMGs leads to a high risk of crystallization during
this process, which limits the potential applications of thermoplastic
forming of BMGs. Therefore, it is urgent to have novel processing tech-
niques suitable for their room temperature processing and promote
the application of BMGs.

Shear punching is an effective forming technology for traditional
metals or plastics [18]. The shear punching has also been applied to
MG sheets or strips with thickness only in the order of several microm-
eter [19-23]. Qiao et al. established a correlation between the maximum
shear punched thickness and shear strengths for various BMGs [24].
However, due to the high strength and inherent brittleness, the larger
stress is required once a larger thickness of MG is punched, resulting
in lower processing efficient and higher cost. So, the question is then
raised: Is it possible to using a lower stress for processing of BMGs? It
is known that the MGs were composed of liquid-like regions and elastic
solid-like regions [25-28]. These liquid-like regions may grow or recon-
figure themselves according to the external condition including loading
or temperature rising, which was considered to be responsible for the
deformation or glass transition behavior [25-27,29,30]. It had also
been proved that ultrasound loading can activate these regions and
cause local softening of MGs [28]. Thus, proper introduction of ultra-
sonic technology can reduce the processing stress of BMGs.

In this work, we firstly bring cold forming concept and technology
into BMGs by proposing a high efficient low-stress ultrasonic-
vibration-assisted shear punching (USP) method. Using of this ap-
proach, accurate shape can be quickly manufactured within 1 s on a
BMG plate with a thickness upon 1 mm with a stress less than one
tenth of its strength. Our results show that the brittle nature of BMGs
could be bypassed and specific shapes could be formed under room
temperature. This high efficient and low cost forming method will pro-
vides a novel route for the processing of BMGs and throw light on their
extensive engineering applications.

2. Experimental procedures

The conventional Zrsq5AlgNiq3,05Cuy7 .45 (at.%) BMGs with a thick-
ness of 1 mm were chosen for the present work. The alloy ingots were
prepared by arc melting a mixture of elements with a purity at least
99.9% under a Ti-gettered purified Ar atmosphere. To ensure a homoge-
neous composition, each ingot was remelted five times. Afterwards me-
tallic glass plates with a dimension of 1 mm x 20 mm x 50 mm were
obtained by casting the molten alloy into a copper die. The tensile
strength of the BMG plate was determined to be 1500 MPa by tensile
test, which is consistent with previous literature [31]. In addition, sev-
eral typical crystal materials with a thickness of 1 mm were chosen for
comparison, including phosphor copper, spring steel and stainless
steel, which was purchased directly from commercial suppliers. For
the convenience, the workpieces were cut into a square with a dimen-
sion of 10 mm x 10 mm by a low-speed wire electrical discharge ma-
chining (WEDM; SODICK AP250L).

The glassy nature of the samples before and after punching was
ascertained by the X-ray diffraction (XRD; Rigaku MiniFlex 600) with
Cu K, radiation and differential scanning calorimetry (DSC; Perkin-
Elmer DSC-8000) at a heating rate of 20 K/min. The micro morphologies
and elemental distributions of samples were characterized by LYRA3
FIB-SEM scanning electron microscope (SEM) instrument, and FEI
Titan Cubed Themis G2 300 transmission electron microscope (TEM)
equipped with energy disperse spectroscopy (EDS). The TEM sample
was prepared by the FEI Scios focused ion beam/scanning electron mi-
croscope (FIB/SEM) system.

A schematic diagram of shear punching and forming processes of
USP is depicted in Fig. 1. The intelligent ultrasonic generator generates
the initial ultrasonic signal with a frequency of 20 kHz. The transducer
converts ultrasonic signal into mechanical vibration, then through the
amplification of the ultrasound horn, the ultrasonic punch obtains

final high-frequency mechanical vibration, as shown in Fig. 1(a). The
forming processes of workpiece including BMGs as well as crystalline al-
loys are shown in Fig. 1(b-d). The workpiece was placed above the die
equipped with a positioning frame of 10.1 mm x 10.1 mm in square
and 0.2 mm in depth. The workpiece was pressed using a pressure
plate and a bolt, the ultrasonic vibration and pressure are transmitted
to the workpiece when the ultrasonic punch is lowered. The ultrasonic
punch is made of cemented carbide (TC4 titanium alloy in present
work) with a tip diameter of 5 mm.

3. Results and discussion
3.1. Comparison with typical crystalline alloys

For crystalline materials, the pressure required to complete shear
punching is expressed by the following equation [32]:

4To
=1 W

where P, T, o and d are the required punching pressure, workpiece
thickness, tensile strength of workpiece material and diameter of die,
respectively. The thickness of workpieces are all 1 mm and the tensile
strength of BMG is 1500 MPa as shown in Fig. 2(a). The diameter of
the die is 5 mm. According to Eq. 1, the required punching pressure P
of MG plate is 1200 MPa. However, the actual applied pressure is only
110 MPa, which is less than one tenth of the calculated theoretical
value. Fig. 2(b) schematically draws the relationship between theoreti-
cal stress of the workpiece under the traditional mechanism and the ac-
tual stress of the MG plate using the USP. Obviously, the traditional
deformation mechanism does not apply to MG during USP.

Several typical crystalline materials including stainless steel, spring
steel and phosphor copper with various tensile strengths were selected
to USP for comparison. The tensile strength of these materials is
900 MPa, 650 MPa and 500 MPa, as shown in Fig. 2 (a), respectively. Ac-
cording to Eq. (1), the pressure required to complete the shear punching
of stainless steel, spring steel and phosphor copper is 720 MPa, 520 MPa
and 400 MPa, respectively. For comparison, the pressure of 72 MPa,
52 MPa and 40 MPa, which equal to one tenth of the stress required to
shear the crystalline materials were applied to stainless steel, spring
steel, phosphor copper, respectively.

As shown in the left column of Fig. 3(c), the highest strength stain-
less steel plate did not undergo any deformation, the spring steel plate
with the second large strength shows slight bending, even the copper
with the lowest strength was plastically deformed merely. We also ap-
plied the same stress of the BMG plate during the USP to the three crys-
talline materials, as shown in the right column of Fig. 3(c), the stainless
steel is only slightly bent, the spring steel is plastically deformed, the
copper plate with a strength of one-third of the metallic glass is only
shear-deformed instead of being punched out. Obviously, the crystalline
materials with much lower strength than BMG cannot be punched out
using USP. The remarkable contrasts indicate that the BMG underwent
a completely different deformation mode in contrast to that of tradi-
tional metals during the ultrasonic vibration assisted shear punching
process. In fact, by using a similar method, we have obtained a variety
of complex parts of metallic glass in our previous papers, such as English
letters [22], stator core and other Special-shaped hole parts with com-
plicated contours [28]. Those results indicated that the method was fea-
sible for the complex shaping of metallic glass ribbons. As for the bulk
sample with thickness more than 1 mm, hole punching is a basic cold
forming process for traditions metals, this simple process being success-
fully realized is a prerequisite the complex shapes or parts could be
formed in BMGs. That is the reason we choose to do the hole punching
firstly. However, the ultrasonic vibration machine needs to be
redesigned to accomplish complex shapes or parts punching, including
the power adjustment, sonotrode redesign, mold adaptation et al, which
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Fig. 1. (a) lllustration of the USP method for workpiece of BMGs and crystalline alloys. (b-d) The forming processes of USP.

is a complex project to be done and we are trying to continue in the next
phase of this research.

3.2. Characterization

The Zr-based BMG samples before and after the USP were tested by
XRD and DSC. The experimental results are displayed in Fig. 4. As shown
in Fig. 4(a), the XRD pattern of BMG specimen after punching shows the
same halo profile without change. The DSC curve in Fig. 4(b) also con-
firms the amorphous nature after shear punching and the crystallization
enthalpy before and after punching are almost unchanged.

The micro- and atomic-structure of the edge portion of the hole and
the center portion of the disc, as shown in Fig. 4(b), were examined.
Fig. 4(d)and (f) show the high-resolution electron micrographs and dif-
fraction pattern of the selected area under the transmission electron

microscopy (TEM), respectively. As can be seen, the amorphous struc-
ture and the obvious halo rings indicate that the region experienced
the most severe deformation still maintains the amorphous nature. In
addition, the element distribution examined by the energy dispersive
spectroscopy (EDS) shown in Fig. 4 (d) and (e), reveals that ultrasonic
vibration did not change the element composition and distribution
after punching.

3.3. Section morphology

The fracture morphology near the edges of circle after USP was con-
ducted. The typical cross-section was presented in Fig. 5(a), the magni-
fication of the selected rectangle area was displayed in Fig. 5(b). One can
see that the dimples with wire-like margin appearance is formed and
distributed evenly throughout the section. The average size of the
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Fig. 2. (a) Tensile curve of the selected material. (b) Comparison of theoretical punching stress (represent by the pillar) and actual stress of the MG plate during the USP, the tensile strength

of these materials has also been plotted.
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Fig. 3. (a, b) The different perspectives of MG plate and samples after USP. (c) Left column:deformation of crystalline materials under one tenth of the calculated stress. Right column:
deformation of crystalline materials under the equal stress to BMG.

dimples is more than a dozen microns. The wire-like margin appearance the overall fracture angle under normal compression. In general, BMG
means that a Newtonian-flow behavior occurred during the torn apart under compressive stress will store elastic energy until a very high
process of MG [33]. For comparison, the cross-section of a compressed value is reached, then the local shear bands initiate and lead to the typ-
Zr-based BMG sample was also presented in Fig. 5(c), the inset shows ical vein-like pattern as shown in Fig. 5(c). Obviously, the fracture

i — Before punching
—Before punching i
(a) — After punching ( b) (C) — After pu:chmg
- \
=] t
Z s " R
2 3
c
g 2 L
= ©
[}
I
20 30 40 gg (deso ) 080 %0 300 350 400 450 500 550
d g- Tempature (C)
e e (e)
( ) ¢ Zr
L 4 ® Cu
0 A Ni -
5 *x Al 8
3 3
4 Q
= pe e
20 >
g4 A 2 s
] c
£l .| &
A b o
0 5 10 15 20
Energy (keV)

Fig. 4. (a) Comparison of XRD results before and after the USP. (b) BMG plate before USP, hole parts and disc parts. (c¢) Comparison of DSC results before and after the USP.
(d) Characterization of the edge portion of the hole part. (e) Characterization of the central portion of the disc.
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Fig. 5. (a) The fracture morphology of MG after USP. (b) The magnification of the selected red rectangle area. (c) The fracture morphology of the compressed BMG sample, the inset shows
the overall fracture angle under normal compression. (d) The edge morphology of hole parts for MG sample after USP. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

morphology of the USP sample had a significant difference with the
compressed sample. This striking contrast means that the USP fracture
has a different mechanism compared with conventional compressive
brittle fracture. Fig. 5(d) shows the edge of the punched hole, almost
no shear band can be found. Normally, the traditional shear punching
process applied to amorphous alloys inevitably cause a large number
of shear bands at the edges of the holes [34].Thus, the uncontrollable
shear bands behavior was suppressed during USP process, which is
the activated shear flow that caused the punching of BMG under such
a low stress at room temperature.

3.4. Mechanism

A phenomenological model of cyclic liquefaction was proposed to
understand the underlying mechanism of USP. It is known that cyclic
loading of a saturated or partially saturated soil will cause a loss of the
strength and stiffness [35,36], which was termed as cyclic liquefaction.
Actually, MG is regarded to have an analogous microstructure with sat-
urated soil [37,38], and MGs comprise liquid-like and solid-like regions,
similar to the solid soil and liquid water in the saturated or partially sat-
urated soil. The solid-like regions percolate to form an elastic network
while the liquid-like ones encaged in network acts as viscous flow
units for energy dissipation (as shown in Fig. 6(a)). Shear induced dila-
tation has been extensively studied in randomly packed structures, such
as soils and granular media [39,40], and in the deformation of MGs
[41,42]. Large increases in volume associated with local shearing events
can occur even in the elastic region for MG, which is beneficial to the
growth and generation of liquid-like region [43-45]. Under the external
force, the liquid-like regions in MGs can be activated and extended,
causing the increase of their fraction [25]. In our case, even the applied

stress is only one of tenth of the MG's strength, nevertheless, the assis-
tant high frequency ultrasound vibration could significantly amplify
above effect. With the increase of vibration time, the extended liquid-
like regions connected together as a whole, the BMG sample would ex-
hibit viscous behavior and flow, resulting in the punching off. The sche-
matic diagram of cyclic liquefaction behavior in MG during USP process
is displayed in Fig. 6. As one can see from Fig. 6(a) and (b), when enough
liquid-like regions were activated and connected together, the intercon-
nected elastic network would be damaged, and the strength and stiff-
ness of the BMG can be greatly decreased, and BMG then becomes
easily formed under the punch. According to our existing experimental
data, the physical properties and thermal stability of BMG after high-
frequency vibration loading are improved. After the punching process
when the ultrasonic vibration stopped, the atoms would reduce their
mobility in the liquid-like regions because of the removal of ultrasound
excitation source, therefore, the connection of liquid-like regions would
break and form new solid-like regions, resulting in solid state amor-
phous alloy, as one can see from Fig. 6(b) to (c).

4. Conclusion

In summary, a low stress ultrasonic-vibration-assisted shear
punching approach for BMGs is proposed. By using of this method, an
accurate circle BMG part can be obtained in less than 1 s. It should be
noted that the processing stress is only one tenth of the traditional
punching technology. The deformation mechanism of USP for BMG is
novel and different from the traditional punching method, which is
comprehended by cyclic liquefaction or the activation and connection
of liquid-like regions in MG. The proposed method firstly brings cold
forming concept and technology into BMGs. The method bypasses the
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Fig. 6. The schematic diagram of cyclic liquefaction in MG during USP process.

brittle nature of BMGs and produces specific shapes under room tem-
perature, which could promote their wider engineering application.
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