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Abstract

Bulk metallic glasses (BMGs) formed by rapid quench from liquid melts are emerging as a novel class of versatile advanced
materials with excellent mechanical, physical, and chemical properties over conventional crystalline metals, including superior
strength, high elasticity, and excellent corrosion resistance, attributable to their long-range disordered atomic structure. For
practical applications, shaping of BMGs is the first process and various processing methods have been proposed. Apart from
thermoplastic forming (TPF), micro machining processes, such as diamond turning, laser processing, and micro electrical
discharge machining (micro-EDM), belonging to material removal processes, play significant roles for shaping of BMGs in
industrial applications. In this review, the state-of-the-art micro machining methods of BMGs are comprehensively summarized,
followed by pointing out future developments of this research topic. The reported studies are categorized into three different
machining processes, termed as diamond turning, laser processing, and micro-EDM. Due to excellent properties of BMGs as well
as amorphous structures, some unique cutting characteristics on the aspects of chip formation, cutting forces, tool wear,
oxidization, and crystallization are reported during diamond turning process of BMGs. As the low machining efficiency and
severe tool wear impede its broad commercial adoption, laser processing and micro-EDM exert their advantages on micro
machining of BMGs. In consideration of the effects of laser irradiation on the multi-component alloys, understanding the
fundamental laser-BMG interaction is necessary for the improvement and optimization of the machining precision and accuracy.
Micro-EDM, as a novel kind of feasible processing method, further enlarges the machinability of BMGs. Some related issues and
challenges in micro-EDM are carefully discussed, which are meaningful for further development of such method in micro/nano
machining of BMGs.
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1 Introduction discovery was further developed by Chen et al. in 1970s [3].

As an important milestone in this field, he obtained a series of

Bulk metallic glasses (BMGs) are a novel class of metallic
alloys, formed by rapid quench from multi-component liquid
melt. The absence of crystalline atomic structures endures
them with some extraordinary mechanical, physical, and
chemical properties over conventional metals [1]. In 1960,
the metallic glass was firstly synthesized and reported by
Klement et al. at California Institute of Technology [2]. The
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Pd-T-P amorphous arrays (T = Ni, Co, Fe) with critical casting
thickness [4]. These new materials possess long-range disor-
dered atomic structure with multiple components, which are
similar to that of transparent glass. After that, more achieve-
ments were made in 1980s and a variety of BMG systems with
high glass-forming ability were developed, such as Zr- [3,
5-8], Ti- [9, 10], Cu- [11, 12], Fe- [13-15], Mg- [16-18],
Ni- [19, 20], and Pd- [21-23] based systems, as shown in
Fig. 1. Compared with their crystalline counterparts, the
cooling rates of the metallic elements in liquid phase are hun-
dreds or thousands of times larger, quicker than a specified
critical cooling rate. The transition time and buffer time be-
tween the liquid and solid phase are so short that is not enough
for free atoms inside it to organize themselves into the ordered
metallic lattice positions, remaining in the metastable state in
solid. Because of the absence of grain boundary and
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(a) Pd-Cu-Ni-P (b)

Fig. 1 Pd-, Ni-, Cu-, and Zr-based BMGs with centimeter size [26]

dislocation defect, BMGs present some outstanding proper-
ties, such as superior strength, high elasticity, and excellent
corrosion resistance [24]. These attractive properties make
them to be promising advanced structural and functional ma-
terials in the future, and extensive research and works have
been done to explore new BMGs with stronger mechanical
properties [24-26].

Right now, various BMGs with multiple components have
been developed with different dimensions from several milli-
meters to tens of centimeters [27], and some of them have
been selected as ideal candidates for many industrial and civil
applications [4], for example structural material, sensor,
spring, sporting goods, wear-/corrosion-resistant coating, op-
tical, magnetic, micro-/nano-technology, information data
storage, ornamental, biomedical, and fuel-cell separator mate-
rials [26].

Due to their special amorphous atomic structure, the plastic
deformation and mechanism of BMGs are related to shear
banding, being significantly different from the conventional
crystalline metals, which are based on dislocation propagation
and grain boundary subjected to external loads [28]. As no
crystalline defect and grain boundary exist, BMGs are ideal
materials for applications in micro-/nano-devices. For practi-
cal applications, shaping of BMGs is the first and the most
important process before any applications. The amorphous
atomic structure within the supercooled liquid region endures
them with an easy alternative shaping method at elevated tem-
perature [29], i.e., thermoplastic forming (TPF). TPF provides
a remarkable, near net-shaping and low-cost method for
manufacturing large-scale, precise, and versatile geometries
on electrical, biomedical, and optical elements [4], as shown
in Fig. 2. However, TPF requires ultra-precision molds, which
are quite difficult to fabricate but very easy to damage espe-
cially when the micro/nano structures on the mold is complex.
Moreover, TPF can only copy simple structures on the mold
which is not flexible for complex three-dimensional (3D) or
customer-designed applications. Therefore, alternative
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methods for shaping BMGs should be further explored and
developed.

Diamond turning, assisted with fast/slow tool servo (F-/
STS), has been widely accepted as a very promising technol-
ogy for flexible ultra-precision machining of freeform surface
[30-35]. Due to its superior advantages of generating high
profile accuracy and optical finish surface, it has been gener-
ally employed to fabricate complicated, periodic, or functional
microstructures on biomedical and optical elements [30,
36-38], such as hydrophobic/hydrophilic surface [39]. As
one of the most basic methods in mechanical machining, in-
tensive investigations on the machining of BMGs have been
conducted in the past decades, including the separation mech-
anism between the BMG surface and the chips [37, 40, 41],
diamond tool graphitization and wear [42], finished surface
roughness [43], and so on.

Micro machining of BMGs with high-power laser system,
as a typical non-contact material removal method, also pre-
sents interesting fabrication opportunities due to the inherent
high-throughput of such approach and its associated ability for
processing a broad range of materials regardless of their me-
chanical properties [44]. At the same time, recent develop-
ment in laser micro machining has achieved great interest
for their applications in fabricating micro structures [45-48].
Because laser processing will ultimately produce heating and
cooling cycles within the materials, the cycles should be lim-
ited within a short range whereby the machining process will
not introduce crystallization precipitates into the microstruc-
ture of the materials [49, 50]. Therefore, many efforts were
conducted to investigate the interaction between a pulsed/
continuous laser beam and BMGs for further generating sur-
face structures with micro-scale dimensions [51].

Micro electrical discharge machining (micro-EDM), as an-
other kind of non-contact machining method, becomes one
popular machining method for micro machining of BMGs.
Compared with diamond turning and laser processing,
micro-EDM is a more flexible production method for
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Fig. 2 Typical thermoplastic forming devices with micro-/nano-patterns
for MEMS application: a—g micro-spring, micro-gear, micro-motor,
micro-fan, micro-honeycomb structure, micro-gyroscope, and micro-

fabricating 3D micro-parts with sub-micro structures, such as
micro-hole, micro-gear, micro-array, and micro-tool [52-54].
In addition, micro-EDM is also suitable for machining hard-
brittle materials which is quite difficult by conventional ma-
chining methods, such as diamond turning and high-speed
micro milling. Therefore, it has been widely employed in die
and mold making industry. In consideration of the outstanding
mechanical properties of BMGs especially the high hardness,
micro-EDM becomes a potential choice for machining some
hard-brittle BMGs. However, micro-EDM is an electro-
thermal process and BMGs are very sensitive to temperature.
Some results obtained by Hsieh et al. [55] indicated that

accelerometer structure; h—j micro-tubines; k—q patterns used in
biochips; and r—t fancy surface patterns such as micro-bats and micro-

poetry [4]

severe crystallization happened during the conventional
EDM of Zr-based BMG because of high electrical discharge
energy leading to concentrated local heat. The microstructural
changes of BMGs in deeper subsurface region, i.e., heat-
affected zone, have not been clearly clarified.

In the past decade, a few reviews have been published on
different and specific aspects of BMGs related to the synthe-
sis, properties, and applications by Axinte [56], Lu and Liu
[57], Schroers [1], et al. Axinte gave a general view of the
development and recent advance of BMGs on material prop-
erties and applications [56]. Schroers presented a detailed re-
view on the processing of BMGs, including the casting,
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thermoplastic forming, and their effects on the material prop-
erties [1]. Most of previous reviews are focused on the ther-
moplastic forming process of BMGs. However, micro ma-
chining by material removal approaches has been rapidly de-
veloped and made great achievements in recent years. These
machining methods undoubtedly play very important roles in
BMG micro machining, especially for precision micro-/nano
machining. Up to now, progresses related to such machining
methods have not been systematically reviewed.

Toward an in-depth understanding of the issues in micro
machining of BMGs, this review aims to present the recent
developments and achievements on micro machining of
BMGs, as well as some issues and challenges. As three im-
portant micro machining methods for BMGs, diamond turn-
ing, laser processing and micro-EDM, are emphasized to be
discussed. Both the current and new potential applications, as
well as issues and challenges are highlighted. Finally, we
briefly summarize the progress of these three BMG micro
machining methods and present the wide range of applications
in future, including the potential capabilities for a number of
industrial and biomedical relevant processes.

2 Diamond turning of BMGs
2.1 Introduction to diamond turning

Diamond turning is a cutting process using diamond tools. It
belongs to one of the most widely used material removal
methods by mechanical interactions between natural or syn-
thetic diamond-tipped tool bits and workpieces. It has been
widely employed to fabricate high-quality complex optics el-
ements from crystals, metals, acrylic, and other materials by
the contacting radiused tool noses [58]. Diamond turned sur-
face has high specular surface quality and requires no addi-
tional polishing or buffing, unlike other conventionally ma-
chined surfaces.

Figure 3 illustrates the hardware configuration and working
principle of the machining process. The computer numerical
control (CNC) machine tool is composed of two main com-
ponents, namely a spindle to install and rotate the workpiece
and a multi-axis linear stages moving in the x-axis, y-axis, and
z-axis. Generally, the y-axis is not activated during diamond
turning process. The FTS utilized on the turret serving as an
auxiliary moving axis is specially adopted to activate the dia-
mond tool in and out of the workpiece when the spindle is
rotating as programming [30]. For the diamond turning sys-
tem, the geometry of the desired surface is usually expressed
in cylindrical coordinates oy-Xy,)wZw, as shown in Fig. 3b. The
function of the desired surface in the cylindrical coordinates
can be presented as z=f{p, ¢), and the interval between two
points on the spiral curve is determined by constant angle/
distance sampling strategy.
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For processing BMGs, diamond turning is particular use-
ful. This is due to the fact that the diamond turning is one kind
of micro machining methods without introducing significant
thermal effect [30], which means BMGs could remain amor-
phous structure and avoid oxidization during diamond turn-
ing. When utilizing diamond turning for micro machining of
BMGs, it is a complex interaction between the diamond tool
and BMGs, accompanied by friction, deformation, and ther-
mal conduction. The rapid heating and cooling rates associat-
ed with diamond turning can aid in then avoidance of crystal-
lization, which allows the thermal effect zone retain its desir-
able properties after machining [59, 60]. The finish surface
quality is not only dependent on the surface roughness, but
also the resulting surface atomic structure after friction and
deformation with diamond tool. Due to the absence of grain
boundary and dislocation defect, the conventional deforma-
tion principle, fit for crystalline metals, does not match that
for BMGs anymore, and the tool suffers seriously in such
processing. Therefore, understanding the fundamental mech-
anism in micro machining between the diamond tool and
BMG becomes critical for improving the surface quality, ex-
tending tool life, and increasing machining efficiency.

2.2 Investigation on chip formation and tool wear

The investigation on chip formation has been a long-standing
subject in metal machining. For conventional crystalline al-
loys, substantial progress has been achieved for understanding
the mechanism of diamond turning. However, as BMGs are a
relative young group of alloy materials, the understanding of
the deformation behavior and its underlying physics in BMG
cutting processes lags is far from complete. The mechanism of
chip formation is of central importance in diamond turning.

Previous studies presented that unique continuous chips
with lamellar structure were prone to form during micro ma-
chining of BMGs. Using a TiN-coated WC-Co insert (Seco
CCMT 09T304) with a 0.4-mm tip radius and a 5° rake angle,
Bakkal et al. [41] investigated the effect of varying the cutting
speed from 0.38 to 1.52m-s " on the Zrs, sTisCuy7.oNij46Al10
BMG block. After machining, the chips were characterized by
scanning electron microscope (SEM). It was observed that
large shear lamella occurred with low cutting speed as shown
in Fig. 4a, b, somewhat similar to the serrated chips produced
in the turning process of Ti alloys [61-66]. Void formation
occurred in the shear zone between lamella without consistent
chip twist or curl. At high cutting speed, chip formation was a
combination of irregular lamellar segments in the midsection,
as shown in Fig. 4c. The presence of extensive viscous flow in
the chips modified or inhibited a free-volume shear mecha-
nism as in slow speed machining.

A study by Jiang et al. [67] provided further understanding
regarding the structure evolution of Vit 1 BMG subjected to
diamond turning. By observing the chips with high-
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Fig. 3 Schematic diagrams of a
diamond turning on a multi-axis
ultra-precision lathe, b relative
positions of the workpiece and
diamond tool, and ¢
microstructured surface and the
tool path above the reference
plane

magnification micrograph, periodic micro/nano structures
with constant spacing in micrometer scale were achieved, as
shown in Fig. 5. Furthermore, a coupled thermo-mechanical
orthogonal cutting model, taking into account force, free vol-
ume, and energy balance in the primary shear zone (PSZ), was
developed to quantitatively characterize the lamellar chip for-
mation. The symmetry breaking of free volume flow and
source governs the onset of lamellar chips, while the thermal
instability only affects their morphology at low cutting speed.

The roughness of the machined surface was further studied
by Bakkal et al. [42]. The averaged R, of machined surfaces
was summarized in Table 1. Compared with the machined

Fig.4 SEM micrographs of chips
at different magnification scales.
Cutting speeds: a 0.38 m's™', b
0.76 ms ', and ¢ 1.52 m's ' [41]

surface by using WC-CVD, higher R, was achieved by using
WC-PVD and PCD tools that generated serrated BMG chips.
The deteriorated surface roughness for WC-PVD and PCD
tools may result from the generation of dynamic motion at
the tool tip due to the formation of the periodical shear bands.
Regular lathe turned surfaces with groove marks were ob-
served on the machined BMG surface as shown in Fig. 6a.
Furthermore, the roughness of the machined BMG surfaces
was generally better than those of the machined Al6061 and
SS304 surfaces, indicating that diamond turning is a potential
method to obtain very precise BMG surface for optical and
photonic applications.
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Due to the excellent mechanical properties of BMGs, an
extensive study of tool wear was important for efficient
and precision micro machining. The SEM micrograph of
polycrystalline cubic boron nitride (PCBN) tool after ma-
chining of BMG is presented in Fig. 7. Because of the poor
thermal conductivity of BMGs, the cutting heat was
trapped in the workpiece-tool tiny local zone, promoting
the welding of the chip to the tool tip. In Fig. 7, around the
tool nose radius region where most of the cutting action
occurred, it was observed that the chipping at cutting edge
appeared. Moreover, along the cutting edge adjacent to the
tool tip, the chipping also occurred although the physical
contact between the tool and the workpiece did not occur
in this area. Accordingly, it was derived that the impact of
BMG chip with the tool edge during machining resulted in
the occurrence of chipping [42].

2.3 Oxidation and crystallization

Another focused phenomenon in diamond turning, reported
by Bakkal et al. [68], was the oxidization and crystallization of
BMGs at high-speed diamond turning. The relevant properties

Table 1 Average arithmetic surface roughness R, (um) [42]

Tool materials WC-CVD WC-PVD PCD
BMG 0.47 0.84 0.62
Al6061 1.17 0.85 1.07
SS304 2.71 2.53 1.50
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Fig. 5 Chip morphologies of Vit 1 BMG. a Macroscopic full-view of “continuous” twist chip; b tool-contact surface of chip marked by “A” in a; ¢
details corresponding to area “C” in b; d free surface of chip marked by “B” in a; e, f lamellar structures at different magnifications in area “D” in d [67]

| Sum

of BMGs to this issue are the very low thermal conductivity
and sensitivity to temperature variation during processing
[68]. The cutting heat generated due to the interaction between
the workpiece and tool was trapped in the narrow primary
shear zone. Thus, high temperature could appear during dia-
mond turning of BMGs, which may initiate the crystallization
and oxidation of BMGs. As illustrated in Fig. 8, optical mi-
crographs of polished cross-sections of the BMG chips ma-
chined at two cutting speeds of 0.38 and 1.52 m's ' showed
different structures in different grayscale regions. In Fig. 8b, a
dark oxide layer was visible around the chips and associated
with the light emission during machining at 1.52 m's™" cutting
speed, while no such oxide layer was observed in the chips at
0.38 m's ' cutting speed, as shown in Fig. 8a. Further obser-
vation was conducted after the BMG chip was polished and
etched. Figure 9 shows various micro structural regions in
these machined chip cross-sections. Chemical etching re-
vealed the oxide layer on the outside surface of the chip and
the dendritic pattern inside the chip. The dendritic pattern was
due to crystallization of the BMG. Figure 9a, b shows the
homogenous crystallization inside the chip, and Fig. 9¢, d pre-
sents some dendritic patterns in the chips, which may match
the direction of maximum cooling rate during the chip
cooling. X-ray diffraction (XRD) was also performed on both
the chips and machined surfaces to verify the oxidization and
crystallization, as shown in Fig. 10.

To further understand the chip crystallization, the BMG
chips obtained at 1.52 m's ' was investigated by using the
field-emission SEM (FESEM) [68]. Figure 11 shows the re-
gion with mixed crystalline and amorphous structure under
different gray levels and magnifications. Four regions with



Int J Adv Manuf Technol (2019) 100:637-661

643

Fig. 6 SEM micrographs of the
machined surfaces at 0.76 m's '
cutting speed. a BMG; b A16061;
¢ SS304; and d SS304 (close-up
view) [42]

different structures can be identified, oxide layer (O), crystal-
line phase (G), amorphous region (A), and eutectic region (E).
The whole chip was surrounded by the oxide layer, while the
eutectic region was mixed inside the amorphous region of the
chips, and most of the leaf-shape crystalline phases, with dark
gray color were distributed among the eutectic region.
Further works were done with different tool rake angles,
coatings, and tool thermal conductivities [42]. The experimen-
tal results suggested that the high rake angle resulted in lower
cutting force, and less thermal effect on the chip. No chip
oxidation and light emission was observed in BMG micro
machining by high rake angle tool (WC-PVD), resulted from
different material deformation mechanisms, as shown in
Fig. 12. Furthermore, different tool materials were adopted
for turning experiments. If the tool had a high thermal con-
ductivity, more heat could be conducted to the tool at the tool-
chip interface. Thus, the chip temperature could be reduced,

SX-20200 15.0kV 9.0mm x50 SE(M)

Fig. 7 PCBN tool after machining the BMG [42]

suppressing the chip oxidation and light emission during turn-
ing of BMGs.

The aforementioned state-of-the-art studies have been con-
ducted with various kinds of BMGs, including Zr-based and
Cu-based. Although it still faces some difficulties and troubles
in micro machining, the preliminary experiment results indi-
cated that diamond turning is an important and flexible micro
machining method for fabricating BMGs into precise and use-
ful components [30, 42, 43, 59, 60].

3 Laser processing of BMGs
3.1 Introduction to laser micro processing

The use of laser in materials processing, machining, and med-
ical applications is a rapidly growing area of research [44]. It is
a non-traditional subtractive manufacturing process, in which
a laser beam directly toward the surface of the workpiece. The
energy of the laser beam is focused onto the surface of the
workpiece and the thermal energy of the laser is transferred to
the surface, heating, melting, and vaporizing the material. This
process employs thermal energy to remove materials from
metallic or nonmetallic surfaces, which is also suitable for
micro machining of BMGs with low thermal conductivity
[27].

Figure 13 presents the hardware configuration and
working principle of the laser machining process. The ma-
chining system mainly consists of two parts, a 3D position-
ing linear stage and a laser source. The laser beam is emit-
ted from the laser source and followed the controller to
trace patterns onto the surface by moving x and y-direction
slides. The point of the laser beam interacted with the
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Fig. 8 Optical micrographs of
polished cross-section of BMG
chips machined at a 0.38 m's™'
and b 1.52 m's ' cutting speed
(with oxide layer) [68]

surface should be on the focal plane of the laser optical
system. This focal point is very small, usually perhaps less
than a fraction of a millimeter. Only the area inside the
focal point is significantly affected when the laser beam
passes over the surface. The interaction between the laser
and the surface is illustrated in Fig. 13b.

Besides their attractive mechanical properties, the amor-
phous structure of BMGs leads to favorable conditions for
their processing using laser micro machining. In particular,
recent advances in ultrashort pulsed laser ablation as a
fabrication technology of interest for generating micro-
scale features on BMG surfaces have attracted great atten-
tion [69], which allows the specific energy deposition on a
micrometer scale region with high processing speed.
Unlike conventional continuous laser process, the pulsed
laser irradiation can largely avoid severe crystallization
and oxidation in machining process by large reduction of
thermal effect area [70]. Therefore, taking features of low
cost, flexible installation, and easy maintenance especially
for the nanosecond pulsed laser system, laser processing
has become a versatile tool and interesting focus for micro
machining of BMGs.

Fig. 9 Optical micrographs of the
polished and etched BMG chips
obtained at 1.52 m's ™' cutting
speed: a crystallization incipient
next to oxide layer; b transition
from crystalline (left) to
amorphous (right) regions; ¢
dendritic crystalline branch and
the maximum cooling rate
directions indicated by arrows;
and d fully crystalline region [68]
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3.2 Surface microstructures after laser point shot

Materials respond differently to various kinds of energy, and
the structures left on the irradiated surface will uncover the
thermal phenomena that take place when processing BMGs
with pulsed laser irradiation. The lack of grain boundary and
low thermal conductivity gift the BMGs superiority over some
conventional crystalline alloys by laser machining [71]. As
BMGs are very sensitive to temperature variation and
shielding gas, the thermal process during laser machining
may result in crystallization and oxidization of BMGs, further
affecting the properties of BMGs [50]. It is, therefore, neces-
sary to determine which parametric combination results in
retaining the initial amorphous structure as well as producing
a clear pattern with an acceptable removal rate.

In 2010, Ma et al. [72] investigated the response of a Zr-
based BMG (ZrssAl;(NisCusg) to a Ti-sapphire femtosecond
pulsed laser. Three different types of surface microstructures
with permanent concentric rings were produced through vary-
ing laser fluences and shot numbers. As a single-shot (N =1)
femtosecond laser was fired at the target, two distinct surface
topographies were generally observed at different laser

BMG-S300 10 micron S300-BMG 20 micron

00 —— 10 micron
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Fig. 10 X-ray diffraction analysis
results for as-received, machined
surface, and chips of BMG
obtained with different speeds
[68]

Counts

—(e) Chip cut at 1.52 m/s

—(d) Chip cut at 0.76 m/s

M — (c) Chip cut at 0.38 m/s

— (b) Machined surfaces

— (a) As-received BMG

15 30

fluences, as shown in Fig. 14. In the case of low laser fluence,
some random structures were generated on the laser spot in-
cluding nanocavities and nanorims, but with little melting
traces. While at the high laser fluence, some re-solidified lig-
uid flow resulted in bulges at the irradiation center, which
could be originated from the strong thermal ablation processes
[73].

When the BMG sample was irradiated by femtosecond
laser with multiple pulses accumulation, the evolvement pro-
cesses of periodic surface microstructures was variable with
different laser parameters. As shown in Fig. 15a, when the
accumulated laser shots were N =30 with the laser fluence
of F=0.18 J-cm ™2, ripple structure appeared on the laser spot.
Alike to the previous observations reported by many other
groups, the laser-induced ripples were orientated perpendicu-
lar to the direction of the incident electric field [74-76].
Furthermore, at the center of the spot, a circular hole with
diameter of about 2 pm was formed, which may attribute to
the reduced damage threshold of the surface with gradual
accumulating of laser shots, or the incubation effect of
multiple-pulse striking became predominated. In the case of
high laser fluence of F =2.82 J-cm 2, the formation of

b

O __

Fig. 11 FESEM micrographs of the chip cross-section: a contrast
adjusted to show the oxide layer surrounding the chips, (O); b contrast
adjusted to show the inside crystalline and amorphous regions, (G)

Y Nl ST Ve

45 60 75 90
26 Angle

subwavelength ripples with thermal melting background ap-
peared in the periphery of the ablated zone, as shown in
Fig. 15b. Further analysis of the subwavelength ripples
showed some differences. The ring interval increased at the
laser fluence of 2.82 J-cm 2, while it decreased at the laser
fluence of 0.18 J-cm 2. This sharp contrast suggested that
the formation of the two types of concentric rings was due
to different physical mechanisms. The morphological evolu-
tion of the surface under the irradiation of multi-pulse femto-
second lasers with the mediated energy fluence of 1.2 J-cm 2
showed that the radial change of this mixed concentric pattern
was located between the high and low laser fluence patterns,
as shown in Fig. 15c¢.

Surface rippling patterns were further observed on the
irradiated surface of BMGs by using the nanosecond pulsed
laser. For example, Liu et al. [77] reported the ripple pat-
terns in the nanosecond pulsed laser irradiated area of Vit 1
BMG with single shot, as shown in Fig. 16. They attributed
this surface rippling phenomenon to the Kelvin-Helmholtz
(K-H) instability at the interface between the molten layer
and the expanding plasma plume, which was very similar to
the unstable interface between the wind and the water when

Spol Magn  Det WD
5,07 4000x BSE 100 32003

1 b

represents the gray leaf-shape crystalline region; and ¢ close-up view of
the box in b with the amorphous (A) to eutectic (E) crystalline transition
[68]
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21361 15.0kV x30 SE(L) 00 SX-2 L 200ur $X-21363 15 0k SE(L um
! cutting speed: a Tool: WC-CVD, with chip light emission; b Tool: WC-PVD, no chip

Fig. 12 SEM micrographs of BMG chips machined at 1.52 m's™
light emission; ¢ Tool: PCBN, with chip light emission; and d Tool: PCD, no chip light emission [42]

Fig. 13 Schematic diagrams of a 2
laser processing on three-axis (a) é ﬁ (b)
precision stage, and b laser- N
material interaction Laser
Basement Ejected Material

8 !;J Melt zone

Heat effect zone
N Micro crack

Target Material
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Fig. 14 Surface topographies on
the metallic glass irradiated by a
single-shot femtosecond laser
(N=1) with two different energy
fluences: a F=0.18 J.cm > and b
F=3.53Tem 2 [72]

the wind skittered over the water surface. Thus, the molten
Vit 1 worked as the “water,” and the expansion of the high-
pressure plasma generated the “wind.” For pulsed laser ir-
radiation of Vit 1 with high intensity, the velocity of Vit 1
melt could be regarded as zero compared to that of plasma
plume [78]. The density of Vit 1 in the liquid state was
much greater than that of plume [79, 80], and the viscosity
of Vit 1 melt was much larger than of plume [81]. Taken
these into consideration, the ripple spacing was actually
determined by the density and initial horizontal velocity
of the expanding plasma for fixed surface tension, as shown
in Fig. 17.

Furthermore, similar experiments, with the same BMG and
laser source, were conducted within water environment [82].

Fig. 15 Surface morphologies of
the BMG irradiated by multiple-
pulsed N =30 femtosecond lasers
at a low energy fluence of

0.18 J-em™>; b high energy
fluence of 2.82 J-cm™2; and ¢
mediated energy fluence of

1.2 Jem 2 [72]

W

:"F'
-
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The surface rippling was also observed around the crater edge
with a star-shaped pattern, namely Saffman-Taylor fingering,
as shown in Fig. 18. This was explained by perturbation anal-
ysis, the instability between the plasma plume and the molten
BMG.

When Vit 1 BMG was irradiated by using a high-power
nanosecond laser pulse, a unique porous structure as shown in
Fig. 19 was further reported [83]. Ripples being similar to
those in Fig. 16 were also observed at the edge of the irradi-
ated area as shown in Fig. 19a. Moreover, porous structures
with 100-nm scale voids were homogeneously distributed at
the entire irradiated region as shown in Fig. 19b—f, and their
formation was theoretically ascribed to a liquid-gas spinodal
phenomenon.
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Fig. 16 The irradiated morphologies of Vit 1 BMG by a nanosecond
pulsed laser with singe shot: a the full view of irradiated area; b
concentrated ablated region marked by “A” in a; ¢ a close-up view of

Williams et al. [69] further investigated the interaction be-
tween a nanosecond pulsed laser with the Vit 1 BMG.
Different pulse lengths, ranging from 15 to 140 ns, were ex-
amined when delivering single pulse to BMG surface using a
Yb fiber laser system. The authors introduced a thermal model
to predict the temperature evolution during laser processing.
For example, Fig. 20 illustrated the temperature evolution
with the time for different pulse length at a fixed fluence of
14 J-cm 2, calculated by the theoretical model. For short pulse
length, high peak laser power resulted in wide melt pool and
more melt ejection surrounding the crater, as shown in Fig. 20.
Furthermore, surface ripples were also observed immediately
outside the edge of the crater as shown in Fig. 21, where the

A (pm)

3.0 1.0 R

u
] (Io’,,,/s)

Fig. 17 Prediction of ripple spacing A, with the change of density po;
and initial horizontal velocity ug; of the expanding plasma [77]
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the area “B” in a; d an enlarged view of the area “C” in c; e, f correspond
to the areas “D” and “E” in d, respectively [77]

temperature was subjected to heating above the glass transi-
tion temperature of the material (7,) but below the melt
temperature.

3.3 Surface microstructures after laser line processing

By laser point shot as mentioned in Section 3.2, various mi-
crostructures such as ripple, Saffman-Taylor fingering, and
porous nanostructure are generated on BMG surfaces in laser
processing. For practical applications, large-area surface mi-
crostructures are necessary and thus large-area laser irradia-
tion, pulse by pulse and line by line, is required. Some pro-
gresses are also achieved recently in laser line processing of
Vit 1 BMG.

By laser line irradiation in vacuum, Huang et al. [84] re-
ported that hierarchical micro/nano structures were generated
on the surface of Vit 1 BMG, which consisted of two layers, a
layer of micron-scale laser pulse tracks covered by a cotton-
like MG thin film with nanometer-scale micro structure, as
shown in Fig. 22. The formed surface microstructures signif-
icantly increased the effective surface area which had the po-
tential to enhance the applications of BMGs in heterogeneous
catalysis and biomedical engineering. Furthermore, the effects
of laser irradiation parameters such as laser power and scan-
ning speed on the surface microstructures were also explored.
Experimental results showed that hierarchical micro/nano
structures could be generally generated at the irradiated area
but the detailed surface microstructures were dependent on the
laser parameters in some degree. By XRD analysis, it was
confirmed that the laser line irradiated surface retained an
amorphous feature. By theoretical and experimental analysis,
the formation mechanism of the hierarchical micro/nano
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Fig. 18 Surface morphologies of Vit 1 BMG irradiated by a nanosecond
pulse laser with singe shot in a water environment: a the full view of
irradiated area consisting of a smooth region “I” and a rough region

structures was further discussed which was related to heating,
liquefaction, vaporization, cooling, and re-deposition process-
es during the laser line irradiation.

Shield gases such as argon and nitrogen have been widely
employed previously during laser processing of BMGs to
avoid surface oxidation and crystallization, but their effects
on the laser-BMG interaction were revealed recently. By com-
parative experiments in argon and nitrogen shield gases using
single line irradiation, Huang et al. [85] reported that com-
pared to argon gas, the formation of cracks in the irradiated
area of Vit | BMG was greatly enhanced when using nitrogen
gas as shown in Fig. 23. By XRD and Raman analysis as
shown in Fig. 24, the enhanced crack formation in nitrogen
was ascribed to the formation of ZrN that enhanced the ther-
mal mismatch between the molten layer and the substrate,
further resulting in high thermal stress at their interface during
re-solidification.

Although cracks are commonly bad thing for material sur-
face, they were used to generate hierarchical micro/nano struc-
tures on the surface of Vit 1 BMG by using multi-line laser
irradiation [86], as shown in Fig. 25. Three kinds of surface
structures, micro grooves, cross-shaped protrusions and nano-
particles, were observed, which were dependent on the laser
parameters such as the laser power, scanning speed, and pulse
overlap rate. Especially, the cross-shaped protrusions were
firstly reported, and their formation was ascribed to the selec-
tive thermoplastic extrusion of the BMG material out of the
cracks and laser pulse tracks because of their higher absorp-
tion of laser energy and localized thermal resistivity than those
of surrounded bulk material.

Laser processing exhibits the potential ability to solve some
critical problems in the applications of BMGs [27]. For

“II”’; b—d close-up views of the area “B” marked in a at different
magnification; e, f correspond to the area “E” in a, showing the
Saffman-Taylor fingering [82]

example, it can be used to fabricate complex geometries free
of using expensive molds, satisfying more complex or
customer-designed applications. More studies on this interest-
ing topic will further improve the flexibility on micro machin-
ing of BMGs.

4 Micro electric discharge machining of BMGs
4.1 Introduction to micro-EDM

Among a variety of micro machining methods, micro-
EDM provides some unique advantages, such as the capa-
bility of fabricating high aspect ratio and complex 3D
shapes [52]. It is therefore potentially suitable for
manufacturing some complex surfaces with large aspect
ratio, such as micro-holes and micro-pillars in miniature
devices with flexibility.

Micro-EDM is a novel kind of manufacturing process that
derives from conventional die EDM sinking and wire EDM
cutting processes, in which the desired shapes can be fabri-
cated by using electrical discharges [87]. The micro-EDM
tool is one of the electrodes rotating at high speed in the
dielectric oil and removing the work piece material by
sparking. The tool electrode is precisely positioned by
three-dimensional linear stages. The hardware configuration
is shown in Fig. 26. The sparks occur at the tip of the tool
electrode to remove the material without cutting forces. Since
it is also a typical non-contact machining method, micro-
EDM is considered suitable for micro machining and to be
one of the feasible ways to produce micro/nano structures on
hard-brittle materials.
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Fig. 19 Surface morphologies of
Vit 1 BMG in the irradiated area
after single shot by using a
Nd:YAG nanosecond pulsed laser
with high laser power [83]

40

nm o |

The micro-EDM method has the capability of machin-
ing electrical conductive materials, including most of the
metals, without considering the hardness, strength, and
temperature-resistant [88]. Moreover, it is widely used to
produce micro-scale components and structures, such as
micro-molds, micro-dies, microprobes, micro-tools, thin
sheet materials, and some complex 3D shapes with high
accuracy and fine surface roughness. Thus, micro-EDM is
also a potential method to shape BMGs for specific appli-
cations such as microfluidic channels. Up to now, some
fundamental studies have been conducted to advance the
understanding of the material removal process of BMGs
during micro-EDM.

@ Springer
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4.2 Surface microstructures after micro-EDM

Recently, there have been a few investigations on the ma-
chining performance of BMGs by micro-EDM. Micro-
EDM is intrinsically an electro-thermal process, involving
material heating, melting, vaporization, and re-solidifica-
tion. Similar to laser processing, any unsuitable parameters
could result in unpredictable heating and cooling process,
leading to crystallization and oxidization of BMGs.
Therefore, some studies were focused on the effects of
the discharge voltage and capacitance on the material re-
moval rate, cross-sectional profile, surface morphology,
and finish roughness [89].



Int J Adv Manuf Technol (2019) 100:637-661

651

Fig. 20 Evolution of temperature Temperature (K)

predicted by the theoretical model

at a fluence of 14 J-cm 2 [69] 2300
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Yeo et al. [90] conducted a series of experiments to dem-
onstrate the feasibility of using micro-EDM for fabricating
microgrooves and microslots on Zr-based BMG surface.
Two input energies and three kinds of tool electrodes were
employed in the experiments to investigate the effects of var-
ious machining parameters on the surface quality. The micro-
graphs of the machined surface, as shown in Fig. 27, indicated
that using a lower input energy significantly reduced the burr
width and surface roughness. Moreover, at low input energy
setting, it showed that tube-shaped electrodes presented lower
tool wear ratio than rod-shaped electrodes because of large
tool electrode area exposed to the dielectric that enhances
the heat transport.

Chen et al. [91] evaluated the machining performances of
micro-holes and 3D microstructures on three kinds of BMGs
during micro-EDM, including Lag;Al;4Ni;,Cuy,,
Zr55A11 0Ni5Cll30, and CU.4GZI'44A17Y3, by using X—ray diffrac-
tion, scanning electron microscopy, and nanoindentation.
Figure 28a—c illustrated the top views of micro-holes drilled
by micro-EDM on these three BMGs, and panels d—f of
Fig. 28 were the amplified edge morphologies images of
Fig. 28a—c, respectively. On the edge of micro-hole on

Fig. 21 SEM micrographs of a

crater obtained with a pulse length /
of 15 ns and fluence of 7.6 J-cm > ®
[69] ¢
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LagrAl 4Ni,Cuy, substrate, three different zones can be seen,
the recast layer (zone 1), the heat-affected zone (zone 2), and
the base material zone (zone 3), as shown in Fig. 28d. The
recast layer (zone 1) showed some extensive surface debris
and a lot of actinomorphic stripes concentrated in the heat-
affected zone (zone 2). The ZrssAl;oNisCusq substrate
showed less burrs surrounding the edge of the micro-hole
and the heat-affected zone appeared dark as shown in
Fig. 28b. The edge of the micro-hole on the CuysZrssAl;Y3
substrate was much better than the other two BMGs stated
above. Little recast debris and heat-affected zone can be found
on the edge of micro-hole. Furthermore, by measuring the
indentation hardness around the holes, the authors concluded
that no crystallization occurred for these BMGs during micro-
EDM, but more direct evidence was not provided.

Based on the previous studies, Huang et al. [92] systemat-
ically investigated the micro-EDM machining performance of
Vit 1 BMG. Results of orthogonal experiments indicated that
experimental parameters such as discharge voltages and ca-
pacitances strongly affected the material removal rate, cross-
sectional profile, surface morphology, and roughness. In gen-
eral, reducing the discharge voltage and capacitance resulted

&
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(d)
Fig. 22 SEM morphologies of Vit 1 BMG in the irradiated area at different regions and magnifications [84]

in low surface roughness, but the material removal rate was
also decreased. By analyzing the SEM morphologies after
micro-EDM, it was seen that the machined surface was
distributed with many randomly overlapped craters with var-
ious size. The size of the crater was significantly dependent on
the discharge voltage and capacitance as shown in Figs. 29
and 30, which were obtained at various capacitances and volt-
ages. Using a circle to surround the crater, the size of the crater
was evaluated quantitatively. It showed that for the same

Fig. 23 Optical morphologies of
Vit 1 BMG after single line laser
irradiation using different shield
gases: a, b argon; ¢, d nitrogen
[85]
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voltage of 90 V, the diameter of the crater was decreased from
13 to 5 um with decreasing of capacitance from 3300 to
220 pF; for the same capacitance of 3300 pF, the diameter of
the crater was also decreased from 17 to 11 um with decreas-
ing of voltage from 110 to 70 V. Accordingly, smaller craters
could be formed at low discharge voltage and capacitance,
resulting in better surface quality, but the machining efficiency
will also be low. So, for practical applications, the parameters
for micro-EDM should be optimized.
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Fig. 24 a, b XRD patterns and ¢ micro-Raman spectra obtained in the irradiated areas of Vit 1 BMG [85]

4.3 Crystallization and carbonization

In 2013, a study by Hsieh et al. [55] indicated that significant
crystallization had occurred when machining a
ZI'38_5Ti16_5C1115.25N19.75B620 BMG by the conventional
EDM in kerosene. Some ZrC and TiC phases were observed
in the recast layer of the EDMed surface, hardening the sur-
face. Compared to the conventional EDM, although the dis-
charge energy for micro-EDM is very low, it is still an electro-
thermal material removal process. Thus, crystallization issue
should be also carefully considered for micro-EDM of BMGs
because they are quite sensitive to temperature variation in
process.

In this aspect, Huang et al. [92] investigated the surface
crystallization and carbonization of Vit 1 BMG after
micro-EDM in EDM oil (CASTY-LUBE EDS). Raman
spectra and XRD patterns demonstrated that amorphous
carbon and ZrC phase existed on the micro-EDMed surface

although the ZrC crystalline peaks were very weak as
shown in Fig. 31. It should be noted that compared to the
conventional EDM, the micro-EDMed surface retained
better amorphous feature because of the very low discharge
energy, exhibiting the potential for micro machining of
BMGs.

Furthermore, the formation of ZrC phase in micro-
EDM was further analyzed [92]. As illustrated in
Fig. 32, during the pulse-on, the sparks occurred between
the copper electrode and Vit 1(Zr-based) BMG made the
molten or vaporized BMG suspended in the EMD oil,
which further connected to the hydrogen and carbon
decomposed from the oil. During the pulse-off, some
ZrC was formed during the cooling and re-solidifying
processes because of the high chemical affinity between
Zr and C atoms.

Up to now, as a young group of metallic alloys, the
research on micro-EDM of BMGs has attracted a lot of

Fig. 25 SEM morphologies of Vit 1 BMG in the irradiated area under various pulse overlap rates » [86]
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Fig. 26 Schematic diagrams of a hardware configuration of micro-EDM
machine and b working principle of micro-EDM

attention. As stated above, some new phenomena in the
machining were observed and great success was achieved
in this field. However, the research on this topic has not
been widely conducted, and the fundamental mechanism
during micro-EDM of BMGs has not been understood
completely. In addition, like the conventional EDM, crys-
talline phases appeared on the machined surface. Thus,
subsequent machining process for example grinding may
be required to remove the crystalline layers for obtaining a
totally amorphous surface [93].

5 Potential applications
of micro-/nano-fabricated patterns

Due to the outstanding thermal formability of BMGs in
the supercooled liquid region, thermoplastic forming tech-
nology has recently been exploited for forming BMG
components with micro/nano-structured surfaces [1, 24,
29]. The unique superplasticity within the supercooled
liquid region opens an alternative window for micro ma-
chining of BMGs, but it also possesses some inherent
disadvantages. For example, it is difficult to control the
shaping temperature and rate in TPF because of the nar-
row supercooled liquid region. Any deviation would pos-
sibly lead to crystallization and oxidation. On the other
hand, the TPF technology generally has high cost and
requires robust and durable masks or molds.

Fig. 27 Burr width and surface
roughness under different input
energy: a 13.4 W and b 0.9 pJ
[90]
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Additionally, it is also lack of the capability on real 3D
surface texture manufacturing. Thus, alternative tech-
niques which could operate at extensive temperature and
also generate complicated surfaces with fine accuracy and
high surface quality are desired.

As reviewed in the foregoing sections, these three
methods, based on material removal principle, are prom-
ising methods that replenish the deficiency of TPF pro-
cess on versatile structure fabrication for BMGs. The di-
amond turning, as a very promising technique for ultra-
precision machining, is gifted with the inherent advan-
tages on freeform generation with high profile accuracy
together with fine surface integrity, especially for some
optical reflective/refractive surfaces. Through diamond
turning, atypical sinusoidal grid surface was generated
on a Zr-based BMG to demonstrate the feasibility of dia-
mond turning on BMGs by Zhu et al. [30]. From the
measurement results, the machined harmonic
microstructured surface with no defects was obtained,
and the roughness of the machined surface was about
0.13 um. The outstanding durability of BMGs and high
finish surface quality motivate the wide application of
diamond turning in mold fabrication, which have been
identified as promising alternative materials for steel
molds. Pan et al. fabricated an aspherical microlens array
on an oxygen free copper substrate using ultra-precision
machining [94]. By using molding process, the micro-
structure was replicated onto BMG as shown in Fig. 33,
which was further used for hot embossing on
polymethylmethacrylate (PMMA) sheets for replication
process. The final replicated PMMA showed good repli-
cation on geometry profile and surface quality. Molding
process by using BMG material as a secondary mold can
be more cost-effective and time-saving than the traditional
manufacturing process does. Thus, the diamond turning
shows great potential on mold fabrication with micro-/
nano-structures on BMGs for hot embossing microlens
array and microchannel geometries with potential applica-
tion in precise optics and microfluid.

The unique mechanical properties of BMGs and their ex-
cellent micro-/nano-geometrical transferability in the
supercooled liquid state exhibited great potential in the
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Fig. 28 SEM morphologies of
the recast layer and heat-affected
zone surrounding the edge of the
micro-holes machined by micro-
EDM on a L362A114Ni12CU12; b
ZTSSAIIQNi5CU30; C
CuygZrysAl;Y5; and d—f are the
amplified edge morphologies
images of a—c, respectively [91]
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fabrication of super hydrophobic surfaces by laser processing.
Recently, Huang et al. [86] built hierarchical micro/nano struc-
tures on Zr-based BMGs by nanosecond pulsed laser irradia-
tion by integrating nano-, micro-, and macro-sized features in
a sequential order, which endowed BMG surfaces with versa-
tile functions for potential utilization in super hydrophobic. As
shown in the comparative result in Fig. 34, the measured con-
tact angle of the patterned BMG surface by laser processing
was substantially larger than that of the as-cast BMG surface,
demonstrating enhanced hydrophobicity which can extend the
functional applications of BMG as structural and engineering
materials.

Another interesting property of BMGs is that they have
exceptional biomechanical characteristics like low elastic
modulus, outstanding fracture strength, superior wear, and
corrosion resistance compared to routinely used biomaterials
[95]. However, the major downside of cast BMGs is their
inability to osteo integrate to the surrounding living tissues.
To solve this problem, Aliyu et al. [96] tried to generate a
biocompatible and bone-like nanoporous layer on the BMG
implant surfaces by hydroxyapatite mixed EDM. The hierar-
chical micro/nano structures formed on the Zr-based BMG
surface were actually very similar to the micro/nano-pore of

bones, which gave rise to the high biocompatibility to the
surrounding tissues, as shown in Fig. 35. The machined sur-
face was expected to facilitate higher tissue ingrowth and
bone-implant adhesion. As hierarchical micro/nano structures
are quite easy to be generated on BMG surface by laser pro-
cessing and micro-EDM, these two micro machining methods
could be widely employed to enhance the applications of
BMGs as biomaterials.

6 Summary and outlook

This review presented three important and widely employed
micro machining methods in BMGs by material removal,
indicating the potential capabilities for a large number of
industrially relevant processes. They showed the capabilities
of them to be able to satisfy the demand of advanced material
manufacturing. In particular, diamond turning, as a conven-
tional machining method, aided with precision control by
multi-axis servo system, makes it attractive to process
BMGs due to its superiority on accuracy geometrical shaping
and near optical finished surface quality. The high heating
and cooling rate inherent to laser and micro-EDM present
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Fig. 29 Surface morphologies of the micro-EDMed holes at a voltage of 90 V and various capacitances: a—c¢ 3300 pF; d—f 1000 pF; g—i 220 pF [92]

great potential applications on BMG micro machining be-
cause of large material removal rate and the ability to nearly
retain amorphous structure. Although the research efforts on
these manufacturing methods of BMG machining have

3300 pF 3300 pF

70V, 70V,
3300 pF 3300°pF

increased in the past decades, our fundamental understanding
of the underlying mechanism and mechanics is still far from
complete. For each of the reviewed processes, we summarize
as follows.
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Fig. 30 Surface morphologies of the micro-EDMed holes at a capacitance of 3300 pF and various voltages: a—¢ 110 V; d—f 70 V [92]
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Fig. 31 Typical Raman spectra and XRD patterns of the micro-EDMed surfaces [92]

Diamond turning The lack of large-scale grain boundaries
and crystal defects in BMGs makes them ideal candidates
for nano-/micro-structure fabrication by convention me-
chanical machining methods, such as diamond turning.
Investigation on the interaction of BMGs with diamond
tools at different conditions has produced fundamental in-
formation on the mechanism in diamond turning of BMGs.
The characteristics of the chip formation and finish surface
revealed the deformation mechanism in diamond turning.
Oxidation and crystallization have been found to occur
under specific cutting parameters. Research on the mecha-
nism can be utilized to optimize the parameters for optical
level finish surface quality. Some optical applications, such
as fabrication of microlens array or microchannel on
BMGs molds, are getting popular in glass molding. The
diamond turning has become a necessity tool that is capa-
ble of processing BMGs for complicated freeform surfaces
with high profile accuracy and fine surface integrity. With
further development of BMGs, it is necessary to continue
the investigation on efficient and economical microstruc-
ture machining of BMGs by shortening time and extending
tool lifespan, which could be further applied in industry.
Moreover, it is also important to identify appropriate

Fig. 32 Schematic diagram
illustrating the formation of ZrC
phase in micro-EDM [92]

Copper electrode

Zr-based BMG

(a) Pulse-on

parameters that result in profile accuracy and fine surface
integrity, in particularly without crystallization and
oxidation.

Laser processing The laser processing of BMGs is still a
relatively young research field. Even though such studies
are comparatively scarce, the nanosecond pulsed laser
showed great promise to form sophisticated hierarchical
geometries. Up to now, by observing the residual ripple
patterns around the crater induced by laser irradiation, the
material removal mechanism was uncovered gradually,
which was related to local material melt, vaporization,
and solidification with instable conditions. The character-
istics of the irradiated surface were no longer the same with
non-irradiated surfaces on hardness and atomic structures.
However, our understanding of the interaction between the
BMG and nanosecond pulsed laser was far from complete.
On the one hand, the cycle for each nanosecond laser pulse
was really short within very tiny local area. No appropriate
in situ instrument can catch up the phenomenon during this
process. On the other hand, an accurate simulation is not a
minor challenge, and developing a complete temperature
field model during laser irradiation is a complex task when
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Fig. 33 Microlens array on the mold is used for hot embossing onto MgsgCus;Y; BMGs alloy at 150 °C under pressure of a 10 MPa for 10 min; b

5 MPa for 10 min; and ¢ 1 MPa for 10 min [94]
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Fig. 34 Contact angle of as-cast (a) and laser patterned BMG surface (7 is the pulse overlap rate) [86]

considering vaporization, plasma effects as well as chemi-
cal composition changes in the material. Thus, as the de-
velopment of lasers continues and the number of available
BMGs increases, comprehensive research should be con-
tinued on the mechanism investigation by introducing
more in situ analysis methods. In addition, it is also neces-
sary to continue the study of using lasers to irradiate at a
micro scale with appropriate parameters that result in effi-
cient micro machining of a variety of BMGs and carefully
controlled removal of material without damaging the ma-
terials themselves.

Fig. 35 The EDMed surface of
BMGs at different experimental
conditions [96]

@ Springer

Micro-EDM Material removal on the BMG surfaces using
micro-EDM showed promise on hierarchical structures
fabrication with great flexibility. However, as a novel kind
of manufacturing method in BMG machining, the re-
search results presented in current studies indicated that
it is difficult to achieve truly amorphous structure together
with fine surface integrity. This may greatly restrict its
wide usage and applications in industry and civil life.
Thus, there is an avenue for refinement through further
investigations such as developing hybrid machining
method.
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