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Metallic glasses (MGs) are out-of-equilibrium metallic systems known for their unique structural
and functional properties arising from structural long-range disorder. Despite their attractive
properties, practical applications of MGs fabricated by traditional casting strategy face challenges
due to size constraints (limited glass-forming ability) and shape complexity issues. Over the de-
cades since the discovery of MGs in the 1960 s, significant progress has been made in overcoming
these limitations by the manufacture strategy, enabling the fabrication of engineering compo-
nents with desired sizes, tailored shapes, and intricate geometries. This paper presents a
comprehensive assessment of the state-of-art for manufacturing techniques of large MG and MG
parts. The advancements in subtractive, formative, and additive manufacturing of MGs, as well as
their joining and welding processes, are reviewed. By consolidating the existing knowledge, this
review aims to suggest the practical and promising approach to overcome the limited glass-
forming ability and size restrictions in cast MGs through the manufacture strategy, offer in-
sights for further advancements in MG manufacturing, address evolving nature of the field and
promote a better understanding of the key scientific aspects of structures and properties in pro-
cessed MG components.

1. Introduction

Metallic glasses (MGs) are out-of-equilibrium systems formed when a glass forming metallic liquid is cooled sufficiently fast to
suppress crystallization [1]. At the liquid-to-glass transition, the system falls out of metastable equilibrium, solidifying to an amor-
phous structure with dense packing of atoms but lacking long-range periodicity. The absence of structural defects like grain bound-
aries, dislocations, and segregation in MGs contributes to significantly enhanced properties and performance compared to traditional
crystalline metals [2,3]. These advantages include giant yield stresses and high elastic strain limits [4,5], excellent corrosion resistance
[6], superior soft magnetic properties [7-11], good wear resistance [12,13], and impressive electrocatalytic performance [14-17].
These unique characteristics have positioned MGs as a prime choice for a diverse range of innovative high-tech applications across
various industries, including aerospace, medical technology, robotics, and e-mobility [18-21].
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Nomenclature

ATy width of supercooled liquid region
1D one-dimensional

2D two-dimensional

3D three-dimensional

AM additive manufacturing

ASB adiabatic shear bands

AWJ abrasive water jet

BM base metal

BMG bulk metallic glass

BMGC  bulk metallic glass composite
BUE built-up edge

CSAM  cold spray additive manufacturing
DED directed energy deposition

CT computed tomography

Dformea minimum forming size

DOC depth of cut

DSC differential scanning calorimetry
EBW electron beam welding

ECMM electrochemical micromachining
ECR effective crystallization region
EPMA  electron probe microanalysis

f feeding rate

FEM finite-element method

FFF fused filament fabrication

FGM functionally graded materials
FIB focused ion beam

FSSW friction stir spot welding

FSW friction stir welding

GFA glass-forming ability

GMG giant metallic glass

HAZ heat-affected zone

HE-XRD high-energy X-ray diffraction

HP hot-pressing

HRTEM high-resolution transmission electron microscopy
HSS high speed steel

LENS laser engineered net shaping

LFP laser foil printing

LIFT laser-induced forward transfer
LPBF laser powder bed fusion

MD molecular dynamics

MG metallic glass

Micro-EDM micro electrical discharge machining
MP molten pool

MRR material removal rate

PCBN polycrystalline cubic boron nitride
PCD polycrystalline diamond

PDF pair distribution function

PEL potential energy landscape

PM parent metal

PSZ primary shear zone

R, surface roughness

Re Reynolds number

RFW rotary friction welding

RSW resistance spot welding

SAED Selected area electron diffraction
SEBM  selective electron beam melting
SEM scanning electron microscopy
SLM selective laser melting




S. Sohrabi et al. Progress in Materials Science 144 (2024) 101283

SLR supercooled liquid region

SPS spark plasma sintering

STZ shear transformation zone

TEM transmission electron microscopy
Ttormed  temperature for TPF

Ty glass transition temperature

T Liquidus temperature

TPF thermoplastic forming

TPFA thermoplastic formability

TRIP transformation-induced plasticity
TSAM  thermal spray additive manufacturing
TTC time-temperature-crystallinity
TTT temperature-time-transformation
T crystallization temperature

UAM ultrasonic additive manufacturing

UVAC  ultrasonic vibration-assisted cutting
UVAM  ultrasonic-vibration-assisted machining

UVIP ultrasonic vibration-induced plasticity
VFT Vogel-Fulcher-Tammann
WC tungsten carbide

XRD X-ray diffraction

AH,e relaxation enthalpy

AHy enthalpy of crystallization
p-CT micro-computed tomography

Like other types of materials, the successful fabrication of MG components plays a crucial role in facilitating their widespread
adoption for practical applications [22]. Over time, an increasing number of processing approaches have emerged, enabling the
fabrication of MG parts with diverse scales, ranging from micron-scale structures to centimeter-sized 3D structures. These techniques
include casting [19,23], thermoplastic forming [23-27], powder consolidation [28], welding and joining [29,30], machining [31-33],
and additive manufacturing [34-39]. Each of these strategies offers unique advantages, facilitating the fabrication of MG components
in various sizes and shapes, thus significantly expanding their potential applications in diverse industries and fields.

Fig. 1 showcases a selection of 3D printed and net-shape cast bulk MG (BMG) components that have achieved successful
commercialization and adoption by different companies worldwide. The figure also serves as a visual representation of the diverse
applications of BMG components across different industries, covering both established applications and potential areas for future
adoption. Here, we provide a brief overview of a few examples of BMG applications.

BMGs have proven to be exceptionally advantageous in meeting the stringent demands of medical technology, owing to their
exceptional biocompatibility, durability, miniaturization capabilities, and biomechanical properties [43-45]. This distinctive class of
materials finds applications as implants (in spine, dental, and traumatology), medical devices and fixtures, as well as surgical and
dental instruments [45,46].

Moreover, BMGs have found applications in gears, serving as vital components for torque and power transmission in various
machines and devices. MG microgears, in particular, offer several advantages in microassembly, such as zero backlash, excellent
repeatability, durability, and compact design [47]. The precision and consistency of MG microgears make them suitable for appli-
cations in watches, microactuators, micromanipulators, and microharmonic drives. Compared to microgears made from crystalline
metals, MG microgears exhibit superior mechanical strength and wear resistance [48]. Additionally, BMG flexsplines in strain wave
gears offer cost benefits for mass production and show potential advantages for sizes below 75 mm in diameter. Their effectiveness in
torque transmission has been successfully demonstrated through implementation in a NASA JPL robot [19].

BMGs also find applications in the realm of musical instruments and audio equipment, where components like guitar bridges and
pins, as well as headphone housings, represent the remarkable capabilities of these materials [20]. BMG parts efficiently and uniformly
conduct sound energy across a broad spectrum of audible frequencies, resulting in amplified acoustic volume and more vibrant
harmonics compared to conventional materials [49]. This unique property of BMGs elevates the auditory experience, making them a
preferred choice for crafting musical instruments and enhancing audio equipment.

Fig. 2 illustrates a notable upward trend in the number of publications within research fields of MGs and MG manufacturing over
the past half-century, indicating a growing interest in both fields. While extensive research has been conducted on the synthesis and
characterization of MGs, a comprehensive review encompassing the entire spectrum of manufacturing approaches and associated
issues for fabricating MG components, particularly the processes, structures and properties of final products, remains lacking. This
review aims to bridge this gap by providing an in-depth analysis of subtractive, formative, and additive manufacturing as well as
welding/joining approaches for the manufacture of MG components.

Subtractive manufacturing approaches involve the removal of material from MG to achieve the desired shape and dimensions.
Traditional and non-traditional machining techniques have been explored, and their advantages, limitations, and outcomes will be
discussed. Formative manufacturing approaches focus on shaping MGs through their viscous behavior at elevated temperatures. These
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Fig. 1. The commercialized BMG components and applications of BMG components in various industries. The images of 3D printed components and
BMG applications are adapted from Heraeus Amloy Technologies, Germany [40]. The images of net-shape cast components at the top center and top
right of figure are adapted from Yihao Metal Technology, China [41] and Liquidmetal Technologies, US [42], respectively.

Fig. 2. Annual publication trends in the field of MG and MG manufacturing from 1970 to the present. Data sourced from Web of Science,
encompassing searches across all databases. The search criteria for MG included topics related to MG or amorphous alloy, while for manufacturing,
topics of manufacturing, fabrication, or processing were incorporated in the search parameters.

include techniques such as thermoplastic deformation and powder sintering, which allow for the fabrication of complex geometries
and tailored microstructures. Additive manufacturing, also known as 3D printing, has emerged as a promising technique for the
production of MG components. The layer-by-layer deposition process offers unprecedented design flexibility and the ability to
fabricate intricate structures with enhanced mechanical properties. Various additive manufacturing (AM) methods, such as laser-based
AM and ultrasonic AM, will be reviewed in detail. In addition to these approaches, welding and joining techniques play a crucial role in
the fabrication of MG components for engineering applications. Different MG welding and joining technologies will be explored along
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with structure/property evolution in weldment. It is hoped that this work will be helpful in reconstructing the current state of
knowledge about the manufacture of MG components and identifying the research gaps for advancing the field.

2. Features and issues of cast MGs and the manufacture strategy of MGs

Since the discovery of Au-Si MGs in 1960 in the form of micron-sized flakes [50], researchers have focused on developing BMGs
with centimeter-sized section thicknesses in various alloy systems, including Zr-based, Fe-based, Cu-based, Pd-based, and Ti-based
alloys [4,51,52]. The main strategy for fabricating these BMGs has been direct casting, including techniques like suction casting
and die-casting [23]. This strategy involves rapidly cooling the alloy to prevent crystallization while simultaneously filling a mold
cavity. Fig. 3a illustrates the fabrication of a net-shape BMG rod by suction casting, where the alloy ingot is melted by an arc and then
sucked into a water-cooled copper mold, enabling rapid solidification of the material.

BMG compositions for net-shape casting need excellent glass-forming ability (GFA) to prevent crystallization, high hardness or
strength for mechanical stability, and superior fluidity for reduced defects and precise complex shapes [53]. However, their higher
viscosity and surface tension compared to crystalline alloys present challenges in net-shape casting [54]. Overcoming the trade-off
between GFA and fluidity is crucial for producing commercial BMG components with complex shapes during net-shape casting.

Direct casting of BMGs offers advantages such as cost-efficiency, enhanced mechanical properties, and time efficiency. However,
the coupling of forming and fast cooling process during casting of BMGs brings limitations, including complexity of mold design,
sensitivity to process parameters, and constrains on size and thickness capabilities [23].

On the other hand, cast BMGs are intrinsically brittle due to their disordered atomic arrangement, resulting in limited slip systems
and few mechanisms for plastic deformation [55,56], which are crucial for materials to exhibit ductile behavior. As a result, this
drawback hinders fabrication of BMG components through conventional metal forming processes at ambient temperatures, such as
cold rolling, extrusion bending, and drawing, which require materials to exhibit ductile behavior.

To achieve high GFA or large sizes in cast BMGs, according to Inoue’s criteria [57], three essential conditions must be met [4,58]:
(1) the system should contain at least three components with specific atomic mismatch and negative enthalpy of mixing, (2) cooling
rates must be kept low (<103 K/s), and (3) the resultant glass should possess a wide supercooled liquid region (SLR) between the onset
temperatures of the glass transition temperature (T,) and crystallization (Tx). However, the GFA of cast BMGs is limited due to the
critical cooling rate requirements during vitrification (liquid-to-glass transition). The maximum critical size achieved for monolithic
BMGs has been only ~ 80 mm in diameter for a Pd-Cu-Ni-P BMG [58,59]. Unfortunately, most of BMG compositions and casting
methods developed so far can only satisfy the above conditions when cast parts are restricted to simple shapes with critical diameters
smaller than 10 mm, making them impractical for many applications. Consequently, achieving intricate geometries and large-size BMG
parts through direct casting remains a challenging endeavor.

A practical and promising approach to overcome the limited GFA and size restrictions in cast BMGs is the manufacture strategy, as
schematically shown in Fig. 3b. This method involves using MG feedstocks such as powders, ribbons, foils, or small-sized bulk samples,

Fig. 3. Casting strategy vs. manufacture strategy to fabricate MG components.
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rather than the alloy melt, and employing various processing techniques, like 3D printing and welding, to process them into the desired
form. The manufacture strategy encompasses a diverse range of methodologies which will be extensively discussed in this review
paper. Metallurgical bonding plays a vital role across many of these techniques, as it allows for joining MG feedstock materials into a
unified BMG component. By following this strategy, it becomes possible to obtain larger, and even unlimited-size, BMGs with more
complex shapes compared to the traditional casting method. This advancement holds great significance for the entire BMG community.

It is noteworthy that despite six decades of development, the market penetration of MG components remains limited compared to
conventional alloys, posing challenges for widespread applications. While MG ribbons find application in power and distribution
transformers market, with a global market of $782 million in 2022 [60], the global BMG market is projected to reach $246.3 million by
2031 from $55.9 million in 2021 [61]. This market size is significantly smaller than the extensive steel market of $928 billion in 2022
[62].

The limitations in the MG market stem from various factors, including size restrictions and the intrinsic brittleness of MGs, as
discussed earlier. Additionally, the high raw material cost and elevated production costs associated with traditional metal forming
processes further hinder the commercial viability of MGs [22]. Often, the cost of MGs is at least an order of magnitude higher than that
of conventional commercial alloys like aluminum alloys and steels. Further, fusion welding of MGs with strong metallurgical bonding
poses challenges due to their unique properties and susceptibility to crystallization. While these issues might contribute to the
perception that MGs are challenging to work with, they emphasize the need for ongoing research and development to address these
issues and discover innovative, cost-effective manufacturing methods as well as exploration of cheaper MG compositions. This
imperative is vital for advancing the competitiveness of MGs as advanced engineering materials across various industries.

3. MG feedstocks for manufacturing

To implement the manufacture strategy for MGs, the first step involves preparing the feedstock materials. Table 1 provides a
comprehensive overview of different types of MG feedstocks and their corresponding characteristics as starting materials for the
manufacture of MG components. The table evaluates MG feedstocks based on crucial features, including availability and cost, scal-
ability, compositional diversity, and processability and compatibility for different manufacturing approaches. Utilizing a 0-to-5-star
ranking system, each star signifies the degree of relevance for a specific feature. A O-star rating indicates a lack of relevancy, while
a 5-star rating highlights high relevancy. For instance, a 5-star rating implies good availability and reasonable cost, high scalability, a
wide range of applicable compositions, and reasonable ease of processing. This scale provides a clear understanding of the strengths
and limitations of different forms of MG feedstocks for manufacturing applications.

MG feedstocks are commonly fabricated in various forms, such as one-dimensional (1D) powder, two-dimensional (2D) ribbons/
foil, and three-dimensional (3D) BMG rod and sheet, through rapid quenching from the molten alloy at extremely high cooling rates,
surpassing ~ 10 K/s [63,64]. While other forms of MG, such as pm-sized wires/fibers [65-67] and BMG pellets [68], do exist, they
have seen limited utilization as feedstock materials for manufacturing purposes.

MG powders in micron scales (~20-80 pm) with spherical and smooth shapes are commonly fabricated by gas atomization. In this
process, molten metal is atomized into small droplets by directing it into a cold stream of an inert gas, enabling rapid cooling rates [69].
Alternatively, MG powders with irregular shapes can be obtained through solid-state mechanical alloying, which involves the repeated
welding and fracturing of powder particles in a high-energy ball mill [70].

Table 1
Summary of MG forms and their features as feedstock for the manufacture of MG components.
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MG ribbons/foils with thicknesses ranging between ~ 20-100 pm are manufactured through the controlled flowing of a molten
metal stream onto a rotating chill block surface through free-jet melt spinning [71] and planar flow casting [72,73] techniques. The
outcome is a continuous feedstock of MG ribbons/foils, available in a wide range of widths. These ribbons can be as narrow as about 1
mm or extend to several centimeters for MG foils, providing flexibility in selecting the most suitable form for a given manufacturing
approach. Additionally, MG ribbons can be transformed into powders via high-energy ball milling technique, where the ribbons are
pulverized to produce the desired powdery form [74].

BMG rod and sheet feedstocks are primarily produced through direct traditional casting techniques, including die-casting, copper
mold casting, suction casting, and tilt casting [75]. The cast BMG rods typically range in size from ~ 1-10 mm in diameter, while the
cast BMG sheets vary in thickness from about 1-5 mm. The specific dimensions depend on the GFA of the feedstock’s chemical
composition.

MG powder and ribbon feedstocks, boasting industrial-grade purity, enjoy widespread availability and cost-effectiveness, making
them attractive options for various applications. In contrast, BMG rods and sheets can face limitations in availability and incur higher
costs due to the complexity of their production processes. However, when it comes to high-purity powder feedstocks with notably
reduced oxygen contamination, cost-effectiveness may be compromised.

MG powder demonstrates the highest scalability as a feedstock for manufacturing processes, particularly in additive manufacturing
techniques. MG feedstocks in the form of ribbon and foil can be moderately scalable but may face some limitations in achieving larger
sizes with intricate geometries. On the other hand, BMG rod and sheet feedstocks are the least scalable option, making them more
suitable for manufacturing techniques where scalability is not a primary concern.

While cooling rates as high as 10° K/s are utilized during the fabrication of MG powder and ribbon feedstocks, their compositional
diversity is comparatively lower than that of BMG feedstocks, primarily due to technical challenges. The production of fully amorphous
MG powder feedstocks from various glass-forming alloys may be challenging due to oxygen entrapment and humidity in the powder
feedstock, along with the surface-to-volume ratio influencing oxygen uptake during atomization [76]. Nevertheless, Fe-based and Zr-
based MG powders remain among the most widely used alloy systems as feedstock materials.

Further, the preparation of high-quality wide ribbons in various glass-forming systems with uniform thickness and smooth surfaces
can be challenging to achieve during planar flow casting, mainly due to the complexity of maintaining melt puddle stability [77,78].
Presently, commercial Fe-based and Co-based MG ribbons and foils are readily available as feedstocks due to their extensive appli-
cations as soft magnetic materials [8,79]. Similarly, Ni-based MG foils have found considerable use as brazing feedstock in various
industries, such as aerospace metal joining, heat exchangers, metallic catalytic substrates, and preforms [80].

While MG ribbons, sheets, and rods are compatible with subtractive, formative, and additive manufacturing routes, as well as
welding and joining techniques, MG powders are primarily suitable for formative and additive manufacturing approaches. However, it
is important to note that the GFA of feedstock powders is generally lower than that of cast materials [76]. This reduced GFA increases
the risk of nanocrystallization during additive manufacturing, mainly attributed to the complex thermal history arising from laser-
material interactions and consecutive remelting steps [81,82]. Furthermore, it has been observed that the use of glass formers
characterized by a lower crystal growth rate and sluggish crystallization kinetics holds significant advantages in reducing crystalli-
zation during laser-based additive manufacturing (AM) of Zr-based MG powders [83].

Additionally, gas-atomized MG powders often exhibit a broad particle size distribution, which may hinder their efficiency as
feedstock materials. To address this challenge, mechanical milling can be employed to transform larger gas-atomized particles into
suitable feedstock powder. However, this milling process demands substantial energy input and time. Further, it is worth noting that
irregular powders resulting from milling experience a higher increase in temperature compared to the spherical ones directly produced
from gas-atomization. This is due to their higher surface-to-volume ratio, which enhances heat exchange [84]. Consequently, the
milled powder may become overheated, leading to a higher likelihood of oxygen pick-up from the atmosphere during manufacturing
processes that involve elevated temperatures, such as laser-based AM.

4. Subtractive manufacturing of MG components

The subtractive manufacturing process for MGs involves starting with MG feedstock and selectively removing unwanted portions to
obtain the desired shape, dimensions, and surface finish. Subtractive manufacturing allows for precise shaping, finishing, and cus-
tomization of MG components. In this section, an overview of subtractive manufacturing approaches for MG components is provided,
covering traditional machining methods, such as turning, milling, and drilling, and discussing their effects on surface quality, chip
formation, tool wear, and MG structural characterization. Additionally, non-traditional machining techniques, including micro
electrical discharge machining (micro-EDM), electrochemical micromachining, laser micromachining, and ultrasonic-vibration-
assisted machining are explored. Lastly, shear punching techniques, both traditional and ultrasonic-vibration-assisted, and their
impact on structural characterization and surface morphology are examined. This comprehensive analysis sheds light on the various
methods employed in subtractive manufacturing of MG components and their implications for final product.

4.1. Traditional machining

4.1.1. Machining methods

The manufacturing of BMG parts, which require high precision in terms of dimensional accuracy and surface roughness, often relies
on machining as a crucial process. Traditional machining can be broadly categorized into three primary types: turning, milling, and
drilling. Fig. 4 shows experimental setups of all three kinds as well as typical BMG workpieces processed. Turning involves rotating the
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workpiece while a cutting tool removes material to create cylindrical shapes or features. Fig. 4a shows an ultra-precision lathe machine
used for end face dry turning of ZrssCusoAljoNis BMG [85]. Recently, turning technique was employed to fabricate surface screw
thread shaped structure on a Zr-based BMG rod (Fig. 4b), yielding macroscopic tensile ductility and serrated flow behavior [86].

Milling is a widely adopted manufacturing process, commonly employed by producers to fabricate intricate parts and molds with
exceptional dimensional accuracy and surface quality. During the milling process (Fig. 4c), material removal from the workpiece is
achieved by a rotating cutting tool equipped with multiple teeth. The tool engages with the MG workpiece, resulting in the formation of
chips as material is removed. The cutting action encompasses both shearing and plowing of the material, with the teeth of the milling
cutter continuously interacting with the workpiece surface, producing a sequence of interrupted cuts. This milling process enables the
creation of diverse shapes, contours, and features on the MG component. The apparatus in Fig. 4c was used for micro-milling of
Zr41 2Ti13.8Cuy2 5NijgBege s BMG using a coated two-tooth cemented carbide tool [87]. Optimized micro-milling produced good
surface quality and minimal burr width in the machined Zr-based BMGs (Fig. 4d) [87,88].

Hole making through drilling is a commonly employed machining technique. The drilling process (Fig. 4e) involves the creation of
holes or cavities in the material using a rotating cutting tool (drill bit). The cutting edge of the drilling tool is primarily responsible for
generating the majority of the thrust force during the drilling process. Drilling involves more intricate tool geometry and material
deformation compared to the turning process. During chip formation in drilling, the cutting speed and rake angles vary along the
cutting edges of a twist drill. In the center web of the drill, the work material is subjected to high negative rake angle, resulting in
plowing action. Apart from the tool’s geometry, factors such as the workpiece material, process parameters (feed rate, spindle speed),
and machine tool vibrations can also influence the quality of the resulting hole [91]. Fig. 4(f) demonstrates that when utilizing a
micrograin tungsten carbide (WC) tool to drill a Zrsy 5TisCuj7.9Nii4.6Al;9 BMG hole at feed rate of 2 um/rev, the formation of burrs is
virtually negligible [90].

4.1.2. Surface quality of machined workpieces

The surface quality of a BMG workpiece plays a critical role in determining its assembly accuracy and subsequent performance.
During the machining of BMGs, process parameters such as the cutting/spindle speed, feed rate, depth of cut, tool geometry, coolant/
lubrication, and tool material should be carefully adjusted and optimized to ensure efficient material removal and produce high-
quality BMG components with the desired surface finish and dimensional accuracy while keeping their amorphous nature.

Some studies have reported minimal effects of cutting speed and depth on surface roughness (R,) values in machined Zr-based and
Pd-based BMGs [92,93]. In Fig. 5a, Zrs;CugAl;oNigTis (Zr57) BMG, ZrsgCusy 5C00 5Al4 (Zr48) BMG composite (BMGC), pure zirco-
nium (Zr702), and titanium alloy (TC4) exhibited stable R, values below 0.75 pm, while 45 steel had higher roughness that decreased
with increasing speed. Similarly, Fig. 5b demonstrated similar trends with cutting depth, with Zr57 BMG exhibiting the lowest
roughness. In contrast, Xiong et al. [94] discovered that as the spindle speed increased in ultra-precision machining of a Pd-based BMG,
R, initially decreased and then increased, with the minimum value observed at 2000 rpm. This behavior was attributed to the

Fig. 4. (a) Setup of turning machining (Adapted from [85]). (b) A machined (Zrg4.13Cu;5.75Ni10.12A110) dog-bone shaped BMG sample (Adapted
from [86]); (c) A micromachining setup for milling process [87]. (d) the visual and magnified images of the milled Zr-based BMG surface (Adapted
from [88]). (e) Setup of a drilling test (Adapted from [89]). (f) Exit burrs in a Zr-based BMG drilled by micro-grain WC tool [90].
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Fig. 5. Variation of surface roughness with (a) cutting speed, (b) cutting depth, and (c) feed rate (Adapted from [93]). (d) AFM images of machined
surface cut at depths of 2 ym and 8 um (Adapted from [94]). (e) The burr morphologies under different feeding rates (Adapted from [87]). ()
Morphology of machined surfaces cut by different tools (Adapted from [85]). (g) Morphology of entry burr frilled by HSS and WC-Co tools (Adapted
from [89]).

superplastic characteristics of the BMG resulting from temperature elevation and machining within the SLR. Furthermore, atomic force
microscopy (AFM) studies indicated that at depths of cut (DOCs) slower than 6 pm, noticeable tool marks were observed on the
machined surface, as shown in Fig. 5d for a DOC of 2 pm [94]. However, at a cutting depth of 8 um, irregular micro/nanostructures
appeared due to oxidation, contributing to an increased surface roughness that negatively impacted overall quality. In a separate study
focusing on ultra-precision cutting of ZrssCusgAl;oNis BMG, a different trend was observed. As the spindle rate increased, the surface
roughness initially increased and then decreased. Specifically, a spindle rate of 3500 rpm was associated with the poorest surface
quality. However, increasing the DOC gradually led to an increase in surface roughness (R,) [85].

The spindle speed in high-speed milling processes can significantly affect the surface roughness of BMG surfaces [95]. In the case of
Zr-based BMG, an increase in spindle speed led to a gradual reduction in the arithmetic mean height of the milling groove bottom
surface, resulting in surface roughness values ranging from 0.8 to 1.6 um at spindle speeds above 40000 rpm. However, during low-
speed milling of Zr4; 5Tij38Cu;asNijpBesa s BMG at spindle speeds below 16000 rpm, the impact of rotation speed on surface
roughness was found to be negligible, while an increase in axial depth of cut (DOC) resulted in gradual surface roughness increase [96].
Conversely, during micro-milling of the same BMG composition, an increasing trend in surface roughness was observed with increasing
rotation speed from 10,000 to 18000 rpm, particularly at higher feeding rates [87]. This increase was attributed to the softening of Zr-
based BMG caused by elevated cutting temperatures, resulting in decreased viscosity and the formation of wave patterns that increased
surface roughness. Similar softening phenomena were also observed by Fujita et al [92] in Zr-based and Pd-based BMGs. Additionally,
Wang et al. [87] noted that the axial DOCs within the range of 10 to 45 pm had little influence on the surface roughness of micro-milled
Zr BMG, but a significant increase in roughness occurred at a DOC of 60 pm, potentially due to higher forces resulting from the
increased axial DOC.

The feeding rate (f) is another significant cutting parameter that affects the surface quality of machined BMGs [85,87,96]. The
surface roughness (R,) can be theoretically calculated using equations such as R, = f2 / 8R [85] or Ry = 0.032 f2 / R [93], where R
represents the tool nose radius. Although the precise calculation of surface roughness is hindered by the deformation and recovery of
machined workpieces, an increase in f is expected to result in a notable rise in R, [95,96]. However, an inverse relation between f and
R, was reported during micro-milling of Zr4; 2Ti13.8Cuy2,5NijoBess s [96] and ZrssCuszpAl;oNis [85] BMGs when the f dropped below a
critical value.

Fig. 5c demonstrates the consistent increasing trend of R, with higher f during low-speed machining of Zr57 BMG, despite the
difference between experimental and theoretical values. These variations may arise from additional factors that influence surface
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quality, including material characteristics, cutting tools, and lathe conditions. Consequently, Zr57 BMG can achieve low surface
roughness, with the influence of cutting depth on surface roughness becoming more pronounced at higher feed rates [93]. Further-
more, a higher feed rate often increases the risk of sample fracturing, resulting in the presence of small burrs on the machined parts
(Fig. 5e). Wang et al. [87] have indicated that when the ratio of feed rate (f) to the cutting edge diameter () exceeds a critical value of
0.6, the surface roughness demonstrates a positive correlation with this ratio. Specifically, reducing the f/r. ratio typically leads to a
decrease in surface roughness. Additionally, high feed rates during micro-milling of Zr-based BMG workpieces have been observed to
lead to the formation of surface cracks and voids [88,97]. The elevated temperature associated with higher feed rates can induce
material melting, contributing to void formation and fluctuating the milling forces. These voids arise from the dynamic solidification
process and can potentially impact the mechanical properties of the machined components, leading to degradation.

The achievement of low surface roughness can be attributed to several factors. Firstly, it is influenced by the optimized movement
of feeding and rotation, as well as the initial surface profiles. Secondly, the superplasticity exhibited by certain MGs, such as Zr-based
BMG, and the collapse effect caused by gravity on the formed peaks play a role in achieving smooth surfaces. Lastly, the characteristics
of deposition and scratching between the workpiece materials and milling tools also contribute to the reduction of surface roughness
[87].

The choice of tool’s material and geometry also plays a significant role in determining the surface roughness of machined BMGs. For
instance, at a fixed feed rate of 5 um/r and DOC of 10 um (Fig. 5f), the surface roughness is 183 nm for a diamond tool and 170 nm for a
polycrystalline cubic boron nitride (PCBN) tool, indicating the superior performance of the PCBN tool [85]. Further, drilling holes
using different high speed steel (HSS) and WC in cobalt matrix (WC-Co) tools result in varying burr sizes (Fig. 5g) [89]. The HSS tool
produces larger irregular roller-shaped burrs, attributed to rubbing and more pronounced margin wear, while the WC-Co tool produces
relatively smaller burrs due to its higher thermal conductivity and hardness compared to HSS. The shape and size of the entry and exit
burrs depend on factors such as tool wear, drill run-out, and the unique ductility of the machined BMGs.

According to Bakkal et al. [90], the use of micro-grain WC tools offers better surface roughness compared to solid WC tools under

Fig. 6. (a) Schematic illustration of cutting process and SEM image of chips cut as a spindle speed of 3000 rpm and feeding rate of 5 pm/r (Adapted
from [85]). (b) Chip morphology during turning and drilling of Zr-based BMGs (Adapted from [89,99]). (c) 2D schematics of lamellar chip formation
in BMGs (upper) and serrated chip formation in conventional crystalline alloys (lower). Adapted from [99]. (d) Simulated temperature profile
duinrg nanometric cutting of MG a different cutting speeds (Adapted from [94]) (e) Light emission during high-speed turning [100], milling [97],
and drilling [89] of BMGs; (f) Effect of tool groove on light emission brightens at cutting speed of 50 m/min. (g) Infrared thermal images of Zr-based
BMG cutting in case of MF and UM tool grooves (Adapted from [101]).
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similar processing conditions. The micro-grain WC tool generates smaller thrust forces during BMG drilling compared to the solid WC
tool. Additionally, Liu et al. [95] found that the coating of the milling cutter has minimal influence on the surface roughness of the
bottom surface of a Zr-based BMG milling groove. However, the number of cutting edges on the milling cutter significantly affects the
surface roughness. To achieve lower surface roughness in the milling groove, it is recommended to use a four-edge milling cutter with a
nanocomposite coating.

The choice of cooling medium has also an impact on the surface roughness of machined BMGs. Sakata et al. [98] investigated the
influence of cutting atmosphere using air-blow and kerosene as coolants. Air-blow resulted in a surface roughness of 51 nm with
irregular cutter marks. In contrast, the use of kerosene reduced roughness to 44 nm, prevented micro burr formation, and improved
groove depth uniformity in the diamond turning of Zr-based BMG.

Based on the literature review, achieving controlled surface roughness in the machining process of BMG is a complex task due to the
influence of various factors such as cutting speed, DOC, feed rate, tool material, and physical/mechanical properties of the BMG
workpiece. The determination of optimal parameters that yield desirable surface roughness is challenging, as it requires identifying the
combined optimal factors.

4.1.3. Chip formation and cutting mechanism

In contrast to crystalline metals and alloys characterized by long-range order atomic structures, BMGs possess disordered atomic
structures. Consequently, the material deformation during machining of BMGs is expected to exhibit distinct behavior compared to
that of conventional metals and alloys [92].

The formation of chips during continuous machining is crucial for determining surface quality, including surface roughness. The
cutting process generally involves three distinct deformation zones (Fig. 6a) [85]. The primary deformation zone, located in the core
cutting region, undergoes severe plastic deformation due to the shear force from the tool edge. This results in the extrusion of materials
along the shear force direction. When the plastic deformation reaches its limit, the materials separate from the workpiece, forming the
cutting chips, while the remaining materials create a fresh surface. As a result, the upper side of the chips exhibits an uneven and rough
free surface due to the movement of extruded materials onto the original workpiece surface. The chips, subjected to high contact stress
and friction from the tool rake face, flow out with a curled shape, leading to a smoother back surface compared to the free surface. This
active region between the chip and the tool rake face is referred to as the secondary deformation zone. At the same time, the fresh
surface is pressed and rubbed by the tool flank face, shaping the machined surface, which represents the tertiary deformation zone. The
plastic deformation decreases progressively within these three zones.

Despite the brittleness of BMG at room temperature, the chips formed during machining exhibit a continuous spiral or ribbon-like
morphologies (Fig. 6b and c) [85,89,99,102]. This suggests that the material removal process follows a ductile mode, similar to what is
frequently observed in cutting of many crystalline metals [103-105]. Bakkal et al. [106] suggested that the chip formation mechanism
in high-strain-rate cutting of Zr-based BMG is akin to the formation of serrated chips in crystalline metals. Due to the low thermal
conductivity of the BMG, the cutting heat cannot dissipate quickly, resulting in thermal instability of the work material and the
formation of adiabatic shear bands (ASB). The ASB mechanism stands as the prevailing formation mechanism of chips during
machining of BMGs [107,108], and has been applicable to high-strain rate deformation in other crystalline alloys such as in stainless
steels and titanium, aluminum, and copper alloys [109].

As shown in Fig. 6b, the BMG chip surfaces appear smooth, but they contain periodic shear bands with consistent micrometer-scale
spacing. A distinct lamellar structure emerges within the BMG chip, indicating its discontinuity. Surprisingly, no characteristic fracture
patterns are observed, suggesting fracture mechanisms such as meniscus instability do not occur [99]. The chip lamella presented
during machining of Zr-based and Fe-based is likely formed through periodic shear banding within the primary shear zone (PSZ)
[89,99,106,108].

Lamellar chip formation in BMG machining shares similarities with serrated chip formation in crystalline alloys (Fig. 6¢). Both
involve inhomogeneous material flow and shear band formation in the PSZs due to tool-workpiece interaction. However, distinct
features of lamellar chips include [99]: (i) smaller scales and spacing (5.) of shear bands and PSZs; (ii) relatively smoother free surface
or weaker chip serration, indicating smaller shear displacement () triggers shear banding in BMGs; (iii) presence of secondary shear
bands between PSZs on the free surface (see Fig. 6b), suggesting shear localization even at low cutting speeds in BMG machining.

Although shear band formation may contribute to the formation of both lamellar chips and serrated chips, the underlying
mechanisms can vary. Jiang and Dai [99] performed a theoretical analysis using a nonlinear dynamic model and proposed that in BMG
cutting, the formation of lamellar chips is driven by the collapse of static equilibrium in the free volume flow. On the other hand, in
conventional metal cutting, the formation of serrated chips is predominantly influenced by the collapse of static equilibrium in the heat
flow. Later, Zeng et al. [110] developed a theoretical model explaining the behavior of shear bands during machining. The model
establishes a correlation between atomic-scale dilatancy and shear band evolution and reproduces the ductile-to-brittle transition of
shear bands, which influences chip formation. At small cutting depths, ductile shear bands result in serrated chips, while at larger
depths, brittle shear bands create discontinuous chips. The model identifies a critical local volume dilatancy of 16.7 % for the tran-
sition. This finding demonstrates the role of intrinsic dilatancy in shear band behavior and provide insights into chip formation.

The formation of chips is influenced by several parameters, including cutting speed, feeding rate, and cutting depth
[85,94,98,102,111]. Bakkal et al. [100] reported that at low cutting speeds of 0.38 and 0.76 m/s, larger shear lamella chips were
typically observed. As the cutting speed increased to 1.52 m/s, various chip types, including irregular lamellar segments, were
observed. During spiral milling, chip deposition along the slot edges got more pronounced with higher feed rates [90]. Additionally,
lower cutting feed rates tend to produce C-shaped and spiral chips, with the prevalence of C-shaped chips decreasing as the feed rate
increases, eventually disappearing at a feed rate of 0.09 mm/r [93]. The cutting depth also influences chip morphology, with cutting
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depths ranging from 0.05 to 0.1 mm resulting exclusively in C-shaped chips. Increasing the cutting depth reduces the occurrence of C-
shaped chip formation. More recently, Deng et al. [112] found that as the cutting length increases during orthogonal cutting of Vitreloy
1 (Vit.1) BMG, the chips undergo a transition from a laminated structure to a viscous flow state. This transition is accompanied by a
change from a relatively smooth surface to a vein-like pattern in the PSZ.

Numerous simulation studies have been also conducted to investigate various aspects of material removal in nanometric cutting of
BMGs, such as cutting force, cutting temperature, and chip morphology [113]. For example, Avila et al. [114] conducted a study to
investigate the effect of rake angle, from positive 45° to negative 45°, on shear band formation in the MG chip. The findings revealed
that the shear band in the chip underwent a transition from sparse to thicker, eventually merging together. A more negative rake angle
led to an increase in tool thrust and enhanced pressure at the cutting point, resulting in chip compression and shrinkage. Moreover, Zhu
et al. [115] showed that in nanometric cutting of CusoZrso MG, material is mainly extruded rather than sheared at the macroscale,
driven by the formation of shear transformation zones (STZs) indicating inhomogeneous plastic deformation. Workpiece pile-up is
cutting depth-dependent, reduced by larger tool edge radius, and minimally influenced by cutting speed. In a simulation study of
nanometric cutting on Pd4oNi;gCusgP29 MG alloy, it was observed that increasing the cutting speed led to higher temperatures at the
friction zone (Fig. 6d) [94]. At cutting speeds of 20 and 40 m/s, the temperature rise remained below Ty of 670 K. However, at a cutting
speed of 60 m/s, the temperature in the cutting zone reached 720 K, exceeding the T,. Further increasing the cutting speed to 80 m/s
resulted in temperatures surpassing the Ty of 720 K, leading to the initiation of crystallization. Hence, controlling the cutting speed
becomes necessary to mitigate temperature rise in the friction zone and prevent detrimental effects of crystallization on chip
formation.

Light emission is a distinct phenomenon observed during high-speed machining of Zr-based BMGs (see Fig. 6e), negatively
impacting the machining process BMG workpieces. This unique feature, which sets BMGs apart from crystalline alloys during me-
chanical tests, has also been observed during fracture of BMGs under mechanical loading [116-118]. Bakkal et al. [119] recorded flash
temperatures ranging from 2400 K to 2700 K during high-speed cutting of a Zr-based BMG, associated intense emission of visible light
and oxidation of processed chip. This was mainly attributed to significantly low thermal conductivity of the Zr BMG (~4 W/m K) which
causes retaining heat within the chip, leading to the initiation of exothermic oxidation and subsequent light emission on the surface of
the chip [100,106]. Due to the increase in temperature and partial melting of the work material, the original lamellar structure of shear
band undergoes significant disruption and deformation surrounded by regions of molten and solidified material, exhibiting a viscous-
like behavior [100].

Light emission during chip formation is a multifaceted phenomenon influenced by various factors. It has been observed that the
intensity of light emission during machining of BMGs tends to increase with higher cutting speeds and feeding rates
[88,89,92,106,120], smaller tool rake angles, and the use of tools with lower thermal conductivity such as PCBN [106].

Ding et al. [101] recently investigated light emission in high-speed cutting of Vit. 1 BMG. Friction energy on the tool-chip interface
was identified as the primary trigger, with a critical energy threshold of ~ 43 W for visible light emission. The study compared groove
tools labeled as MF, MM, and UM, each representing distinct rake angles and front chamfer characteristics. The results revealed similar
light emission brightness at feed rates f < 0.1 mm/r (Fig. 6f), and no visible light emission at f = 0.05 mm/r. However, at f > 0.1 mm/r,
MM and UM groove tools with larger rake angles and chamfered structures hindered chip flow, resulting in chip accumulation and
higher cutting temperatures (Fig. 6g). This led to increased wear, friction energies, and stronger light emission compared to the MF
tool. The chamfered structure on the cutting edge contributed to higher light emission due to poor chip evacuation, adhesive wear, and
increased friction energy. Additionally, the use of a wear-resistant TiIAIN/TiAIN coating demonstrated lower light emission compared
to TiN/Al;03/Ti(C,N) and Aly03/Ti(C,N) coatings. Further, cutting oil can help avoid light emission at cutting speeds below 100 m/
min, while liquid nitrogen is not recommended due to increased tool wear and adhesive wear.

4.1.4. Tool wear

BMGs are generally considered as difficult-to-cut materials due to their high strength, high hardness, and lacking ductility. For
example, Fe-based [121], Co-based [122], and Cr-based [123] BMGs show Vickers hardness values exceeding 1200 HV. Further, the
newly discovered Fe-Nb-B MG alloys exhibit hardness and wear resistance levels that are 2-4 times higher than hardened stainless steel
and comparable to nitride coatings [124]. The wear of the cutting tool significantly influences the surface quality and dimensional
accuracy of machined BMGs [95]. Excessive tool wear is correlated with elevated cutting forces, posing a risk of damage to the part,
fixture, and machine tool. As a result, tool wear during machining of BMGs should be taken into consideration.

Bakkal et al. [125] conducted a study on the wear of major and margin cutting edges in HSS and WC-Co tools during drilling process
of a Zr-based BMG. They observed substantial wear in both tools when drilling was accompanied by intense light emission from the
BMG chips. However, when no light emission was present, the wear on the drills was visible but less severe. The study demonstrated
that WC-Co tools, which offer superior mechanical and thermal properties, are a preferred choice for drilling BMG materials. In
addition, Bakkal et al. [106] observed welding of the BMG chip to WC-CVD tool having three layers of chemical vapor deposition
(CVD) coatings, with noticeable melting taking place on the chip surface during machining. This welding phenomenon, likely observed
towards the end of the cutting process, facilitated the adhesion of the chip to the tool tip.

To gain a comprehensive understanding of tool wear, it is important to investigate wear mechanisms. Wang et al. [102] identified
different wear mechanisms, including abrasion, adhesion, and fatigue, during machining of Fe-based as-deposited MG overlay at
various cutting parameters. A minor occurrence of chemical dissolution wear was noted due to the presence of built-up edge (BUE).
Tool failure modes encompassed flank wear, plastic deformation at the minor edge, and catastrophic chipping at the tool nose.
Recently, Liu et al. [95] analyzed tool wear during milling of Zr-based BMG and other materials and categorized tool wear into
mechanical friction wear, bonding wear, diffusion wear, frictional oxidation wear, and fatigue damage. Deng et al. [112] recently
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found that when using a WC-Co cemented carbide grooving tool to orthogonally cut Zr-based BMGs, the adhesion process on the
cutting edge can lead to unstable adhesion and subsequent adhesive wear. Once stable adhesion occurs, chips in the sticking area cold-
weld to the cemented carbide under high stress. The loss of the Co phase, which has a strong chemical affinity, gradually removes the
hard WC phase as the chip flows, resulting in abrasive wear. However, in the sliding area of the tool-chip contact interface and the flank
face, the viscous-fluid chips that adhere at high temperatures act as a protective layer, effectively mitigating severe tool wear in those
regions.

Fig. 7a and b present a comparison of cutting wear between two types of tools, namely the diamond tool and PCBN tool, after
machining BMG workpieces [85]. From the figures, it is evident that the wear of the PCBN tool edge is more severe compared to the
diamond tool, while the latter exhibits worse adhesion. In another study by Bakkal et al. [106], it was observed that chipping occurs at
the cutting edge of the PCBN tool during lathe machining of Vit. 1 BMG. This chipping was observed near the tool tip and in the tool
nose radius region, likely due to the impact of the BMG chip with the tool edge during machining. Furthermore, chemical reactions and
oxidation of tool have been demonstrated to occur due to the high temperatures generated during machining of BMGs [85,102,112].
The diamond tool experiences chemical reactions of Zr-C and Zr-O, while the PCBN tool undergoes Zr-O reaction (oxidation) [85].
These chemical reactions significantly limit the application of diamond tools for machining of BMGs, whereas PCBN tools exhibit
superior chemical stability when cutting materials.

The cooling condition has also a significant effect on tool wear during machining. Proper cooling helps dissipate heat generated
during the cutting process, reducing the temperature at the tool-chip interface. Fig. 7c illustrates the tool wear under different cutting
atmospheres: dry cutting, cutting oil, and liquid nitrogen. The worn tool face is observed in the dry cutting and lubrication conditions,
while cutting oil can lead to significant chip adhesion instead of reducing friction as expected [101]. The authors suggested that the
high cutting speed limits the penetration of oil into the tool-chip interface, resulting in reduced adhesion with a decrease in cutting
speed. However, dry cutting also presents similar issues to oil cutting. Liquid nitrogen, on the other hand, reduces light emission by
rapidly cooling the temperature and suppressing the exothermic oxidation reaction rate. However, chip adhesion in the liquid nitrogen
atmosphere is more severe than in the dry and oil cutting atmospheres. In addition, Maroju et al. [88] conducted a study demonstrating
that dry cutting results in a higher level of tool wear compared to cutting with coolant (Fig. 7d). Specifically, the width of tool wear
progressively increases with cutting distance. However, in the case of dry cutting, the initial width of tool wear is relatively high, and it
becomes significant when the cutting distance reaches 1250 mm.

Fig. 7. (a-b) Micrographs showing wear of diamond and PCBN cutting tools (Adapted from [85]). (c) Optical images of a worn coated tool under
various cooling and lubrication conditions (f, = 0.15 mm/r; MF groove; TiAIN/TiAIN coating). Adapted from [101]. (d) Comparing tool flank wear
between dry machining and machining with mist coolant (Adapted from [88]).
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4.1.5. Structural and mechanical property characterizations

Numerous studies have indicated that, under optimized cutting conditions, traditional machining of BMGs does not result in
crystallization within the machined workpiece and formed chips [85,87,92,93,96,100,108,112]. Nonetheless, the high temperatures
generated during machining of BMGs can induce crystallization and oxidation [89,100]. In a study by Bakkal et al. [119], broad
amorphous peaks were observed on Zr-based BMG surfaces machined at different cutting speeds as well as the chips cut at the lowest
cutting speed (0.38 m/s), as shown in Fig. 8a. However, sharp diffraction peaks appeared on the BMG chip surfaces machined at higher
cutting speeds of 0.76 and 1.52 m/s accompanied by visible light emission, indicating the presence of monoclinic ZrO as a crystalline
phase. Scanning electron microscopy (SEM) micrographs of chips cut at 1.52 m/s (Fig. 8b) revealed distinct regions with varying gray
levels, representing different crystalline structures. These included the oxide layer (O) surrounding the chips, leaf-shaped dark gray
crystalline phases (G), amorphous regions inside the chips (A), and eutectic crystalline regions (E). The EDS analysis confirmed varied
chemical compositions in different contrast regions. Moreover, under milling conditions, the XRD spectrum showed the crystallization
growth with more distinct sharp peaks, especially when material melting occurred at higher feed rates. This confirms that the stress
and temperature increase during milling lead to crystallization. If material melting does not occur, the BMG surface remains mostly
amorphous [88]. These findings emphasize the importance of controlling cutting parameters to prevent substantial temperature
increase.

Another structural feature during machining of BMGs is noticeable changes in the interatomic distances. Chen et al. [85] observed a
slight shift of the main XRD amorphous peak of the ZrssCuzgAl;oNis chips towards higher angles compared to the as-cast and machined
BMG samples (Fig. 8c). A similar trend was observed in the XRD patterns for machined Vit.1 BMGs with different turned lengths [112].
These shifts in peak position indicate a change in the average interatomic distance in MGs [126]. The atomic pair distribution function
(PDF) analysis conducted by Maroju et al. [88] revealed that the radial distance of highly structured atomic arrangement decreases
with increased feed rate. This radial distance further decreases with intermittent light emission associated with material crystalliza-
tion. This is because MGs have a larger volume compared to crystalline materials, where atoms are arranged closely and regularly.
Upon heating, the relaxation process annihilates the free volume in the microstructure of MGs [127,128], leading to a reduction in the
average interatomic distance [129]. As a result, the main diffraction peak shifts to higher angles according to Bragg’s equation [130].
In the machining process of BMGs, the chip formation primarily occurs in the deformation zones, generating significant cutting heat.
This heat induces structural relaxation in the BMG chips and machined workpieces, resulting in shorter interatomic distances and
increased structural ordering.

Transmission electron microcopy (TEM) characterizations provide additional insights into the structural characteristics of

Fig. 8. (a) XRD patterns of as-received, machined surface, and chips of Zr-based BMG cut at various speed and in machined surface as well as as-
received BMG. (b) SEM micrographs of chip cross-section. Adapted from [119]. (c) XRD patterns as-cast, BMG after machining state, and chips. (d)
TEM image of surface microstructure of the machined BMG. Adapted from [85]. (e) TEM image of tool-chip interface and the corresponding SAED
patterns of chip and carbide tool (Adapted from [112]). (f) Nano-indentation load—-displacement curves of as-cast and machined Zr-based BMG
(Adapted from [85]).
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machined BMG workpieces and chips, confirming the occurrence of nanocrystallization. In the high-resolution TEM (HRTEM) image
from the surface microstructure of a machined Zr-based BMG (Fig. 8d), the orderly arrangement of atoms allowed for the easy
distinction of nanocrystalline regions within the amorphous MG matrix. The corresponding selected area electron diffraction (SAED)
pattern exhibited numerous spots forming concentric rings, characteristic of nanocrystalline structures. Further, Similarly, the
microstructure of a machined Fe-based overlay MG consisted of an amorphous matrix containing nanocrystalline particles with sizes
ranging from 30 to 100 nm [102]. The nanocrystalline grains were identified as body-centered cubic (bcc) Fe-based structures.

In another study, Deng et al. [112] conducted a detailed investigation of the microstructure of the adhered chip by examining the
tool-chip interface in the sticking area using TEM observations. Fig. 8e showed obvious nanocrystallization of the amorphous material
adhering to the tool surface at the chip interface, with a width ranging from 0.9 to 1.7 pm. The fast Fourier transformation (FFT) image
contained diffuse halo rings and several spots, confirming the presence of nanocrystals. Additionally, the EDS analysis revealed phase
separation within the nanocrystallized region, while the free chip surface remained amorphous with a uniform composition distri-
bution. It was concluded that the chip at the tool-chip interface exhibits a complex composition of multiple crystalline phases and
quasi-crystals under high temperature and strain rate conditions during cutting.

Fig. 9. (a) Schematic diagram of the EDM experimental setup. (b) Vit. 1 BMG removal rate at various voltages and capacitances. Adapted from
[143]. (c) SEM image for three dimensional microstructures machined on the LagoAl;4Ni12Cuy2 (i), Zr-based micro-channels (ii), and 3D Pd-based
micro-mold. Adapted from [150-152]. (d) Effect of different capacitances on the surface finish of the Zr-based BMG blind micro-holes (Adapted
from [153]). (e) XRD patterns of the as-cast BMG surface and micro-EDMed surfaces under various voltage and capacitances (Adapted from [154]).
(f) Schematic of spark representing the mechanism of partial crystallization (Adapted from [143]).
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The primary factor contributing to nanocrystallization in the microstructure of machined BMGs is the elevated temperature. As
previously discussed, the frictional contact between the BMG workpiece and the cutting tool can raise the surface temperature above
Ty, resulting in the precipitation of nanocrystals. Additionally, the severe plastic deformation associated with cutting process of BMGs
can also induce nanocrystallization [131,132]. Therefore, both thermal energy and mechanical energy act as driving forces for atomic
diffusion and rearrangement, ultimately leading to the formation of nanocrystals.

Limited research has focused on the characterization of mechanical properties in machined BMGs. By performing nanoindentation
tests, Chen et al. [85] found larger indentation depths for the machined Zr-based BMG (Fig. 8f), denoting that the hardness of the
machined workpiece is lower than that of the as-cast state. This phenomenon of work softening, unlike the work hardening observed in
machining crystalline metals, is similar to the hardness decrease observed during structural rejuvenation of BMGs using various
thermomechanical processing routes [133], such as cryogenic rejuvenation [134,135], elastostatic compression [136-138], ultrasonic
hammering [139], and plastic deformation [140,141]. The decrease in hardness can be attributed to the increase in free volume within
the microstructure, resulting in higher energy (less relaxed) states. During the cutting process, the plastic deformation zones (see
Fig. 6a) indicate that the newly formed surface experiences plastic deformation induced by the tool flank face. This leads to the
formation of numerous shear bands and an increase in free volume at the machined surface, ultimately causing a reduction in hardness.
The final hardness value and structural state in machined BMG workpieces are determined by a trade-off between relaxation induced
by temperature rise and rejuvenation induced by plastic deformation.

4.2. Non-traditional machining

4.2.1. Micro-EDM

Micro-EDM has emerged as an advanced machining technique renowned for its precision in shaping complex geometries and
fabricating micro-components and parts with intricate features [142]. Throughout the micro-EDM process, controlled sparks gener-
ated by electric discharges effectively vaporize and erode the workpiece material, ensuring precise and intricate machining. Key
features of micro-EDM include its high energy density, non-contact nature, and the capacity to machine intricate features, rendering it
highly suitable for microscale applications.

The micro-EDM encompasses two primary methods: die-sinking and wire EDM. In die-sinking micro-EDM, as depicted in Fig. 9a
[143], electric discharges occur between a specially shaped tool electrode and a workpiece submerged in a dielectric fluid. Conversely,
wire EDM employs a thin, electrically conductive wire electrode, such as copper and molybdenum wires in the case of EDM of MGs
[144]. EDM has also been employed for machining Zr-based BMGs at the macroscale [145-149].

The material removal rate (MRR) during EDM primarily depends on discharge voltage, capacitance, and pulse duration. A sys-
tematic study conducted by Huang and Yan [143] showed that the micro-EDM of Vit. 1 BMG at various discharge voltages and ca-
pacitances demonstrate a consistent trend (Fig. 9b): an increase in capacitance leads to higher MRR at a given voltage, while an
increase in voltage results in increased MRR for a constant capacitance. This phenomenon can be explained by the discharge energy
equation, E = 1/2CV?, where C represents the capacitance and V represents the voltage. As per this energy law, higher voltages and
capacitances generate greater discharge energy, consequently enhancing the MRR. Regarding MRR variations with pulse duration,
Hsieh et al. [147] found that for various discharge currents ranging from 1 A to 10 A, the material removal rate initially increased and
then decreased with an increase in pulse duration. The peak material removal rate was achieved at a pulse duration of 30 ps.

Fig. 9c displays the morphologies of different micro-structured BMGs, including a 3D micro-structured LagpAl; 4Nij2Cu;o BMG (i)
[155], a microchannel structure fabricated on Vit. 1 BMG (ii) [151], and a 3D micro-mold manufactured by micro-EDM of
Pd4oCuzpP2oNi;g BMG [62]. The micrographs reveal variations in surface quality, with the presence of craters and recast layers in
micrographs (i) and (ii). Yeo et al. [151] found that microchannels fabricated using micro-EDM tend to have larger surface roughness
compared to those produced by micromilling. This is attributed to the presence of overlapping craters on the surface, which limits
achieving the minimum surface roughness. In the EDM process, a crater is the material that is removed by the discharge energy per
pulse [153]. On the other hand, the 3D Pd-based micro-molds demonstrated good surface quality by optimizing processing parameters
such as time and machining depth [152].

In general, using lower discharge voltage, discharge capacitance, and pulse duration in EDM of BMGs results in smaller craters,
thinner recast layers, and reduced burr widths, yielding improved surface quality and reduced surface roughness
[143,144,146,147,151,153,154]. The influence of EDM process parameters on surface roughness varies [145,151], with voltage and
electrode rotational speed having minimal impact, while capacitance plays a critical role in determining crater sizes, recast layer, and
overcut. In wire EDM of BMGs, the surface roughness is mainly influenced by the pulse type and pulse-on time [148]. By carefully
selecting these parameters, there is a greater potential to achieve high cutting efficiency and low surface roughness. In micro hole
drilling of BMGs using micro-EDM, the electrode rotational speed stands out as the most influential factor [156,157]. While tool
rotation negatively affects overcut, edge deviation, and taper angle, it plays a crucial role in significantly reducing machining time,
with potential time savings of 5-10 times.

The study performed by Liu et al. [153] showed that at a constant voltage and electrode rotational speed, increasing the capacitance
during EDM of blind holes on a Zr-based BMG results in a sharp increase in surface roughness (Fig. 9d). At a capacitance of 400 nF, the
surface becomes very rough, with significant recast layer and debris. Higher capacitance also leads to an increase in recast layer at the
edge of lower micro-holes. By reducing the capacitance at a voltage of 80 V, the heat-affected zone (HAZ) around the micro-hole edge
was minimized, which is crucial for reducing crystallization during BMG machining. Additionally, significant improvements in surface
roughness and burr width were observed in the micro-EDM of ZrsyNbsCu; s 4Nij2 6Al; o BMG by reducing the input energy from 13.4 pJ
to 0.9 pJ [151]. The surface roughness was reduced by 43 %-51 %, and the burr width decreased by 63 %. These improvements were
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attributed to the generation of smaller craters and a reduction in the amount of molten material.

The electrode material and size can also affect the surface quality of EDMed BMGs. By using tungsten rod electrode and copper and
brass tube electrodes, Yeo et al. [151] found that electrode material melting point had a stronger influence on the tool wear rate at
higher input energy, while thermal conductivity had a greater impact at lower input energy. Further, tube-shaped electrodes were
more suitable for machining BMG at low input energy due to enhanced heat transport and reduced tool wear. Additionally, using a
larger diameter copper rod electrode (200 um) with low settings of capacitance, voltage, and discharge energy in micro-EDM resulted
in surface porosities [153]. This was likely due to unstable sparking at smaller spark gaps caused by reduced discharge energy.
However, using a smaller diameter electrode (75 pm) resolved the surface defects. Therefore, smaller electrodes and appropriate
discharge energy are necessary for stable machining and improved surface finish.

Surface carbonization and crystallization pose challenges in the EDM of BMGs. The wire EDM at macroscales utilizes a high
discharge energy that leads to extensive melting and vaporization of the workpiece surface, creating a substantial HAZ. This process
often results in significant crystallization of BMG [147], but the extent of crystallization can be mitigated by optimizing EDM pa-
rameters [148]. In contrast, micro-EDM offers a promising alternative for machining BMGs while preserving their amorphous char-
acteristics. This is due to the relatively lower discharge energy employed in micro-EDM, which helps minimize the temperature rise
and maintain the amorphous structure of the BMGs, resulting in minimal crystallinity.

Huang and Yan [143] analyzed Zr-based BMGs machined by EDM using different discharge capacitances (220 pF, 1000 pF, and
3300 pF). XRD patterns showed broad amorphous peaks, indicating the predominantly amorphous structure of the machined BMGs.
However, small crystalline peaks were also observed, with the lowest intensity at a capacitance of 1000 pF. Interestingly, varying the
voltage from 70 V to 110 V had a minimal impact on surface crystallization. Furthermore, the microstructures and crystallization
characteristics differed between the center and outer regions of the EDMed holes due to factors like sparks, dielectric circulation,
thermal dissipation, and debris. In another study, the EDS analysis on the 3D Pd-based micro-mold surface revealed an increase in
carbon content from 0.5 % to 5.8 % with increase in processing depth [152]. Also, the XRD analysis showed the presence of CusP and
Ni;oPs5 phases on the MG surface after micro-EDM, with their relative proportions changing as the depth increased. Excessive discharge
energies employed during wire EDM can result in higher carbon content on the workpiece surface [145]. This, in turn, can lead to the
formation of thick carbonization layers on the surface of the BMG.

Fig. 9e presents a comparison of XRD patterns between the as-cast Zr-based BMG surface and surfaces of samples machined using
micro-EDM under various voltages and capacitances, employing a sintered polycrystalline diamond (PCD) electrode [154]. The micro-
EDMed sample surfaces exhibit peaks indicating crystallization, specifically the presence of the ZrC phase and unknown phases, in
contrast to the amorphous state of the as-cast samples. This surface crystallization is attributed to reactions between MG elements and
the carbon-rich PCD electrode and EDM oil during micro-EDM. Notably, another crystallization behavior was observed in the shallow
subsurface region of EDMed Zr-based BMG, approximately 20 pm deep, primarily associated with the formation of internal crystalline
phases, suggesting a hierarchical pattern along the depth. The variation in crystallization behavior along the depth direction is
attributed to the distinct thermal processes occurring in the top surface layer and the subsurface region during the micro-EDM process.

Huang and Yan [143] proposed a mechanism for the partial crystallization of EDMed surfaces in Zr-based BMG (Fig. 9f). During
micro-EDM using a copper electrode, sparks are generated between the electrode and the BMG during pulse-on, resulting in the
melting, vaporization, and suspension of copper and BMG in the EDM oil. Decomposed hydrogen and carbon are also present in the
EDM oil. In certain regions, the vaporized BMGs and decomposed carbons may combine, forming a mixture. During the pulse-off time,
the vaporized materials undergo re-solidification. The strong chemical affinity between C atoms and Zr atoms leads to the formation of
nanocarbides, such as ZrC, during the cooling and re-solidification processes. Additionally, the use of different dielectric fluids, such as
EDM oil and deionized water, leads to the production of distinct decomposition products during the pulse-on time in EDM, which
results in different crystallization phases on the machined surfaces.

4.2.2. Electrochemical micromachining (ECMM)

ECMM is a non-contact subtractive method that utilizes electrochemistry for controlled material removal. It involves submerging a
workpiece in an electrolyte and using a nearby tool electrode. Applying a DC current triggers precise material removal through
electrochemical reactions. The material removal mechanism in ECMM involves the dissolution of anodic material at the ionic level
under an applied electric field. The process creates accurate micro-sized features with high surface quality. However, managing
various process parameters, such as electrolyte selection, micro-tool electrode shaping, tool-workpiece distance, and pulse parameters,
adds complexity to the method [158].

Kosiba et al. [159] reported the first ECMM of a Zr-based BMG surface using micro-tool electrodes and ultra-short voltage pulses to
create micro-hole structures. The choice of process parameters, especially the electrolyte chemistry, was found to be crucial. Aqueous
NaNOs was unsuitable due to the formation of thick corrosion product layers. Methanolic HCIO4 electrolyte allowed for micro-hole
structures with aspect ratios of about 1. The pulse voltage significantly affected the morphology, with lower voltages producing
porous structures and higher voltages leading to smoothing. ECMM experiments at the pulse voltage 6 V and 100 ns on-time pulse
showed the most homogeneous and smoothest micro-hole morphology. Later, Cole et al. [160] designed a novel waveform by
combining specific voltage thresholds/regimes for pitting and repassivation, which effectively minimized the adherence of corrosion
products and dense oxides to the surface and enabled ECMM of Zrs;NisgAl;5Cus sNby 5 in aqueous 2.98 M NaNOs. Precise dimensional
tolerances and accuracy were achieved by applying optimal ECMM parameters to pattern lines on the surface. To create more intricate
shapes and components, the lines could be improved by utilizing shorter pulse times and slower movement speeds.

Additionally, Horn et al. [161] fabricated complex microstructures with high precision on Fe-based glassy FegssCrsMogs.
GayP12CsBs 5 BMG surface by ECMM. This was achieved by employing an aqueous electrolyte containing 0.1 M HySO4 with up to 0.1 M
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Fey(SO4)3 addition and applying ultrashort voltage pulses. The study found that increasing pulse lengths (50 to 500 ns) or raising
pulse-on voltages (5 to 9 V) led to larger hole diameters and depths due to an enlarged gap between the workpiece and tool electrode.
Higher pulse-on voltages also caused corrosion of the surrounding workpiece surface. Machining parameters influenced local trans-
passive dissolution, but also negatively impacted machining resolution. Adjusting pulse-off voltages and tool feed rates did not
improve resolution. High pulse-off voltages increased pitting corrosion, while too small values hindered material dissolution. A slower
tool feed rate than the local dissolution rate prevented unwanted tool-workpiece contact but prolonged the process. For example,
Fig. 10a (a complex smiley shape) took 3 h to machine.

One of the main challenges in ECMM is to control the electrode reactions in order to prevent the formation of unwanted passive
layers on the machined surface regions. Gebert et al. [162] analyzed comparatively the anodic behavior of three Zr-based BMGs with
variation in the Cu:valve metal (VM) ratio in the concentrated NaNOj3 solution (Fig. 10b). Valve metal refers to the metallic elements
possessing a stable oxide layer on their surface when exposed to air or oxygen, including Zr, Ti, and Al. Similar polarization behavior
was observed for all glassy alloys, with a slightly higher reactivity observed in Zrs5CuggAl;oNis, which has the highest Cu:VM ratio
(0.462), compared to ZrsgTizCuypAligNig (0.278) and ZrsyCu;s 4Al1oNijs ¢Nbs (0.214) under free corrosion and initial anodic polar-
ization conditions. The transpassive regime resulted in sharp breakdown of the passive state due to valve metal oxidation, Cu and Ni
dissolution, and water decomposition. Electrolyte flow and rotation velocity affected the breakdown potential. At transpassive po-
tential (3 V vs. SCE), current density levels > 1 A/cm? led to severe alloy dissolution. The degradation patterns after transpassive
treatment showed random microroughness, preserving the glassy surface state. Additionally, Guo et al. [167] reported similar po-
larization behavior and transpassivation ability during ECMM of four types of Zr-based BMGs in NaNOs-ethylene glycol electrolyte,
making them suitable for ECMM with high machining localization. A higher scan rate improved the repassivation ability. Cu and Ni
demonstrated high electrochemical activity in the NaNO3-EG electrolyte, despite Cu having a higher Ecorr. Furthermore, applying the
pulse voltage over the inter-electrode gap caused pitting, oxidation, and the formation of a supersaturated film, leading to the uniform
dissolution of Zr-based BMGs. Higher current density and a smaller inter-electrode gap accelerated the generation of a smooth surface.

Wire electrochemical micromachining (Wire ECMM) is a particular type of ECMM which has recently attracted attentions for
micromachining of BMG. Wire ECMM is a promising method for micromachining of metallic material due to its agility and numerous
advantages over wire EDM [163]. In wire ECMM (Fig. 10c), a wire acts as the tool, connected to the negative terminal (cathode) of a DC
power source, while the workpiece is connected to the positive terminal (anode). An electrically conducting fluid (electrolyte) is
supplied between the electrodes, and a desired shape is machined by the wire. If the wire material is chemically stable with the

Fig. 10. (a) SEM image showing of a smiley lateral microstructure (Adapted from [161]). (b) Polarization curves of Zr-based BMGs recorded at 1
mV/sec in 250 g/L NaNOj solution (Adapted from [162]). (c) Schematic of the wire ECMM process (Adapted from [163]). (d) Schematic diagrams of
mass transport in wire ECMM with a traveling wire (top right), a downward-traveling workpiece (top left), and an upward-traveling workpiece
(bottom). Adapted from [164]. (e) SEM images of complex microstructures and surface topographies fabricating under optimal machining con-
ditions. Adapted from [165,166]. (f) SEM images of multilayered microstructures fabricated on Ni-based MG by wire ECMM (adapted from [164]).
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Fig. 11. (a) SEM image of laser-machined holes in Zr4;CussAlg BMG. The holes are filled partially with carbon adhesive for imaging. Adapted from
[173] (b) Top view and cross-sectional view of Mg-based BMG after laser micro-machining with a UV laser. (c) Phase transformation summary of
Mg-based BMG after laser scanning at various processing parameters (Adapted from [176]). (d) Optical images showing core shapes cut from
amorphous ribbons using the PS-UV laser. (e) Efficiency in processing compared between laser cutting and wire-EDM (WEDM) method. (f) Stator
core losses measured at frequency of 50 Hz for cores fabricated using different methods. The inset displays different core losses at 1 T. Adapted from
[178]. (g) Fabrication of MG composite leaves via ps-pulsed laser cutting and ns-pulsed laser patterning. (h) Snapshots of the closing and opening of
the leaves in the magnetic field. (i) The periodic structure of the glass matrix and crystallized regions. Adapted from [179]. (j) Morphology of the
micro-pyramids fabricated by conventional micro-cutting and laser-assisted micro-cutting at different laser powers (Adapted from [180]).
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electrolyte, no material is dissolved, allowing the wire to be reused. This process is unaffected by the mechanical properties (hardness,
toughness) of the workpiece, ensuring accuracy, efficiency, and surface quality. However, the feed rates in wire ECMM of MGs are
typically lower than 2 um/s, significantly lower than those achievable in micro-EDM. This limitation confines wire ECMM mainly to 2D
MG ribbons with micro-sized thicknesses [168-170].

Mass transport significantly influences the anodic material dissolution process in wire ECMM. It affects the current density dis-
tribution in the machining gap and plays a crucial role in shaping accuracy and the microscopic surface topography resulting from
dissolution. An innovative technique has been recently developed by employing a travelling anodic MG workpiece to improve mass
transport during wire ECMM (Fig. 10d) [164,165,170]. Unlike the traditional method using a travelling wire, the anodic Ni-based MG
workpiece with upward-traveling or downward-travelling motions facilitates enhanced electrolyte refreshment in the machining gap,
leading to improved performance. Hence, efficient mass transport with the traveling workpiece method leads to a favorable surface
quality, reflecting the even electrochemical removal of material through nonselective dissolution. However, the travelling wire
method has a limited effect on electrolyte refreshment near the machining surface of the workpiece. Additionally, solid electrolysis
products, such as hydroxides and other non-metallic particles, tend to accumulate near the anodic dissolution surface, thus deterio-
rating mass transport.

Among machining parameters such as the the working electrode, feed rate, pulse duration and applied voltage [164,166,168,170],
the electrolyte type and concentration play a crucial role in determining the machined surface quality. Hang et al. [166] found that MG
exhibited higher corrosion resistance in salt solutions compared to acidic solutions during the fabrication of micro-slits. Additionally,
the passivation film of MG in HCl was easily broken, affecting the surface quality. HySO4 solution exhibited a faster corrosion rate,
allowing for a higher feed rate. On the other hand, tungsten wire electrode corroded in NaNOj solution, affecting processing efficiency.
Hence, HySO4 solution is considered the optimal choice for the electrolyte in wire ECMM of Ni-based MGs. Additionally, at solution
concentrations equal to or lower than 0.2 M, the wire electrode experienced deposition of insoluble products, causing a disorderly local
electric field and flow field. Consequently, the micro-slits exhibited poor quality with increased width, negatively impacting the
cutting effectiveness and resulting in an abnormal appearance. However, as the solution concentration increased to values larger than
0.2 M, the product deposition started to decrease.

Suitable wire ECMM parameters enable the fabrication of intricate microstructures in MGs with minimum surface roughness.
Fig. 10e illustrates various microstructures of Ni-based MGs achieved through different machining parameters and mass transport
methods [165,166]. Moreover, stacking multiple workpieces enables a significant increase in machining efficiency. For instance,
Fig. 10f displays five-layered complex microstructures of pointers (top) and spur gears (bottom), each with a height of 500 um and
width of 100-200 pm, achieving average surface roughnesses R, = 0.018 pm and maximum roughness depth Rpyax = 0.225 pm [164].

4.2.3. Laser micromachining

Laser micromachining is a non-contact, precise manufacturing process that utilizes the energy from a focused laser beam to remove
material from a workpiece. The energy is absorbed by the material, leading to localized heating and subsequent vaporization, melting,
or ablation, depending on the laser parameters and material properties. The versatility of laser micromachining enables it to be utilized
across various materials, including MGs [171].

Laser machining has demonstrated potential in fabricating microstructures such as micro holes, channels, and trenches on Zr-based
[172-174], Cu-Zr based [173,175], and Mg-based [176] MGs. As an example, Fig. 11a and b illustrate laser-machined micro holes in
CuysZrazAlg [173] and a micro groove in MgesCupsGdig [176] BMGs. Regarding exploring the laser micromachining parameters, Jia
et al. [177] investigated the impact of femtosecond laser ablation at fluences of 3.18 J/em? and 6.36 J/cm? on the surface and sub-
surface microstructure of Fe-Cu-Nb-Si-B MG ribbons. Ripples were observed in both weakly and strongly ablated zones. Further, XRD
analysis confirmed the unchanged amorphous phase in the damaged area, with minimal crystallization observed in the ablation zone.
Using the same technique, Wang et al. [172] successfully machined Zrg5Cuy7.5NijgAly 5 MG foils and fabricated micrometer-sized holes
and trenches without inducing crystallization by selecting fluences ranging from 5 to 25 J/cm?. Additionally, Lin et al. [176] machined
surface of Mg-based BMG specimens with different laser sources, energies, and scan speeds and achieved cutting depths ranging from
of 1 to 80 pm. Using an ultraviolet (UV) laser with fluence of 12 J/cm? and scan speed of 30 mm/s resulted in grooves with small ridges
and re-deposited materials between them, indicating plasma cloud effects. Slow scan speeds induced plastic wrinkles in the HAZ, while
faster scan speeds (200 mm/s or above) reduced HAZ size and wrinkles. The infrared (IR) laser with larger fluence of 19 J/ cm? caused
surface heating and viscous flow, but no grooves were formed on the Mg-based BMG specimens.

Fig. 11c summarizes the phase transformation behavior of Mgg5CusGd;o BMG after laser cutting using different wavelengths and
powers [176]. Amorphous and crystalline phases were identified, with the amorphous phase retained at low laser power and high scan
speed, while crystallization occurred at high power and low scan speed. Shorter laser wavelengths promoted crystallization, with 355
nm demonstrating higher energy absorption and cutting capability than 1064 nm.

It should be noted that the surface quality in laser-machined BMG microstructures, as depicted in Fig. 11a and b, often falls short of
expectations. The local melting of BMGs during laser micromachining leads to the formation of craters and significant surface
roughness. Additionally, re-solidification and material deposition from the generated craters create ridges and dross around the
machined surface, along with the spray-out of BMG particles [174,176]. These challenges can be attributed to the coupling effect
between BMGs’ inherently low melt temperatures and their relatively small thermal conductivity, favoring confined volumetric
heating [181]. As a result, the achievement of satisfactory surface quality in laser-machined BMGs remains a critical area of research
and improvement.

In addition to fabricating microstructures, laser micromachining can be utilized as a technique for surface finishing of as-cast BMGs.
Li et al. [182] employed femtosecond laser double-pulse ablation for surface smoothing of a Zr-based MG. The critical point for the
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smoothing effect was a double-pulse energy ratio of approximately 40 %, achieving minimal ablation efficiency. This method resulted
in smooth surfaces with roughness reduced to nearly 100 nm, without laser-induced periodic surface structures. The smoothing effect
was attributed to molten material flow, driven by surface tension and gravity, flattening surface undulations.

In a recent study, Zhang et al. [178] introduced an innovative method for the precise cutting of Fe;gSigB;3 (at.%) amorphous
ribbons to create electromagnetic cores for electric motor applications. Using two types of lasers, namely the picosecond pulse UV (PS-
UV) laser and the continuous-wave IR (CW-IR) laser, the research revealed that the PS-UV laser minimized heat diffusion into adjacent
materials, thereby preserving the amorphous nature of the alloy. In contrast, the use of CW-IR led to severe crinkling, cack formation,
and crystallization of the a-Fe phase at the cut-edge produced by the CW-IR laser. The PS-UV laser facilitates fabricating intricate and
precise core shapes (Fig. 11d), leading to the creation of stators with elevated stacking coefficients (0.88), which is approximately 1.8
times higher than that achieved with the CW-IR laser. Further, the processing efficiency of the PS-UV laser is impressive. As Fig. 11e
shows, a layered amorphous stator core, composed of 200 layers of amorphous ribbons, is crafted in just 198 s, a sharp contrast to the
3600 s required by the wire- EDM technique (Fig. 11e). These stators show reduced iron loss (Fig. 11f), making PS-UV preferable for
electric motor applications, with nearly 70 % of the power loss attributed to minimized hysteresis loss (Py) and eddy current loss (Pe),
as shown in the inset of Fig. 11f.

Laser cutting and patterning also allows for the fabrication of functionally structured MG components. In an interesting study, Li
etal. [179] designed and manufactured 3D biomimetic metallic buckling structures with shape-changing abilities using ns-pulsed laser
patterning of Fe;gSigB13 MG and writing an array of laser-crystallized lines in MG ribbons (Fig. 11g). The 2D leaf-like geometry was
transformed into 3D buckling structures, enabling controllable shape changes with a magnet bar (Fig. 11h). The key mechanisms
underlying buckling involve size mismatch and elastic deformability of composite materials, resulting in distortion energy and internal
stress (Fig. 111i).

Laser can also be utilized as an assistive tool in the process known as laser-assisted micro-cutting. This hybrid approach combines
the cutting action of traditional mechanical tools, such as micro-milling tools, with the assistance of a laser. The laser is directed at the
cutting zone to locally heat the material, reducing its strength and facilitating the removal of material by the mechanical tool. By
implementing a low power laser, reduced cutting forces and improved surface finish were achieved during micro-cutting of Zr-based
[183] and amorphous Ni-P alloy [184]. In addition, Qui et al. [180] found that laser-assisted micro-cutting at suitable temperatures
(near Ty) significantly reduces the accumulation of elastic potential energy and the deformation zone, effectively suppressing the
generation of in-plane chipping and edge chipping. Fig. 11j displays the micropyramid morphologies achieved through conventional
micro-cutting and laser-assisted micro-cutting of Ni-P amorphous alloy at different laser powers. In conventional approach and also
laser-assisted approach when the laser power is 1.2 W, chipping exceeding 1 pm is observed at the exit edge. Further, burrs appear in
almost every tool exit of conventionally micro-grooved surface, though they decrease when using laser-assisted micro-cutting. As

Fig. 12. Different complex joining types under liquids. (a) Schematic diagram of ultrasonic vibration-assisted cutting (UVAC). (b) Comparison of
the SEM morphology of tools between UVAC and conventional cutting (CC). Adapted from [189]. (c¢) Schematic diagram of ultrasonic vibration-
assisted EDM (UV-assisted EDM). (d) SEM image of the UV-assisted EDM machined surface and its cross section. Adapted from [190].
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higher powers are applied during laser-assisted micro-cutting, chipping nearly disappears from the microgroove surface. However, at
power of 3.4 W, thermal distortion results in reduced sharpness of edges and vertices in the microarray.

4.2.4. Ultrasonic-vibration-assisted machining (UVAM)

Ultrasonic vibration-assisted machining (UVAM) is a non-traditional processing technology that uses a transducer (made by
piezoelectric ceramics) to convert high-frequency electrical energy into high-frequency mechanical vibration energy, and then achieve
material removal through mechanical effects and cavitation. In the 1960 s, UVAM was adopted as a completely new processing
method, extending into the 1980 s and 1990 s with improved materials and methods [185,186]. In recent years, advances in tech-
nologies such as ultrasonic generators, ultrasonic transducers, and ultrasonic booster have caused the rapid development of UVAM.
With this trend, multiple novel designs and concepts for UVAM have emerged [186]. Compared to conventional machining (CM), the
material removal mechanism of UVAM is fundamentally changed. Conventional machining processes (turning, milling, grinding, ect.)
exist with various drawbacks such as excessive cutting forces, high cutting temperatures, severe tool wear, and poor surface quality
[186-188], especially for the machining of advanced materials (e.g., titanium alloys, carbon fiber materials, ceramics, semiconductor
materials, etc.). The development of UVAM has overcome such issues, improving the accuracy and efficiency of machining workpiece
materials [186]. However, although UVAM can be applied to an extensive range of materials, UVAM technologies that can be used to
machining MGs is extremely rare due to MG’s characteristics such as high strength, high hardness, and easy crystallization at high
temperatures [52].

Chen et al. [189] reported that ultrasonic vibration-assisted cutting (UVAC) is an effective technique to improve the cutting
performance of BMGs. The motion of the UVAC tool consists of cyclic vibration and nominal cutting motion, as shown in Fig. 12a. In
the cutting cycle, the tool starts to move at t;, reaches the maximum speed at t, cuts into the workpiece at tg, starts to move away from
the chip after reaching the maximum cutting distance at the t4, and ends the cutting cycle at ts; then, the next cutting cycle starts. In
conventional cutting, the BMG surface roughness increases with cutting speed and leads to the appearance of built-up edge due to the
softening or even melting of the BMG, which caused by the temperature rise (Fig. 12b). In contrast, UVAC causes tool breakage at
slower cutting speeds, yet inhibits built-up edge formation at higher cutting speeds (Fig. 12b). Therefore, UVAC has lower surface
roughness than conventional cutting, with a maximum difference of 36.7 %. In addition, duo to the room temperature non-uniform
deformation of BMG, the faster the cutting speed leads to the higher strain rate and cutting temperature as a result. Excessive tem-
perature softens the material will cause a shear band layer formed at the solid-liquid interface. As the tool cuts in, dimples form on the
newly generated surface within the shear band thus affecting the quality of the conventional cutting. Therefore, the temperature can be
reduced by optimizing the cutting parameters (nominal cutting speed, ultrasonic amplitude, etc.) during UVAC, which further improve
the surface quality of machined BMG.

Ultrasonic vibration-assisted EDM (UV-assisted EDM) has also been reported to be used for the drilling of Fe-based MG. Compared
to conventional machining, the performance of EDM not only not affected by the mechanical properties of the material (e.g., hardness,
strength, and stiffness), but also easy to operate, efficient, and cost effective [191]. However, EDM also presents numerous troubles:
poor surface roughness, porosity and microcrack formation [192,193]. The most fatal is the difficulty to remove electrode and
discharge debris, which will significantly affect the machining accuracy. Tsui et al. introduced two assisted techniques into EDM [190]:
ultrasonic vibration and adding conductive powder, the schematic is shown in Fig. 12c. The introduce of UV can causes stirring effect
and cloud cavitation effect, which will beneficial to the cleaning of debris. Meanwhile, the addition of conductive Al powder in the
dielectric fluid can disperse the discharge energy to avoid the crystallization. Under the influence of these two assisted techniques, the
surface quality after machining was improved compared to conventional EDM. The morphology of the UV-assisted EDM machined hole
surface and cross-section is shown in Fig. 12d.

4.2.5. Other non-traditional methods

Some other non-traditional methods have been also developed for subtractive manufacturing of MGs. Abrasive water jet (AWJ) has
been used to polish and machine Zr-based BMGs. The process involves mixing water with abrasive materials (usually garnet granules of
1-2 pm diameter) and ejecting the mixture through a focusing nozzle under high pressure to create a cutting jet. Surface roughness in
AWJ polishing is influenced by factors such as abrasive material, concentration, impact angle, standoff distance, pressure, and pol-
ishing time. For (Zrs3Cu3(NigAlg)ggSi; Zr-based BMG, optimal parameters include using SiC particles (6.7 pm diameter), 1:5 abrasive
concentration, 30° impact angle, 15 mm standoff distance, 2 kg/cm? hydraulic pressure, and 60 min polishing time, resulting in a
remarkable 97 % improvement in mean surface roughness (from 0.685 pm to 0.016 pm) after AWJ polishing [194].

AWJ machining has the potential to rapidly fabricate complex parts without causing destructive damage to the original materials,
outperforming other techniques such as milling, laser cutting, and wire-EDM [195]. The XRD studies have shown that after AWJ
processing, the machined workpiece retains its original amorphous structure.

Focused Ion Beam (FIB) machining is another approach for micromachining of MGs. FIB enables precise features to be created on
the surface of MGs and has been frequently used to fabricate micropillar specimens for micro-compression mechanical testing on MGs
[196,197]. By directing a beam of gallium ions at the materials surface, material can be milled away with high beam current, allowing
for features ranging from micrometers to nanometers. The drawback is the time required to mill a given area, making it impractical for
machining mm-scale areas. Nevertheless, FIB machining can add submicron features to grossly machined tools, providing value.
Unlike crystalline metals, BMGs exhibit sharp patterns when machined with FIB at submicron length scales [173,198].
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4.3. Shear punching

As a common plastic forming technique, shear punching is known for its high production output, high efficiency, and low cost. Its
products are utilized in various industries including communication, electronics, aerospace, and biomedical fields [199]. MGs are
considered as a new generation of structural materials due to their exceptional physical, chemical, and mechanical properties [200].
However, their limited plastic forming capacity at room temperature hinders their widespread use in industry. When stress exceeds
their yield strength, the rapid expansion of shear bands can result in failure [201]. Despite these challenges, efforts have been made to
apply shear punching to MGs and some progress has been made in this area.

4.3.1. Traditional shear punching

The traditional shear punching process for MGs can be categorized into two types: soft punching [202-204] and rigid punching
[205-209]. Huang et al. [210] studied the rigid punching of Ti4ZrosNi3Cuj2Besg BMG plate. The typical rigid punching setup, as
shown in Fig. 13a, consists of a punch, die, and a sensor (LVDT). The results shows that the relative clearance, defined as the ratio of
clearance to plate thickness, significantly impacts the fracture surface. And similar to the punching process of crystalline materials, the
deformation of MGs can be divided into three stages: contact engagement, penetration, and final fracture (see Fig. 13b). The results in
Fig. 13c show a disk with a diameter of 10 mm punched out from the BMG plate. The fractured surface, as shown in Fig. 13d, can be
divided into three regions with distinct characteristics along the shear loading direction: (I) deformation band, (II) fracture zone, and
(III) burr. With an increase in relative clearance, the fracture surface changes from vein-like to river-like, and more plastic deformation
and shear zones are generated at the edges of the hole.

Moreover, soft punching has also proven to be effective. Cui et al. [204] adopted a flexible film as a micro punch and successfully
punched gear holes with a thickness of 30 pm under dynamic laser loading (shown in Fig. 13e and f). The results demonstrate that, in
comparison with crystalline materials with good plasticity, MGs do not produce significant rollover or burr during punching. As shown
in Fig. 13g, the fracture surface produced by soft punching mainly consists of smooth and vein zones. Two fracture modes exist: brittle

Fig. 13. (a) Schematic of a typical rigid punching. (b) Deformation process of BMG punching. (c) A successful punching product for rigid punching.
(d) Typical cross-sectional morphology of rigid punching. Adapted from [210] (e) Schematic of a typical soft punching. (f) A successful punching
product for soft punching. (g) Typical cross-sectional morphology of soft punching. Adapted from [204].
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fracture and plastic fracture. And from the top to the bottom of the workpiece, there is a gradual transition from brittle fracture to
plastic fracture. It is worth mentioning that during the fracture process, adiabatic heating occurs within the material and a large
number of molten droplets are present on the fracture surface. Furthermore, due to the high-speed, high-pressure, and short time
nature of laser loading, the shear bands rapidly extend and interlace with each other in a very short time, resulting in a large number of
shear bands appearing at the edge of the workpiece.

Fig. 14. (a) Punching products fabricated by USP (b) SEM morphology of edges and cross-sections. (¢) The punching pressure with a success rate of
100% versus hole diameter. (d) Comparison of theoretical punching stress and actual stress of the MG plate during the USP. (e) Comparison of XRD
results before and after the USP. (f) Comparison of DSC results before and after the USP. (g) HRTEM micrographs and diffraction patterns of
deformed regions. .

Adapted from [211,214,215]
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4.3.2. Ultrasonic-vibration-assisted shear punching

The ultra-high strength and brittle nature of MGs make them challenging to work with using traditional shear punching methods.
As aresult, there is a pressing need for the development of a more efficient and cost-effective punching technology for these materials.
Benefiting the ultrasonic-vibration induced plasticity of MGs [211-213] developed by Ma’s group at Shenzhen University, China (see
Section 5.2), the novel technique of ultrasonic-vibration-assisted shear punching (USP) [214-216], which combines ultrasonic vi-
bration with conventional shear punching, is proved to be advantageous. By using USP, a circular hole with a diameter of 5 mm and
some complex shapes were successfully obtained in 50 ms (shown in Fig. 14a). The results of the experiments indicate that the USP
technique has improved punching efficiency and reduced costs compared to traditional punching methods. This is due to the unique
ultrasonic softening mechanism of MGs that supports the USP process, leading to significant plastic deformation characteristics. As
shown in Fig. 14b, the shear band cannot be found in the edge after USP, which is distinctly different from the hole edge produced by
the conventional technique. In addition, it can be seen that the dimples with wire-like margin appearance is formed and distributed
evenly throughout the section. The wire-like margin appearance means that a Newtonian-flow behavior occurred during the torn apart
process of MG. The MG softening induced by ultrasonic vibrations enables the stress required to complete the shear punching to be
much lower than with conventional techniques. Therefore, another feature of USP is that the stress required to complete shear
punching is much lower than that of conventional methods. For crystalline materials, the pressure required to complete shear punching
is expressed by the following equation:

AT,
p=2C

d @

where P, T, 6 and d are the required punching pressure, workpiece thickness, tensile strength of workpiece material and diameter of
die, respectively. For USP, the punching pressure with a success rate of 100 % versus diameter was plotted in Fig. 14c [214]. Using the
nonlinear fitting, the data points in Fig. 14c can be fitted by the following power equation: P = 31d ™. It can be seen that the actual
punching pressure is much lower than the calculated values. In another study, Sun et al. [215] designed comparative experiments to
further demonstrate the low stress characteristics of USP. As presented in Fig. 14d, the pressure required to complete MG punching
(calculated by Eq. (1) is 1200 MPa. However, the actual applied pressure is only 110 MPa, which is less than one tenth of the theoretical
calculated pressure, and even lower than the low strength crystalline alloy.

The microstructure and properties of BMG samples were investigated before and after USP [215]. As depicted in Fig. 14e, the XRD
spectra of the BMG samples post-USP exhibited consistent amorphous peaks without alteration. The differential scanning calorimetry
(DSC) curves in Fig. 14f further substantiate the amorphous nature post-shear punching, with minimal change in the enthalpy of
crystallization. High-resolution electron micrographs and diffraction patterns of the deformed regions are presented in Fig. 14g,
revealing the persistence of the amorphous structure and a distinct halo ring. This observation suggests that the selected region retains
its amorphous nature.

5. Formative manufacturing of MG components

Formative manufacturing of MGs is a critical research area, encompassing diverse approaches to shape MG feedstocks into intricate
structures through different deformation or consolidation techniques. This section explores various formative techniques and structure
and properties of manufactured components, starting with the thermoplastic forming of MGs, including compression molding, blow
molding, and more. It then delves into plasticity induced by ultrasonic vibrations and powder consolidation methods, including hot
pressing and spark plasma sintering. The section concludes with an examination of MGs as metallic glue, a novel approach for bonding
and influencing material properties. Each subsection contributes to a comprehensive understanding of MG component manufacturing
through formative techniques.

Fig. 15. (a) Variation of the viscosity of different materials with temperature (Adapted from [219]). (b) A typical TTT curve of MGs (Adapted
from [23]).
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5.1. Thermoplastic forming of MGs

The emergence of thermoplastic properties, one of the most distinctive properties of MGs, has greatly expanded MGs processing
options [24,217,218]. The thermoplastic properties of MGs, as opposed to the other excellent properties of MGs at room temperature,
refer to the fact that as the overall temperature of the MGs increases when heated, it will gradually soften in a certain temperature
range, which is often referred to as the SLR. T, and Ty are temperatures where the SLR begins and ends.

The majority of thermoplastic materials, including polymers and MGs, clearly depend on temperature and viscosity when being
heated [219,220]. In contrast, SiO, obeys the Arrhenius law, which states that temperature and viscosity have a linear relationship.
Most polymers and MGs exhibit anti-Arrhenius law behavior [24,221]. For MG systems, as the temperature rises, the viscosity of MGs
gradually decreases in the SLR. This behavior can be quantified by the VFT equation.

=1, x exp[D" x Ty/(T — Ty)] (3]

where 7, is the viscosity at infinite temperature, 7 is the viscosity, D" a measure of the kinetic fragility of the liquid, T is a temperature,
at which the flow barriers would reach infinite [219].

The considerable decrease in viscosity of MGs brought on by the temperature increase would drastically shorten the time required
to process MGs (Fig. 15a) [23,47,219]. Additionally, MGs can be processed to the micron [222-224], nano [225-227], or even atomic-
level structures [228-230] with higher dimensional accuracy than other metallic materials since they lack grain and grain boundaries.
Due to these benefits, thermoplastic forming (TPF) is among the most effective processes for processing MGs.

However, maintaining the intrinsic amorphous character of the MGs themselves before or after processing, i.e. to avoid crystal-
lization, remains a crucial factor when processing MGs utilizing TPF. When processing MGs in the SLR, the temperature-time-
transformation (TTT) curves (Fig. 15b) [23,24,231], can be utilized to observe the fluctuation in the connection between processing
time and temperature and its crystallization. When the cooling rate is too low during the manufacturing of MG, curve (1) crosses the
crystalline region, and the manufactured MGs will crystallize. The processing time will have the most impact on the crystallization
behavior of the glass in the SLR when processing the manufactured MGs by TPF. In contrast to the rigorous cooling rate necessary for
casting, the final cooling rate will not directly impact the internal atomic disorder.

5.1.1. Thermoplastic formability of MGs

More than 1000 compositions of MGs, including Fe [232,233], Zr [234,235], Pt [236,237], Ce [238,239], Mg-based [240,241], and
many others, have been discovered. The thermoplastic formability (TPFA) of various MG systems varies significantly, and the
development of a set of parameters to estimate TPFA will impact the prospects for using these MGs in this performance. One of the most
straightforward methods to estimate TPFA is to calculate the width of the SLR [233,242]. Although it is widely acknowledged that a
broad SLR allows MGs to be operated for longer periods and also increases the filling time for MGs by TPF, this indicator is not absolute.
Zr44Ti11CupoNiqoBess, for example, has a larger SLR than Aus9Ags sPd2 3Cu26 9Sile 3, but its TPFA is inferior [243]. S=(Tx-T,)/(T-Ty) is
a broader model, where T; denotes the liquidus temperature. The model has been normalized and can be used to compare the TPFA of
different MG systems as well as to describe the differences between the TPFA of the same MG system [231].

Aside from the above-mentioned qualitative comparison of the TPFA, it can also be visually characterized. The standard for this
TPFA was proposed by Schroers (Fig. 16) [243]. Different MG systems were treated into 0.1 cm® blocks and then heated in their SLR at

Fig. 16. Physical images of different MGs after TPF under the same conditions. .
Adapted from [243]
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a constant rate of temperature rise while applying a load of 4500 N to the MGs. After TPF, the final diameter of the flattened MGs was
measured. The accuracy of this diameter in describing the TPFA was then determined by examining the correlation between the
maximum diameter of the spread and the previous TPFA parameters.

The above-mentioned spread diameters have proven to be useful in describing the TPFA. In other words, the TPFA is closely related
to the maximum deformation of MGs in the SLR. On this basis Schroers et al. [243] also used equation (2) to quantitatively describe
TPFA by the maximum strain achievable under isothermal conditions (emax):

o t(‘ryxm[[i;al[on

max — T 4, 3
€ 3 ®3)
A straightforward solution to the preceding equation yields a Frpps for quantitatively describing the TPFA.
Lerystallization
Frppy = ~2aaon (C))

3n

where terysanizaion indicates the time at which crystallization of the MGs begins to occur in the TTT curve in Fig. 15b, 5 indicates the
viscosity at that temperature point. It is worth noting that the maximum deformation of MGs at a constant temperature point is not
absolute and that external conditions such as ultrasonic vibration can increase the TPFA in the SLR [244,245].

The assessment of TPFA is primarily for the aim of promoting the development of MGs family. This ability currently enables high-
throughput searching of BMG components [246]. However, the TPFA has broken the dilemma that MGs are difficult to process and
difficult to regulate in terms of composition, driving the development of MGs into the field of micro and nano forming and functional
applications [26].

In the subsequent section about the TPFA of MGs, we will focus on a review of the manufacturing and application of MGs by TPFA in
the above-mentioned areas in recent years.

Fig. 17. Some structures of MGs using compression molding by TPF. .
Adapted from [225,251-254,257-260]
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Fig. 18. Other processes developed based on the thermoplastic properties of MGs. (a) Direct blow molding. Adapted from [270]. (b) Blow molding
from parison. Adapted from [217]. (¢) and (d) Hot drawing. The scale bars in d are 10 pm (left) and 200 nm (right). Adapted from [247,248]. (e) Hot
rolling. Adapted from [273]. (f) Hot extrusion. Adapted from [274,275].
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5.1.2. TPF-based manufacturing methods

5.1.2.1. Compression molding. Compression molding [24,225], thermal drawing [247,248], and thermal blow [217,249] are currently
well-known techniques based on the thermoplastic characteristics of MGs. Among them, the easiest and most effective technique for
processing MGs is compression molding. In a nutshell, the process of compression molding involves applying pressure to the flowing
MGs in SLR to press it into the template, then removing the template to receive the corresponding structure [222]. The schematic
diagram in the top left corner of Fig. 17 depicts the processing principle of compression molding and highlights some of the common
mold materials such as NaCl, AAO and silicon molds. Besides these molds, MGs [225], polymers [250], BaTiO3 [251], and mica [228]
are also used as molds for compression molding. Various kinds of cross-scale and cross-morphological structural patterns have been
achieved on MGs by this principle. The lower right corner of Fig. 17 shows some structural designs after compression molding from
both dimensions of scale and morphology. Multi-scale structural designs with dimensions ranging from centimeters to millimeters,
microns to nanometers have now been achieved. These include injection molding of centimeter-sized MGs by Wiest et. [252],
millimeter-scale 3D MG structures preparation using a mechanically guided manufacturing method accomplished by Wu et al. [253],
and microdevices as well as nanowire structures successfully created by Kumar et al. [225]. It is pertinent to note that although the
atomic-scale structures created on MG are not represented in this Fig. 17 because there lack specific atomic-scale molds, the atomic-
scale replication accuracy of MG has been demonstrated [228-230]. The structural diversity of MGs morphologies is mainly deter-
mined by the molds used in compression molding. Regular array structures require simpler molds, and precision CNC milling,
photolithography, and anodic oxidation are common means of preparing such molds. Sarac et al. [254] prepared the pyramid
structure, grating structure prepared by Ma et al [224], photonic crystals prepared by Liu et al [255], and Li et al prepared the micro-
channel [256], etc. are all realized by such molds.

For complicated structures such as hierarchical structures, secondary compression molding, as used by Ma et al. [261]and Hasan
et al. [259], offers a route for the production of hierarchical structures. A small feature size template such as AAO with nanopores is
used to prepare a feature structure of that size on a MG surface, and the surface with the nanostructure is then compression molded
secondarily to create a number of microstructures, thus achieving a hierarchical structure on the MG surface. Apart from secondary
compression molding, hierarchical structures can also be prepared through the use of microstructures prepared by this method as
precursors and then modifying the structures on the surface [262,263]; however, this method can destroy the intrinsic amorphous
properties of MGs. Due to molds for porous structures are challenging to design and prepare using traditional processing methods,
foaming [264], pitting [265], and de-alloying methods [266,267], among others, are frequently explored for the preparation of porous
MGs. Recently, Ma et al. have ingeniously used some water-soluble salt particles as templates for compression molding [268,269], and
successfully prepared porous structures with regulated pore size on the MGs surface, which provides a new perspective for preparing
porous MGs.

Some progress has been made in the multi-dimensional production of MG by compression molding; however, the most important
aspect of this method is the use of molds, and the present single molds has severely restricted the application of this manufacturing
method. On this basis, breakthroughs in this type of processing can be made in mold design, the development and design of atomic-
level mold structures, the introduction of polymorphic molds to reduce the number of process steps, and the optimization of mold
materials to improve environmental friendliness when dissolving or removing molds.

5.1.2.2. Blow molding. Based on its thermoplastic properties, blow molding is another method for manufacturing MGs. The devel-
opment of this technology is primarily aimed at producing thin-walled MG devices with complicated forms [270-272]. However, there
is a limit to the total strain that can be exhibited while manufacturing MGs utilizing direct blow molding. Zr44Ti;;CuyoNijoBess can
only attain a total strain of 400 % at a certain temperature, pressure, and material thickness, and when this threshold is surpassed, the
generated thin-walled structure ruptures [270]. The total strain is caused by an unequal distribution of stresses during the forming
process, which allows the device to break at particular spots during processing, as proven by finite element analysis [217]. On this
basis, increasing the thickness of the raw material at vulnerable locations is the simplest way to increase the total strain that can be
breached by direct blow molding, and the increase in total strain threshold that can be achieved in this way has been demonstrated;
however, this strategy only increases the previous total strain by a factor of 0.5, which is insufficient when molding more complex thin-
walled deformed parts [217]. Fig. 18a depicts some classic examples of direct blow molding development. Following this, Schroers
etal. [217] employed a method involving controlled temperature gradients and preforming, enabling the fabrication of more intricate
thin-walled devices. Preforming techniques can greatly minimize the total strain required for final molding, and temperature gradient
management can lessen the influence of temperature on MGs viscosity sensitivity during blow molding. Some of the more complex
perfume bottles can be easily forming (Fig. 18b) [23,217].

Recently, a way of introducing stretch blow molding has integrated the two steps of preforming and blow molding into one
continuous step. The integrated process allows blow molding of up to 2000 % of the total strain in a much shorter period of time [249].
However, the multi-step process will still cause the risk of crystallization of the MG itself, in addition to the short processing time
required for blow molding, and the uniform change in temperature gradient over a short period of time is a major challenge, some
rapid heating methods try to tackle this challenge such as infrared heating [276].

5.1.2.3. Hot drawing. Compression molding is a method that can only produce microstructures with restricted aspect ratios due to the

limitations of the molding pressure, which makes it difficult to produce structures with very high aspect ratios [225,277]. The
development of the hot drawing process has improved this to some extent.
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Fig. 18c shows the hot drawing process for preparing microstructures with very high aspect ratios, in which one end of the SLR MGs
are molded into template and the MGs are then pulled away from the surface of the template at different speeds, with the MGs at the
middle end becoming thinner as the distance between the two ends increases, eventually breaking to form microstructures with very
high aspect ratios [218,247].

The tensile speed and processing temperature will mainly influence the final shape of the microstructure at both ends. At low strain
rates, the no-slip boundary condition prevents the MGs from being completely demolded, thus allowing the MGs in the SLR to undergo
both necking and stretching [247].

During the low-speed stage, the MGs in the middle stretching zone will neck and then split into two sharp conical structures, when
the MGs are in Newtonian fluid flow. In the medium speed phase, the flow behavior changes from Newtonian to non-Newtonian fluid
flow, with the intermediate MGs in the stretching phase resulting in the formation of fibers of relatively uniform diameter with very
high aspect ratios. The process temperature influences the flow stresses in the SLR of the MGs, mainly through viscosity, thus
delineating the stages through which the MGs undergo hot drawing, which also involves the three stages of necking, stretching and
demolding described above [278]. These stages can be clearly delineated by comparing the flow stress of the MGs with the strength of
the bond between it and the mold. The following equation describes the relationship between flow stress versus viscosity and strain
rate for MGs in the SLR [23]:

Oflow = 37]8 (5)

where o0, is flow stress , 7 is viscosity , ¢ is strain rate.

It is evident that to obtain microstructures with very high aspect ratios, MGs need to exhibit very low flow stresses in the SLR, which
means that higher temperatures or lower stretching speeds are required, and this also carries the risk of crystallization.

A new hot drawing process has recently achieved controllable feature sizes from several microns to several dozen nanometers with
aspect ratios greater than 1010. The process consists of wrapping the MGs with a polymer that matches the rheological properties of

Fig. 19. Advanced forming methods based on thermoplastic properties. (a) and (b) Capacitive discharge heating. Adapted from [282,283]. (c)
electromagnetic pulsing. Adapted from [284].
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Table 2
Processes developed via TPF properties of MGs.
Process Composition Template Tormed Structure Drormed Ref.
Compression molding LagoAl;4Cu;oNis» Si dies 155 °C Patterned 100 pm [286]
Compression molding Pd4oCuszgP2oNig Si dies 347 °C Grating 2.1 pm [224]
Compression molding Pd4oCuszpP2oNiig Si dies 347 °C Hole, ~3 pm [287]
Grating
Compression molding Pd4oCuszgP2oNig AAO 347 °C Micro-nano hierarchical 80 nm [261]
shell
Compression molding Pd4oCuszpP2oNijg AAO Nanowires 300 nm [17]
Compression molding LassAl;sNisCuggCos AAO 200-205 Nanowires 170 nm [277]
°C
Compression molding Pts7.5Cuy4.7Nis 3Pos 5 NaCl 267 °C Hierarchical porous, ~3 pm [268]
Patterned
Compression molding MgesCuasY1o AAO 200 °C Nanowires 169 nm [288]
Compression molding Zr35TizoCug a5Bese 75 Zn 370 °C Patterned / [235]
Si die
Blow Zr44Ti11Cu;NijoBess 450-477 Hemispherical shell ~400 [272]
molding °C pm
Blow ZresCup7Nij3Alg 520 °C Part / [276]
molding
Compression molding (Coyg.sFep.5)62NbgDy2B3g dime coin 680 °C Patterned / [289]
Compression molding ZrssCuzgNisAljg AAO 450 °C Patterned, 300 nm [290]
Si dies Grating
Compression molding Zr35TizoCug 25Beoe 75 Carbide balls 350 °C Patterned 867.2 [291]
pm
Compression molding AuyoAgs sPds 3Cuze 9Site 3 Ni dies 160 °C Patterned [225]
Compression molding Pts7.5Cuy4.7Nis 3P2o 5 AAO 270 °C Patterned, 53 nm [225]
Si dies Nanowires
Ni dies
Compression molding Pd43Ni;oCuy,Pag AAO Nanowires 20 nm [292]
Compression molding Pts7.5Cuy4.7Nis 3P22 5 AAO 270 °C Patterned, 250 nm [293]
Si pillars Nanowires
Compression molding Pt4g.75PCo 75CU19.5P20 Si dies 277 °C Patterned 0.1 pm [237]
Compression molding (Zrg.507Cug.28Nig 9Alg.123)08.5 AAO Nanowires 300 nm [294]
Yi.5 (ZrYys)
Compression molding Tig1ZrasBeosgFeg AAO 415 °C Nanowires 400 nm [295]
Compression molding Pts7.5Cu14.7Nis 3P22 s Si dies 250 °C Nanowires 300 nm [296]
Compression molding (ZrgsCuy7.5NiqpAl7 5)og Gear wheel [297]
Ery
Compression molding with Tiye.7Zr16.7Hf16.7Cl16.7 Si dies 450 °C Patterned ~100 [298]
vibration Niie.7Bere.7 pm
Compression molding Pts7.5Cuy4.7Nis5 3P2s 5 Patterned, ~200 [259]
Nanowires nm
Compression molding Pd4oNigoSisPig AAO 370 °C Patterned, 100 nm [260]
Nanowires
Compression molding Pd40.5Nig0.55i4.5P14.5 AAO 350 °C Nanowires 200 nm [299]
Compression molding TidsZryoBesoFes AAO 421 °C Nanowires 400 nm [300]
Compression molding Pts7.5Cuy4.7Nis 3P2s s AAO Nanowires 100 nm [301,302]
Compression molding Pdy5 sNi7 sCuzoP2o Si dies 330 °C Grating 8 pm [303]
Compression molding Pd40.5Nig0.5Si45P14.5 Si dies 370 °C Patterned 311 nm [255]
Compression molding Zryy 2Ti;38Cuy2.5 NijoBeas s Patterned ~100 [304]
pm
Compression molding CegsAl;gCuspCos Si dies 110-130 Patterned 9 pm [262]
°C
Compression molding AuyeAgs sPds 3Cuse 9Site 3 Si dies 157 °C Patterned 156 nm [305]
Compression molding Pd43Ni;oCuzyPao AAO Nanowires [306]
Compression molding Pts7.5Cuy4.7Nis 3P2s 5 AAO Nanowires ~200 [307]
nm
Compression molding Pts7.5Cuy4.7Nis 3P22 s AAO Nanowires 200 nm [308]
Compression molding Pts7.5Cuy4.7Nis 3P2s 5 AAO 242 °C Nanowires 200 nm [227]
Micro injection molding Zr47CuysAlg Patterned 1.91 pm [309]
Compression molding Pd4oCuszNijoP20 Si dies 330 °C Patterned 35.5 pm [310]
Compression molding Zr35Ti30Cug 25Beoe 75 Patterned 35.5 pm [311]
Compression molding Pd4oNigoP20o Si dies 352 °C Patterned ~10 pm [312]
AAO
Compression molding Pd40.5Nig05P19 AAO 360, 370 Nanowires 50.5 nm [226]
°C
Compression molding MgesCuasYio AAO 175°C Nanowires 200 nm [313]
Compression molding Zr35TizoCug 25Besg 75 AAO 435 °C Nanowires 200 nm [313]
Compression molding Zr44Ti11CuoNiqoBess AAO 435 °C Nanowires 200 nm [313]
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Process Composition Template Tormed Structure Drormed Ref.
Compression molding Pts7.5Cuy4.7Nis 3P2s 5 AAO 260 °C Nanowires 35 nm [314]
Hot-pulling Pts7.5Cuy4.7Nis 3P2s 5 AAO 270 °C Nanowires 50 nm [315]
Compression molding Pts7.5Cuy4.7Nis 3P2a 5 AAO Nanowires 55 nm [316]
Compression molding Pts7.5Cuy4.7Nis 3P2o 5 AAO 267 °C Nanowires 55 nm [317]
Compression molding Pts7.5Cuy4.7Nis 3P2o 5 AAO Nanowires 13 nm [257]
Blow Zr44Ti11Cu;NijoBess 460 °C Spherical shell [217]
molding
Compression molding Pd4oNi;oCuszpP2o 320 °C [318]
Hot drawing Pts7.5CUy4.7Nis5 3Pos 5 Al 265 °C Nanowires ~300 [247]
Si dies nm
Steel
Quartz
Hot drawing Pd43Cusy;NijoPao Si dies 360 °C Nanowires ~300 [247]
nm
Hot drawing NigoPd2oP17B3 Si dies 380 °C Nanowires ~300 [247]
nm
Hot drawing Zr35TizoCug a5Bese 75 Si dies 395 °C Nanowires ~300 [247]
nm
Hot drawing Pts7.5Cu147Nis P22 s Si dies 260 °C Nanowires ~150 [278]
nm
Compression molding Pd4oNigoP20 Si dies 370 °C Patterned 90 nm [319]
Compression molding AuyoAgs sPds 3Cuse 9Site.s Pd BMG 157 °C Patterned 2139 [319]
nm
Compression molding Pts7.5Cuy4.7Nis 3P22 5 AAO 260 °C Nanowires, 25 pm [320]
Si dies Patterned
Compression molding Zrsg sCuys 6Nijn gAlyg 3Nbo g WC-Co 450-496 Patterned 60 pm [321]
°C
Compression molding Zr45CuzeAlgAgs Si dies 475 °C Patterned 16.5 pm [322]
Compression molding TigoZr19Cus4Pd;4Gas Si dies 420 °C Patterned 16.5 pm [322]
Compression molding Pd4oCus3gNiioP2o Si dies 347 °C Patterned 20 pm [323]
Compression molding MggsCuaaY10 Si dies 150 °C Patterned ~500 [246]
pm
Compression molding Zr3s5TizgCuy sBegy s Si dies 277 °C Patterned ~100 [324]
pm
Compression molding Zr47.3Cu32AlgAgsTa,Sio 7 491 °C Grating ~0.6 pm [325]
Compression molding NigoPd2oP17B3 AAO 390 °C Patterned, 200 nm [326]
Nanowires
Compression molding Pts7.3Cuy4.6Nis 3P2og Si dies 270 °C Patterned ~25 pm [327]
Compression molding Nig2Pd19SioPy7 Si dies 360 °C Patterned 20 pm [328]
Compression molding Pts7.5Cuy4.7Nis 3P22 5 AAO 270 °C Nanowires 200 nm [329]
Electro-aided compression Mgo4.8Al3 5211 5Mng 5 Si dies <200 Patterned, ~2 pm [330]
molding °C Grating
Compression molding Pd4oNi;oCuszgP2o Si dies 347 °C Patterned 19.23 [331]
pm
Compression molding Zr3sTizoBess 75CuUg 25 Si dies 370 °C Patterned 50 pm [256]
Compression molding ZrgsCuy7.5NijpAly 5 Si dies 410 °C Gear wheel 300 pm [332]
Compression molding Zr3sTizgCuy sBesy s Si dies 425 °C Patterned 10 pm [258]
Compression molding Pts7.5Cuy4.7Nis 3P2o 5 Si dies 275 °C Patterned 10 pm [258]
Compression molding Pts7.5CUy4.7Nis5 3Pos 5 Si dies 420 °C Patterned 50 pm [253]
Compression molding Zr3sTizgCuy sBeoy.s Si dies 270 °C Patterned 50 pm [253]
Compression molding Zr44CugoAlgAgg Si dies 472 °C Patterned 50 pm [333]
Thermal Pts7.5Cuy4.7Nis 3P22 s 270 °C Nanoribbons 40 nm [248]
drawing
Compression molding (Fe, Ni, Co, M0)75P10C10Bs Si dies 450 °C Patterned 150 nm [334]
Compression molding Fe40Co35P10C10Bs Si dies 440 °C Patterned ~5 pm [335]
Compression molding Fe40C035P10C10Bs Si dies 440 °C Patterned 100 nm [336]
Electromagnetic Zr3sTizoCuy sBesy s Semicircular corrugations ~1 mm [284]
pulsing
Compression molding MgssCus1Y11 Si dies 150 °C Patterned 330 pm [337]
Compression molding Pts7.5Cuy4.7Nis 3P22 5 AAO <300 °C Nanowires 54 nm [338]
Compression molding Zr3sTizoCug sBess s Si dies 370 °C Patterned 50 pm [339]
Thermoplastic drawing Pts7.5Cuy4.7Nis 3P2o 5 270 °C Nanowires ~200 [340]
pm
Pulsated orifice ejection method [(Fep.5C00.5)0.75510.05B0.2196Nb4 563 °C Gear ~200 [341]
pm
Compression molding Pts7.5Cuy4.7Nis 3P2s 5 Atomically smooth [228]
surfaces
Compression molding Zr44Ti;1CuyoNiqoBess Atomically smooth [228]
surfaces
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Process Composition Template Tormed Structure Drormed Ref.
Compression molding Pts7.5Cuy4.7Nis 3P2s 5 Strontium 270 °C Atomically surfaces 0.37 nm [229]
titanate
Compression molding Pts7.5Cuy4.7Nis 3P2a 5 LaAlO3 Atomically surfaces 0.22 nm [230]
Compression molding Pd40.5Nig05P19 AAO 360 °C Nanowires 55 nm [342]
Capacitive- discharge forging Zr3sTizoCuy sBesg 5 Screw part ~200 [283]
pm

Resistance welding Zr3sTizoCuy sBesg s Part 165 pm [285]
Hot rolling Zr44Ti;1CuyoNiqoBess Si Pattern 300 nm [273]
Hot extrusion Zr44Ti11CuoNioBess Tool steel Filament ~2 mm [274]
Compression molding Pd43Cuy;NijgPag 447 °C part [282]

Temperature for TPF (Tformed)-
Minimum forming size (Dformed)-

the glass and then hot drawing it (Fig. 18d). MGs with complex structures can also be realized in this process by means of different
wrapping patterns. However, the structures produced by this process are susceptible to mechanical breakage after a certain limit of size
has been breached due to faster crystallization kinetics [248].

5.1.2.4. Hot rolling and extrusion. The TPF properties of MGs can also be applied in hot roll and extrusion processes. In terms of hot
rolling, this process is mainly used for manufacturing MG sheets. The process can be divided into three categories depending on the
temperature during processing. In one category, the MGs are heated above its Ty for processing, similar to the stripping process
(Fig. 18e) [279], in the second category it is rolled mainly in the SLR (Fig. 18e), and in the last category the MGs are cold rolled at room
temperature [141,280]. The deformation induced by hot rolling below the T is mainly caused by shear locational strengthening [281],
while MGs in the SLR are allowed to undergo hot rolling with greater strain as the temperature increases due to the sharp drop in
viscosity [219]. Martinez et al. [273] showed the Zr44Ti;1CuyoNijgBess was rolled within the SLR, with strains of up to 1400 %
achieved at a strain rate of 70 s~. It is worth mentioning that MGs still show excellent structural reproduction properties during hot
rolling and can reproduce features as small as 300 nm.

MG filaments are frequently manufactured by using the hot extrusion method, which is shown in Fig. 18f. This method is merely a
variation of the compression molding method used to create individual micro pillars, except that the diameter of the generated size is
altered from microns to millimeters. Through a mold with a 2 mm opening diameter, Zr44Ti;1Cu;0NijoBegs with a disc diameter of 11
mm and a height of 15 mm may be manufactured into a 2 mm diameter filament with a diameter ratio of more than 250 [274].
Furthermore, other processes can also induce the hot extrusion process. For example, the strong energy will heat the MG during laser
processing, and the thermal stress brought on by thermal expansion will cause the MG to be thermoplastic extrusion. The minimum
feature size of the process is close to 6 pm [275].

5.1.2.5. Advanced forming methods based on thermoplastic properties. Recently, a variety of forming methods for quickly heating MGs to
the SLR have demonstrated certain special benefits. Capacitive discharge heating is a forming technology that heats MGs to the SLR at a
rate of 10° °C/s, overcoming thermal relaxation during processing and forming in milliseconds [282]. Furthermore, this process not
only swiftly heats the metal glass, but also keeps its overall temperature uniform during processing. Fig. 19a depicts a physical diagram
of the equipment utilized for method, as well as the mold and MGs after forming. Some 3D parts with duplication and practical uses,
such as the MG screw part illustrated in Fig. 19b, may also be manufactured using this technology [283]. It is worth noting that even
with a short processing window, this type of processing approach may still accomplish successful processing for different MGs, and the
formed MGs does not crystallize.

Electric current and magnetic field electromagnetic coupling may be applied to TPF MGs without the need of a standard heating
source or mechanical force. This type of processing method has the same formation duration as the capacitive discharge heating
method, which can make MG in milliseconds [284]. Fig. 19¢ depicts a schematic illustration of this process, in which an electric pulse
heats the glass to the SLR while a magnetic field induces a big enough magnetic force to form MGs to the mold shape. This type of
processing may manufacture semi-circular wavy MG. Additionally, Ma et al. [285] developed a resistance welding forming process for
fast manufacturing of MG in 150 ms, which may be utilized to create macroscopically to microscopically scaled components and
structures.

Based on the thermoplastic properties of MG, numerous methods to manufacture different kinds of MG have been developed.
Table 2 summarizes the components of MGs, process temperatures, and the manufactured structures employed in these techniques.
Although the processing technology created based on the thermoplastic characteristics of MG displays considerable benefits over
conventional manufacturing techniques, it is nevertheless necessary to bring out the drawbacks of these procedures at this time. Firstly,
these processes still require templates, which results in high costs and expenses during the process. Second, despite the established
property of MGs to replicate at the atomic level, the characteristic size of manufactured structure has not made a bigger stride forward.
Moreover, to accomplish the necessary structural form and prevent crystallization throughout the manufacturing process, considerable
thought must be given to how to optimize these process parameters.

The introduction of the TPF technique has brought a significant shift to the challenges faced by MGs. However, it is crucial to
recognize that the intrinsic properties of MGs fabricated through this process undergo alterations [24]. Assessing the impact of this

33



S. Sohrabi et al. Progress in Materials Science 144 (2024) 101283

Fig. 20. Functional application of MG formed by TPF. (a) Superhydrophobic MG. Adapted from [261]. (b) Superhydrophilic MG. Adapted from
[262]. (c) Aerophobic MG. Adapted from [17]. (d) Superlipophilic MG. Adapted from [268]. (e) MG mold for forming plastic. Adapted from [328].
(f) MG mold for forming glass. Adapted from [290]. (g) MG mold for forming metal. Adapted from [296]. (h) MG mold for forming MG. Adapted
from [225]. (i) Schematic diagram of MGs used for photothermal properties testing. Adapted from [227]. (j) MG for photothermal imaging. Adapted
from [301]. (k) MG for seawater desalination. Adapted from [251]. (1) MG for enhanced surface Raman scattering. Adapted from [352]. (m) MG for
catalytic reactions. Adapted from [257].
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technique on the mechanical properties of MGs is paramount, given the critical role these properties play in determining the material’s
suitability for specific applications and its overall service life.

Under appropriate temperature and applied load conditions, MGs produced through TPF can maintain their internal atomic dis-
order, retaining an amorphous state. However, these disordered atomic structures may undergo structural relaxation, affecting me-
chanical properties such as bending strength and hardness [321,343,344]. Enthalpy changes serve as a valuable metric for gauging the
extent of atomic structure relaxation in MGs both before and after TPF, as highlighted in various studies [211,321]. TPF samples, in
comparison to their as-cast counterparts, exhibit lower crystallization enthalpy, indicating an evolution from a disordered to a more
ordered state in the internal structure of TPF-based MGs [343]. The enthalpy of relaxation becomes instrumental in evaluating the state
of relaxation in the internal atomic structure of MGs post-TPF, while preventing crystallization. Although mechanical properties of
TPF-treated samples may experience degradation, various reprocessing techniques have been developed to counteract these effects,
including post-elastostatic loading [343], high-pressure torsion [345], and innovative methods like ultrasonic vibration, demonstrated
to mitigate changes in the mechanical properties of annealed and cast MGs [211,346,347].

5.1.3. The functional applications of TPFed structures

Based on the TPF properties of MGs, several multiscaled structures have been manufactured. These structures enable MGs to be
employed in a greater range of applications, including wettability [261,262], manufacturing [225,328], photothermal [227,302,348],
and electrocatalytic [257,349] fields.

MGs typically have a lower surface free energy than conventional metallic materials resulting in wettability that is hydrophobic at
room temperature [310], however, some oxidation-prone MG systems, such as LassAlpsNisCu;oCos [277] and, CegsAl;oCugpCos [262],
often exhibit hydrophilic properties due to the formation of metallic oxides on their surfaces. Despite the fact that MG wettability can
be regulated by selecting different MG systems for hydrophilic and hydrophobic properties, the wettability of this structureless surface
is still far from superhydrophilic or superhydrophobic, and it is difficult to find suitable functional applications for direct utilization
[350,351]. The preparation of structures on MG surfaces is a straightforward way to modify the wettability of its surface. Currently
structures based on the TPF properties of MG have been designed to achieve superhydrophobic [261], superhydrophilic [262],
aerophobic [17] and superlipophilic properties [268] on MG surfaces (Fig. 20a-d). Aside from the building structure, which directly
effects the wettability of the surface, the generated structure can also be employed as a precursor for further alteration of the contact
angle by other procedures. For instance, the honeycomb surface is further chemically etched to transform the hydrophobic properties
of the surface into superhydrophobic properties [263], further chemical deposition on regular arrays achieves a dramatic transition
from superhydrophilic to superhydrophobic [262].

The high strength of MG at room temperature [18,353] and the high reproduction accuracy exhibited in TPF allow the formed
surface to be used as a mold for mirroring structures on other materials. MG molds can be used to form structures on plastics with T.
Thes forming process necessitates that the SLR of the plastics to be processed does not cross the SLR of the molds and that the T of the
material to be processed is lower than the T, of the molds, as in the case of patterning on polycarbonate (PC), polypropylene (PP),
cycloolefin copolymer (COC), and polyethylene (PE) with Pd-based MG molds [287] and 3D microlens array forming on polymethyl
methacrylate (PMMA) with Zr-based MG molds [354] (Fig. 20e). For materials with high Tg, such as glass, further crystallization of the
MG mold is possible. The strength of the crystallized MGs itself is reduced, but it is no longer limited by its own SLR. In this way the
molds have proven to be able to form structures on the surface of the glass [290] (Fig. 20f) and can be used to form structures on the
surface of the same material [225] (Fig. 20h). However, the release of residual stresses during the crystallization process affects the
accuracy of the formed structure, a point that has rarely been investigated. Apart from thermoplastic materials, MG molds can also be
used as molds for the forming of elastomeric metallic materials such as Al [296] (Fig. 20g) and AZ31 magnesium alloy [330], which
can be achieved at room temperature.

The unique atomic structure of MGs gives them optical properties that are different from those of their crystalline material
[355,356], which has led to numerous studies on MGs focusing on the design of their optical properties on the surface. In previous
studies, colourful effects [224] and homogeneous structure colors [255] could be achieved on their surfaces by the rational design of
the shape and size of their micron structures. Nanostructured surfaces with excellent light absorption properties have been noted in a
number of works [58,227], and the main structures that have been reported to lead to MG surfaces with excellent light absorption are
hierarchical porous structures [251] and nanowire structures [301], which have demonstrated strong advantages for photothermal
applications. Fig. 20i shows a schematic diagram for testing the photothermal properties of MGs with nanostructured surfaces. The
laser is directed at MGs with nanostructure and the temperature change is recorded with the corresponding sensing device. In terms of
photothermal properties of nanowires, the nanostructures on the surface reduces the thermal conductivity of its surface [357], which
promotes less heat conduction, resulting in a large convergence of heat on the surface and excellent photothermal properties on its
surface. Additionally, the aspect ratio of the structure will affect the temperature variation at its surface, with nanowires with high
aspect ratios having stronger absorption compared to those with lower aspect ratios, resulting in a bigger temperature rise for the same
laser power irradiation [302]. Due to the customizable nature of the templates, macroscopic structures consisting of a large number of
nanostructures stitched together on the MG surface may be easily created for photothermal imaging applications using laser light
[288,301] (Fig. 20j). Recently, Ma et al. [251] have designed a hierarchical porous structure with excellent light absorption and
photothermal properties, which, by combining the hydrophilic properties of its surface, enables its functional use in seawater desa-
lination and wastewater treatment (Fig. 20k).

Apart from the above-mentioned applications, MGs are also promising in other fields. Nanowires formed on Pd4g 5Nis0 s5P19 MG
surfaces for enhanced surface Raman scattering [352] (Fig. 201), By constructing surface nanostructures a significant increase in
specific surface area is achieved for specific catalytic reactions such as hydrogen evolution reaction (HER) [17], oxygen reduction
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reaction (ORR) [349], ethanol and methanol oxidation of carbon monoxide [257] (Fig. 20m). Furthermore, based on a TPF process of
MG, Sekol et al. [293] have assembled for the first time a functional proton exchange membrane micro fuel cell with catalytic and gas
flow field components made of MG, Liu et al. [253] design 3D MG structure to enable use in force sensors. Additionally, Sorin et al.
[248] used a hot drawing process to construct surface micro-nanostructures and implanted MGs electrodes and fine fiber probes into
rats by a to achieve real time neuronal monitoring in rats. In terms of drug delivery, Kumar et al. [340] have made some progress with
solid and hollow microneedle structures prepared using this process.

In conclusion, the functional applications that can be developed using the thermoplastic properties of MG have already been
explored in a number of areas, and many more will be explored over time. The design of specific structures according to the required
properties is a priority in this process, and further consideration of the relevance of the elemental composition of the material to the
application will allow MG to be used in more applications.

5.2. Ultrasonic vibration-induced plasticity (UVIP)

One of the main challenges in using MGs as structural materials is their susceptibility to shear-banding-induced softening behavior,
which can cause catastrophic failure during deformation [358]. Due to the lack of long-range order, the plasticity mechanism of MGs
differs significantly from that of their crystalline counterparts. At low temperatures, plastic flow in a shear band of MGs involves a
significant rearrangement of local atoms and a considerable increase in free volume [56,359]. Shear banding in MGs is often
accompanied by dilatation and temperature rise, resulting in shear-induced softening and the rapid propagation of a mature and
detrimental shear band under unconstrained loading conditions [360-362]. The plasticity of MGs is inherently linked to “defects”,
which can manifest as structural heterogeneity, it can be considered as free volume [363], STZs [364,365], and flow units [366]. It is

Fig. 21. (a) Schematic diagram of the ultrasonic plastic set-up. (b) The comparison of BMGs before and after ultrasonic plasticity. (c) Temperature
change during the ultrasonic plasticity of different BMGs. (d) The images of the BMG during the ultrasonic vibrations by high-speed camera. (e)
Deformation map for MGs in stress-temperature axes. .

Adapted from [211]
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believed that modifying the microstructural heterogeneity is an effective approach to improve the plasticity of MGs.

The ultrasonic waves can induce mechanical vibration in the MG material, which can lead to a reduction in its viscosity and an
increase in its fluidity. Additionally, ultrasonic technology can also enhance the heterogeneity of the MGs by promoting the mixing of
its constituents. Therefore, ultrasonic technology has been applied to the plastic processing of MG, and has a significant effect
[211,367,368]. The device used in ultrasonic plasticity technology typically consists of several components, As shown in Fig. 21a,
including transducer, booster, and sonotrode. Transducer convert high-frequency AC signals into mechanical vibrations, while booster
amplify the amplitude of these vibrations. The sonotrode, which is typically the working tool, then amplifies the amplitude further and
concentrates the vibration energy on the contact surface. In Fig. 21b, the image on the left portrays an original as-cast MGs, while the
image on the right shows the same sample after ultrasonic processing. Notably, the processed sample exhibits substantial plastic
deformation compared to the original one, with the plastic flow occurring uniformly. As shown in Fig. 21c, the experimental tem-
perature peaked at about 0.5 s, and the peak temperatures were all less than 100 °C, which is much lower than the T, temperature of
MGs. At the same time, the author also used an infrared camera to collect temperature data and compared it with thermocouple data.
The results show that the ultrasonic processing of MG will not crystallize due to excessive temperature.

Fig. 21d provides a detailed illustration of the deformation process undergone by the MG during ultrasonic processing. This figure,
captured by a high-speed camera, shows that the top of the MGs undergoes flow deformation first, followed by a fresh top exhibiting
similar behavior, culminating in plastic deformation of the entire sample. Therefore, ultrasonic vibration can induce the softening of
MGs, and this behavior is known as UVIP. According to the results of quasi-static compression tests conducted at the peak temperature
measured, it can be concluded that UVIP is not induced by temperature but by the special processing method of ultrasonic vibration,
which leads to significant plastic deformation.

Moreover, ultrasonic technology offers a versatile approach to the forming process of MGs. As depicted in Fig. 22a, various ul-
trasonic forming samples of MGs are represented in different dimensions, encompassing macroscopic samples, microscale cylindrical
arrays, and nanoscale nanowire structures [369]. Fig. 22b further exemplifies three distinct forming processes: extrusion molding,
riveting molding, and injection molding [211,370]. This demonstrates the exceptional scale adaptability of the ultrasonic forming
process for MGs, and its capability to seamlessly integrate with existing multiple forming techniques, expanding the possibilities for
shaping MG components.

5.2.1. Mechanism of ultrasonic plasticity

The deformation map in Fig. 21e suggests that BMGs should display elastic deformation under low stress, low homologous tem-
perature, and high strain rate conditions which is like UVIP. However, UVIP exhibits substantial plastic deformation in MGs, indicating
revealing an underlying flow behavior that is not yet fully understood. The researchers employed machine learning techniques to gain

Fig. 22. (a) Typical macrostructure, microstructure, nanostructure prepared by UVIP (Adapted from [369]). (b) Extrusion, rivet connection, in-
jection molding of MGs by ultrasonic vibration (Adapted from [211,370]).
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Fig. 23. (a) Contour plots of the activation energies explored in the initial and (b)cyclically deformed samples. (c) Variation of the correlation
lengths as a function of cyclic number. (d) mechanism illustration of ultrasonic plasticity. .
Adapted from [211]

insights into plastic flow, locate atoms in the liquid-like zone, and uncover the source of ultrasonically induced plasticity in MGs [371].
They investigated the structural rearrangement and mechanical response mechanisms underlying ultrasonic-induced plasticity, and
their findings indicate that this approach can significantly enhance the activation energy of atomic diffusion [213]. DSC data indicate
that MGs exhibit rejuvenation after UVIP, which is further supported by the reduction in hardness and modulus measured in nano-
indentation. Additionally, TEM shows an increase in diffraction ring radii after UVIP, indicating a higher degree of atomic packing and
a smaller interatomic spacing. These results suggest that the amorphous structure becomes more loosely packed and rejuvenated after
UVIP, consistent with a process of rejuvenation. However, after thermal annealing, the structure becomes more densely packed and
relaxed, consistent with a process of relaxation.

Why do MGs exhibit rejuvenation by UVIP? Researchers have proposed using molecular dynamics (MD) simulations [211], as show
in Fig. 23a-b, to understand the mechanical, thermodynamic, kinetic, and structural evolution of UVIP. And in Fig. 23c, CusgZrsg has
been used as a model system and applied 100 cycles of symmetric strain with a strain rate of 10°°. The results showed that as the
number of cycles increased, the modulus and stress of the material decreased, while the potential energy increased. These results
correspond to structural and thermodynamic rejuvenation, and the authors also presented a distribution of activation energy under
cyclic loading. Comparison of Fig. 23a and b plot revealed a significant increase in the low activation energy state distribution after
cycling, indicating a significant increase in the activated volume fraction of the STZ. All of the results consistently indicate a state of
restored activity, with more potential shear transition zones after cycling.

Under the action of UVIP, as-cast MGs experience an increase in their soft regions, that is free volume as shown in Fig. 23d, leading
to the phenomenon of rejuvenation and softening of the sample and ultimately resulting in overall rheological behavior [211]. The
increase in free volume is mainly attributed to the dynamic heterogeneity of MGs and the atomic-scale expansion induced by long-term
cycling. However, it should be noted that the application of ultrasonic technology to MGs processing is still in its early stages and
further research is needed to fully understand its potential and limitations.

5.2.2. Design and modulation of properties

MGs are novel metallic materials with a wide range of promising applications in many fields. To obtain MGs with particular
property enhancement, various methods have been used to tuning the energy state, such as high pressure [372,373], physical vapor
deposition techniques [374,375], annealing [376], elastic loading [377], ion radiation [378], thermal cycling [134], and plastic
deformation [379]. However, these methods present several limitations: unidirectional modification of energy state, time-consuming,
unstable and complex operation.

In contrast, UV technology is a simple and effective means to rapidly design and modulate the performance of MGs in multiple
energy directions. Extensive research summarizes that the potential energy state of MG exhibits a diverse trend when dealing with
different materials or using different UV parameters. The potential energy landscape (PEL) diagram is generally used to describe the
energy state of the glassy material, as shown in Fig. 24a, which summarizes the structural evolution of MG during UV treatment in
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Fig. 24. Design and modulation of properties. (a) The PEL diagram of structural evolution in MG during UV treatment. (b-c) The DSC curve and
mechanical properties after rejuvenation of BMG. (d) Improved catalytic degradation performance of the Fe-based MG after rejuvenation. (e)
Hardness changes after ultrasonic vibration induced relaxation of MG. (f) The DSC curve show AT of MG can be significantly widened from 64 K to
83 K. (g-h) The effect of different ultrasonic stress on hardness and AH,,; in ZrssAl;oNisCuszg and Vit.1 MGs. (i-j) The cross profile of the indents after
nanoindentation for the as-cast and ultrasonic-vibrated samples. (k) The TEM images of tunable crystallization after ultrasonic vibration treatment.
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() The comparison of nanoindentation between as-cast MG and MGC. .
Adapted from [139,346,384,385]

reported studies. On can see that UV can basically actuate energy state transitions in almost all directions: structural relaxation [380],
structural rejuvenation [211,381,382], crystallization behavior [383], and even free volume changes in homoenergetic state
[213,384]. Through these structural tuning, MGs will achieve the anticipated mechanical properties, degradation properties, catalytic
properties, etc. that without composition change. This demonstrated that UV technology can manipulate the energy state of the MG
over a wide range, thus enabling the design and tuning of performance.

Due to the dynamic heterogeneity and cyclic induced atomic-scale dilations over a longer period of time during the UV treatment,
resulting in significant rejuvenation of bulk MG (Fig. 24b and c) [211]. This rejuvenation has brought about the expected change in MG
performance. For example, after rejuvenation the modulus of amorphous was raised as well as the hardness was reduced (Fig. 24¢), MG
fracture was dominated by ductile fracture and shear deformation was occurred [381]. Therefore, UV provides a convenient and rapid
route to reduce the room temperature brittleness and improve the plasticity of BMGs. Furthermore, the rejuvenated MGs still has more
functional applications. The activation site of the Fe-based MG was greatly enhanced by the modulation to the revertant state, thus
improving the catalytic degradation performance of the material and optimizing the morphology after degradation [347] (Fig. 24c).
Although a large number of methods exist for rejuvenation, but inevitably a relaxation effect is produced and the rejuvenation effect is
diminished.

UV treatment can also effectively activate relaxation, allowing sufficient atomic rearrangement occurs in the anelastic region of the
MG flow units to bring the MG to a more stable state. The atomic arrangement of these anelastic regions is enhanced by UV treatment,
so that the high-energy sub-stable structures with relatively low activation energies will disappear [346]. Such denser stacking can
create super-stable glasses with a broadening ATy (ATx = Ty — T, where ATy is the width of SLR), which can obtain a maximum
enhancement of ATy of nearly 19 K, approximately equal to an increment of about 30 % (Fig. 24e). Moreover, it was proved that UV
would obviously accelerate the aging (relaxation) process during annealing and save a lot of processing time (Fig. 24f). The research
also achieved hardness modulation by UV, i.e. the more significant the aging, the higher the hardness improvement [385].

Under different parameters of UV processing, the intrinsic structural competition between damage and repair promoted by
increased atomic mobility can also induce oscillatory changes in energy (Fig. 24g-h) [139]. Consistent with the structural oscillations,
the mechanical properties also exhibit oscillatory changes. The discovery of this behavior forced a new understanding of the effect of
UV action on MG, demonstrating that UV can enable energy state modulation.

The literature suggests that MGs may exist without a discernible alteration in the energy landscape following UV treatment [213].
However, it is important to note that this absence of change in energy landscape does not necessarily imply an unchanged internal
structure. Investigations have revealed significant alterations in the atomic arrangement within the MG structure, particularly among
atoms at the same energy level. The activation of mechanical softening and the induction of flow defects by UV contribute to the

Fig. 25. (a) Schematic of HP method (Adapted from [395]). (b) Schematic representation of different sintering stages during HP and SPS. (c)
Densification map illustrating the densification mechanisms during HP of an Al-based MG powder (Adapted from [389]). (d) Schematic of SPS
method. (e) DC pulse current passing through the particles during SPS (Adapted from [395]). (f) Microstructure of CuZrAl BMG SPSed at different
temperatures (Adapted from [396]).
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evolution of the free volume distribution within the MG, leading to a more homogeneous state. Remarkably, this state exhibits minimal
impact on mechanical properties such as hardness, elastic modulus, and brittleness parameters. It also effectively reduces the loading
rate sensitivity of the stress exponent during creep deformation and the activation energy for the crystal nucleation (Ex) (about 10 %),
thus exhibiting a more uniform creep behavior than the original sample [213]. This homogeneous creep behavior was considered to be
the key to determine the excellent micro-forming properties of MG, which would greatly enhance the MG plasticity at room
temperature.

If extremely high ultrasonic vibration energy was applied to the MG, it would lead to another structural change—crystallization
[383]. However, unlike the normal annealing treatment that makes MGs crystallization, the UV crystallization treatment will be easier
to tuning. Due to the extremely short processing window, it has been a challenge for the heat treatment method to introduce nano-
crystals of suitable size or quantity. The UV method is enabled to introduce the expected nanocrystals in the MG substrate, and the
grain size or number of nanocrystals are fully controllable. Such embedded grains will greatly enhance the plasticity of the material
and still maintain the high strength of MG.

5.3. Powder consolidation

Powder consolidation is an alternative method employed to overcome size limitation of BMGs. This process primarily relies on
thermal sintering, where pressure and heat are applied to the powder particles. By doing so, the particles undergo rearrangement,
leading to enhanced contact and interparticle bonding while reducing the presence of void spaces. Consequently, the powder particles
adhere to one another, resulting in the formation of a densified structure.

Hot-pressing and spark plasma sintering are the main powder metallurgy routes to consolidate MG powders by thermal sintering.
Both methods rely on densification of powders at temperatures within SLR where the viscosity of MG powder is significantly reduced
[386,387] and powders can be thermoplastically deformed.

5.3.1. Hot-pressing (HP)

The HP process is the conventional approach to consolidate MG powders. During HP (Fig. 25a), the die with the MG powder is
placed in a hot-pressing machine or furnace and heated to a temperature within the SLR. Once the desired temperature is reached,
pressure is applied to the material within the die using a mechanical press or hydraulic system and hold for a preset time, followed by
cooling to room temperature. Alternatively, pressure can be also applied gradually during heating [388]. During pressure-assisted
sintering of MG powders, densification mechanism has three main stages (Fig. 25b): particle rearrangement, viscous (liquid-like)
flow, and diffusion. The initial stage (unsintered) involves particle rearrangement, while the intermediate stage exhibits neck growth
(plastic flow) and high shrinkage rates due to viscous flow. The final stage is characterized by steady-state elemental diffusion and
further densification and elimination of voids or porosity [389]. BMG components of different alloy systems have been manufactured
by the HP, including Ni-based [390], Si-based [388], Ti-based [391], Fe-based [392] BMGs. The HP process takes place in a vacuum
[392,393] or inert gas environment [391,394].

The main processing parameters during HP of MG powders are pressure, temperature and time. A combination of set values for
these parameters determines the extent of relative density and degree of amorphicity in the sintered BMGs. Generally, higher tem-
peratures and larger pressures are beneficial for reducing viscosity of MG powders and achieving larger densification. For instance, HP
of the Zr4gCuseAlgAgg MG powders is more effective at 753 K compared to at 743 K, which is attributed to the lower viscosity at 753 K
(4.3 x 10° Pa s) compared to 743 K (4.8 x 10%) which facilitates particle deformation [397]. However, it should be noted that rising
temperature to the upper extreme of SLR (i.e., values close to Ty) may cause precipitation of brittle intermetallic compounds, thus
exacerbating the intrinsic brittleness in MGs. So, MG alloy systems with high stability against crystallization (i.e., wide SLR) are more
favorable for consolidating through the HP. As a rule of thumb, fully amorphous BMGs are inaccessible via the HP of those MG powders
having ATy < 50 K, including some Mg-based [398-400] and Al-based [389,393] MG alloy systems. In addition, the sintering time
during HP should not exceed incubation time which is needed to start crystallization at a given temperature. The common sintering
time used during HP of MG powders is ~ 15-30 min, but shorter times (~5 min) are used for marginal glass formers such as Fe-based
[401] MG alloys to minimize crystallization.

During HP of SissAlygFe; oNisCrs MG powders, increasing temperature led to higher relative density, reaching a maximum of 98.3 %
at 687 K and applied pressure of 1.5 GPa [388]. Further, hot-pressing TigoAl;5Cu;9W10Nis glassy powders within their SLR at a
consolidation pressure of 936 MPa produced fully dense (~99.85 %) BMG alloys [391]. And the Coy;Tiz4Bs MG powders hot-pressed at
835 K by applying pressure of 780 MPa reached a fully density of ~ 99.5 % [394]. Regarding lower applied pressures, uniaxial hot
pressing of the AlgsNigNd4Cos MG powder at 513 K and ~700 MPa for less than 15 min produced bulk samples with a decreased
density of ~ 94 %. Additionally, consolidating the AlgsYgNisCoz MG powder at various temperatures below Ty using low pressures of
150 to 340 MPa resulted in compacts with relative densities as small as ~ 80 % [402].

Pressure has a substantial influence on the densification mechanisms during the HP process, specially at the intermediate stage of
sintering [389]. Fig. 25c¢ illustrates densification map of Alg4Gd;NigCo3 MG powder and the corresponding mechanisms at different
external pressures and temperatures. At temperatures far below T, particle arrangement plays a crucial role, facilitating particle
contact and pore closure. At higher temperatures within SLR, the main densification mechanism changes from viscous flow (liquid-
like) to plastic flow with increasing the pressure. During this intermediate stage, pores change from a connected network to isolated
entities, and necks form and grow. In the final stage when the temperature is quite high, Al diffusion becomes the primary densification
mechanism, essential for achieving higher density and lower porosity with increasing the external pressure.
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5.3.2. Spark plasma sintering (SPS)

SPS, or Field-Assisted Sintering Technology (FAST), consolidates powder materials using pulsed DC and mechanical pressure [403].
The application of electrical current leads to rapid and uniform heating, promoting atomic bonding and sintering. SPS involves four
main stages (Fig. 25d): gas removal, pressure application, rapid heating through DC pulse, and cooling. The localized high temper-
atures generated by spark discharge facilitate oxide surface evaporation, thermoplastic deformation, and neck formation between
particles (Fig. 25b and e) [395,404]. Compared to conventional HP method, SPS offers higher heating rates and shorter sintering time.
Replacing HP processes with SPS enables cost savings, increased production volume, and reduced energy expenses, making it a cost-
effective solution for manufacturing materials with superior properties [404].

SPS utilizes the viscous flow behavior of MG powders in the SLR, enabling the production of BMGs with adjustable sintering pa-
rameters [28]. Compared to the HP process, SPS of MG powders requires lower pressures (~300 MPa 20, 21]) and shorter sintering
times (~5 min [396,405]) to achieve fully amorphous BMGs with high relative densities, reducing the risk of devitrification.

SPS enabled the production of fully amorphous Zr-based AMZ4 BMGs with ~100 % relative density when sintered at 693 K/480 s
and 713 K/60 s [406]. Following the optimization of the processing parameters during SPS of CusoZrssAls MG powder (693 K, 90 MPa,
30 min), both dense and amorphous specimens were successfully fabricated, with a diameter of up to 30 mm and thickness of 4 mm
[396]. The fabrication of large-size Nisy sNbj¢Zr15Ti; 5Pty 5 BMGs with nearly 100 % relative density was accomplished through SPS at
a temperature of 773 K under a loading pressure of 600 MPa [407]. These examples represent a wide range of studies on developing
BMGs of various alloy systems using SPS, including Fe-based, Al-based, Ti-based, and Zr-based MG powders [408].

Similar to HP process, increasing the pressure improves the densification of MG powders during SPS [409,410]. The application of
larger pressures during SPS facilitates atomic diffusion and enhances powder densification by increasing the diffusion flux between
particles [409]. However, reaching maximum density is also dependent on optimizing other parameters such as sintering temperature.
For instance, sintering the AlgyLa;gFesNigs MG powder at 400 MPa yielded low relative density (~80 %) with free-standing particles.
Increasing the pressure to 600 MPa improved relative density (=96 %), but visible pores remained, possibly due to low viscosity at the
sintering temperature and carbon impurities hindering the sintering process [411].

The sintering temperature is another parameter influencing the density of BMGs prepared by SPS. By increasing the sintering
temperature, the relative density of the specimens also increases until reaching a nearly full density at a given temperature, while
higher temperatures yield devitrification in the sintered samples [396,407,412-414]. As shown in Fig, 25f, pores can be seen in the
solidified CusgZrssAls BMG compacts that were sintered at 400 °C and 410 °C, indicating that complete consolidation did not occur at
these temperatures. The porosity decreased as the temperature rises, and effective consolidation was achieved when the temperature
exceeded 420 °C. Larger temperature (450 °C) did not affect density but induced crystallization [396].

Powder characteristics such as size and shape of MG powders also affect densification process during SPS. For example, the SPSed
pellets fabricated from Hf-based powder particles larger than 75 um and smaller than 25 pm exhibit a relative densification of
approximately 96-98 %. However, by combining powder particles of both size ranges, a higher densification of 99.8 % has been
attained [405]. In another study, Li et al. [415] investigated shrinkage behavior, densification mechanism, and atomic diffusivity of
gas-atomized and milled Tisg ¢Zrg 4Cusy sNig 4Sn3 1 MG powders during SPS. Mechanical milling alters the powder shape, increasing
contact area and enhancing mass transfer kinetics. The milled powders exhibit additional sintering stages and higher densification
compared to atomized powders during SPS. This is attributed to the higher defect concentration induced by high-energy mechanical
milling, which lowers the activation energy of atomic diffusion and accelerates powder densification.

Another processing parameter influencing relative density of BMGs during SPS is heating rate (pulse power input). As the heating
rate increases, the activation energy for the viscous flow of the MG decreases, promoting the densification process of the MG powder
[416]. Further, a higher heating rate lowers the optimal temperature for maximum densification. The maximum densification rate of
the milled Ti4 gZr9.4Cusy sNig 4Sng 1 MG compact is observed at 689 K if the heating rate is 120 K/min. In comparison, at the heating
rate of 30 K/min, the maximum densification rate is achieved at 719 K [415]. The common heating rates used during SPS of MG
powders is 50 K/min or higher [407,410,414,417]. Nonetheless, the use of pulsed current input may not be the most suitable method
for sintering MG powders. In the early stages of sintering, when the necks between particles are small, the pulsed current input can
cause excessive overheating (>Ty) in the vicinity of the necks, leading to partial devitrification. However, when the necks become
larger, further current input can promote complete densification of the material [418,419].

The SPS process is also effectively employed to fabricate BMGs with controlled porosity. One approach to obtain porous BMGs is
sintering at temperatures below Ty to restrict the densification of the alloy. Additionally, the compacting pressure is minimized to
prevent viscous deformation of the MG powders during sintering [408]. The porosity of ZrssCuspAl;oNis BMG compacts can be
adjusted by varying the sintering temperature and loading pressure during the SPS process [420]. Further, the porosity of Ti-Fe-Si BMG
has been be controlled to ~ 30 % by adjusting the loading pressure [421]. At different sintering pressures (15 MPa, 50 MPa, and 80
MPa), the pores between TigsZr;oCuz;Pd;oSns MG powders exhibit irregular, multi-angular, and three-dimensional characteristics. As
the loading pressure increases, the pores transition from through-holes to closed cavities, eventually closing completely at 150 MPa
[422].

A different method to fabricate porous BMGs through SPS involves combining MG powders with solid salt (NaCl) powder, followed
by leaching treatment to remove the salt phase. This approach was effectively used to produce porous Ti-based BMG samples with
diameters larger than 15 mm using the spacer technique with SPS. By adjusting the volume fraction of the salt phase, controlled
porosity of up to 60 % was achieved [423,424].

A new strategy to enhance densification and reduce the sintering temperature during SPS of MG powder is two-step SPS process
[417]. The process included a lower-temperature pretreatment followed by high-temperature sintering. The pretreatment improves
powder billet density and distribution, ensuring a homogeneous temperature field during sintering and preventing localized crystal
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phase precipitation. The reduced electrical resistivity of pretreated billets enhances current flow, promoting internal joule heat
generation and particle discharge, resulting in improved densification.

5.3.3. Structure and properties in consolidated components

During HP and SPS of MG powders, preventing devitrification is critical to achieve fully amorphous BMG components. Nano-
crystallization phases precipitated during consolidation process alters the structure in different ways. For example, the full width at
half maximum (FWHM) for the halo pattern of HPed Al-based BMG in the XRD pattern gets slightly narrower than that of the milled
powder, which is germane to strain relief and limited nanocrystallization during the process of consolidation [393]. Additionally, the
crystallization temperature of Nis;ZroTizoSis samples shifts towards lower values as the HP time increases, indicating a decrease in
crystallization temperature due the occurrence of nanocrystallization [390].

Sintering at high temperatures within SLR leads to the presence of nanocrystallites and increased hardness compared to fully
amorphous compact. During SPS of Hfs5CuagNisAl1z (Tg of 498 K), the formation of a complete amorphous phase is only observed
when the compaction experiment is conducted at temperatures as low as 460 °C and 480 °C under a pressure of 800 MPa [405].
Sintered specimens of Nisy sNbjoZrisTiisPt; 5 below 773 K consist entirely of a glassy phase. However, increasing the sintering
temperature beyond 798 K, yet lower than T, (821 K), leads to the emergence of additional crystalline peaks [407].

Graeve et al. [425] developed a time-temperature-crystallinity (TTC) diagram to predict and guide the SPS of MG powders. Their
analysis using the TTC diagram revealed that the Fe4g 7Cr17.7Mnj gMo7 4W1 ¢B15.2C3.8Siz.4 MG alloy exhibits accelerated devitrification
compared to the Fe4gMo014Cr15Y2C15B¢ MG alloy. This difference is attributed to variations in the critical cooling rate between the two
alloys rather than differences in glass transition temperature.

Pressure can also influence devitrification behavior during sintering of MG powder. Generally, pressure has three main effects on
crystallization in MGs [426]. Firstly, it promotes densification, favoring the crystallization process. Secondly, it suppresses atomic
mobility, limiting atomic diffusion in MGs. Lastly, pressure alters the relative Gibbs free energies of the glassy and crystalline phases,
affecting sequence of the precipitated crystalline phases. The specific crystallization behavior depends on the dominant effect. For
example, pressure suppresses primary a-Al crystallization and promotes eutectic crystallization, likely due to its influence on atomic
diffusivity [4]. During HP of Mg4qY15Cuse [399] and CugpZrsoTiio [427] MG powders, lower pressures (~720 MPa) promoted crys-
tallization, but higher pressures (>960 MPa) hindered atomic diffusion, leading to an increased amount of residual amorphous phase
in the samples. This decrease in long-range atomic diffusion was attributed to the elevated diffusion barrier resulting from the
reduction in volume and elimination of excess free volume caused by high pressure.

The occurrence of devitrification is also closely associated with particle size. Specifically, smaller particle sizes and broader particle
size distributions lead to a higher average number of contact points between particles, which in turn results in a greater extent of
devitrification [419].

Mechanical properties of the large size BMG samples manufactured by optimized powder consolidation parameters closely
resemble those of the cast alloy, including. For instance, the hot-pressed Zr4gCussAlgAgs BMG exhibits a fracture strength of 1864 +
37 MPa and a fracture strain of 1.8 % =+ 0.1 %, which is comparable with its cast counterpart [397]. In addition, the hardness values of
SPSed AMZ4 BMG samples, exceeding HV1 519, surpass those of cast materials, and their compressive strengths of 1625 MPa are
comparable to commercial cast products [406]. In another investigation, CusgZrssAls BMGs were successfully consolidated using SPS,
yielding mechanical properties (hardness, Young’s modulus, density, and compressive strength) comparable to cast alloys. However, a
lower toughness was observed due to weak cohesion among the powder particles, despite optimized sintering conditions. This
drawback was partially addressed by applying higher pressures, up to 1 GPa, resulting in significantly improved bonding between the
powder particles [396].

By adjusting the loading pressure in SPS, Young’s modulus and strength of BMGs can be optimized by controlling the sintering neck
size between powders. This is particularly important for developing BMG orthopedic implants with mechanical properties close to the
natural bone. The Young’s modulus of the sintered sample increases with higher loading pressure during SPS. Similarly, increasing the
loading pressure also enhances the strength of the sintered samples [421,422]. Ti-Fe-Si BMG with a porosity of 24 % exhibited a low
Young’s modulus of 37 GPa and a strength of 130 MPa [421]. To ensure compatibility Ti4sZr;oCus1Pd;9Sns BMG implant with human
bones, Wu et al. [422] determined that the optimal loading pressure for porous BMG during SPS should be in the range of 50-74 MPa at
a sintering temperature of 643 K with a heating rate of 50 K/min for 10 min.

On the other hand, porous BMGs display distinct corrosion behavior compared to fully dense BMGs [410]. The potentiodynamic
polarization curves of porous Ti-based BMGs lacked a defined passive region and showed metastable current transitions, indicating
localized pitting within the pores. This crevice corrosion was in contrast to the stable passive region observed in the BMG sample
without pores. Furthermore, the porous BMGs exhibited narrower ranges between open circuit potential and transpassive potential,
indicating higher sensitivity to local corrosion [424]. In another study, the corrosion behavior of Fe-based samples was found to be
strongly dependent on SPS parameters, resulting in the formation of an oxide layer on the alloy surface [410]. The oxide layer, enriches
in Cr and Mo under suitable conditions, induces a passive state with a steady current. Porosity, which increases with crystallinity, along
with surface defects, promoted localized corrosion. Additionally, non-uniform porosity distribution affects corrosion resistance, and
the presence of surface roughness and interconnected pores facilitates localized corrosion, particularly if the oxide layer lacks strength.
Moreover, Li et al. [428] studied MggsZn3oCas BMG samples with different particle sizes (22.9, 45.4, and 62.4 um) prepared by SPS.
Particle size affected mechanical properties and corrosion behavior. Increasing particle size led to reduced strength and hardness,
while larger particles showed improved long-term corrosion resistance [44].

Powder consolidation by HP and SPS is a suitable method for fabricating BMG composites (BMGCs) through solid-state sintering as
it allows for precise control of microstructure, particle size, and volume fraction. During sintering of MG powders in the SLR, BMGCs
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can be fabricated in-situ by partial devitrification of the amorphous alloy [429], or ex-situ by adding microcrystalline phase as the
secondary phase into the amorphous matrix [430]. Alternatively, MG powders can be used as a reinforcement in metallic matrix
composites [431].

By employing a time-temperature-crystallinity diagram, Kelly et al. [432] successfully developed BMGCs of SAM2X5
(Fe49.7Cr17.1Mnj gMoy 4W1 6B15.2C3.8Sin.4) with varying degrees of devitrification. Additionally, they incorporated tungsten and
tantalum particles into the composites (ex-situ) to tune the microstructure at different scales. Further, high compressive strength (780
MPa) and fracture strain (2 %) was achieved in SPSed Al-FegsCrioNbsB19 MGCs, which was attributed to the reinforcing element FeAls
formed through aluminum-MG interaction. In addition, Cu-coated Cu-Zr-Al BMGC demonstrated exceptional properties, including
high strength (721 MPa), high electrical conductivity (35.02 % IACS), and significant plasticity (13.1 %) when the powder particle size
of the Cu-Zr-Al BMG was below 15 pm [433,434].

Extensive research has been conducted on the magnetic properties of Fe-based BMGs and BMGCs fabricated through thermal
sintering. In this context, amorphous FINEMET (Fe73 5Si13.5BoNb3Cu;) powders were successfully consolidated into a nanocrystalline
BMGC using SPS, achieving a density of approximately 97 % [435]. The BMG volume consisted of Fe(Si) nanocrystals with an average
size of 9 nm, comprising approximately 84 % of the material. The sintered sample displayed a magnetization of 122.9 emu/g and
coercivity of 123 A/m. The consolidation mechanisms during SPS involved particle rearrangement followed by viscous flow, with an
activation energy of 22.9 kJ/mol. In addition, the BMGCs comprising FeSiCrB MG ribbons (Metglas 2605SA3 alloy) and FeyN(x = 2-4)
powder showed improved magnetic performance and high stacking factors, approaching 100 % in amorphous ribbon/iron nitride
configurations [436]. Additionally, the hot-pressed nanocrystalline/amorphous Nd-Fe-B magnets achieved a density of 7.5 g/cm®
above 650 °C, providing optimal magnetic performance with an optimum energy product (BH)max of 282.5 kJ/m® and intrinsic
coercivity of Hej = 1130.0 kA/m. Fine platelet-like grains measuring 410-440 nm in length contributed to favorable magnetic
properties between 625 and 675 °C [437]. Moreover, FegsSiyBsCoCra soft magnetic amorphous powders compacts could be smoothly
prepared using SPS at temperatures above 773 K. Increasing the sintering temperature led to higher density, saturation magnetization,
coercivity, and compressive strength of the compacts [414].

5.3.4. Mgs as metallic glue

In contrast to previous methods of manufacturing MG matrix composites, such as process-induced second phase formation
[179,383], SPS sintering [438], 3D printing [439], and others [440], some recent research has discovered that MGs have a certain
adhesion in the SLR, and a number of composites have been developed to take use of this property. Ma et al. [441] used Fig. 26a to
describe the preparation of composites that use the adhesive properties of MGs, with MG powder particles and additive particles
uniformly mixed with different mass fractions; the composite material can be obtained by pressing and forming the mixed powder in
the SLR. The breakdown of the oxide layer at the interface region during processing is believed to be the cause of the tight bonding
mechanism between the MG and the composite [442]. Currently, it has been demonstrated that this type of metallic glue may be
utilized for bonding a variety of materials, including metal to non-metal and conductor to insulator. A variety of materials are bonded
together with metallic adhesive in Fig. 26b [200,441,443].

The mentioned composite materials also have some potential applications in some different fields. MGs have limited uses since they
are not deformable at room temperature. The composites developed by Ma et al. [441] were shown to be plastic and to retain their
corresponding strength, and the gradient of strength and plasticity was created by artificially adjusting the MG and the powder of
admixture (Fig. 27a). The composites were created by bonding MGs to other materials with excellent room temperature plasticity.

Fig. 26. (a) Schematic diagram of metallic glue used for bonding admixture, (b) Composite materials obtained by metallic glue. .
Adapted from [200,441,443]
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Fig. 27. (a) Regulation of mechanical performance. Adapted from [441]. (b) Regulation of electrical performance. Adapted from [441]. (c)
Regulation of magnetic performance. Adapted from [441]. (d) Regulation of thermal expansion. Adapted from [443].

Additionally, control is also gained over other conventional electrical (Fig. 27b), magnetic (Fig. 27c), thermal expansion (Fig. 27d),
and magnetostrictive [200,443,444].

The advantages of structural adjustment are included in these strategies in addition to performance adjustment. The application of
this method to structural regulation is illustrated in Fig. 28a [441]. Metallic glue was utilized for bonding water-soluble components,
such as NaCl, and water was then used to dissolve the composite to create the desired porosity structure. Porous MGs will maintain the
intrinsic structure of the amorphous state (Fig. 28b). The size of the particles introduced to the composite can affect how porous the
structure is. Fig. 28c—e illustrates the porous structures made from NaCl with various particle sizes.

6. Joining and welding of MG components

The welding and joining techniques have emerged as vital approach in the fabrication and assembly of MG components. Welding
and joining strategy can enable the integration of MG components into complex structures, facilitate repairs, and enable the combi-
nation of MGs with dissimilar metals and alloys. With their exceptional mechanical properties and unique characteristics, MGs offer
immense potential for a wide range of applications. By understanding and utilizing the diverse welding and joining techniques
available, researchers and engineers can unlock the full potential of MGs and pave the way for the development of innovative and high-
performance material systems.

This section provides a comprehensive review of welding and joining methods for MGs and their resulting joint structure and
properties. The techniques are classified into three categories: fusion welding, supercooled liquid state welding, and solid-state
welding. Fusion welding involves melting the base MGs to create a joint, while supercooled liquid state welding and solid-state
welding achieve joining without melting by applying pressure and/or heat. Supercooled liquid state welding specifically utilizes
the SLR of the MGs to form the bond, while solid-state welding achieves coalescence at lower temperatures. Both supercooled liquid
state welding and solid-state welding may involve some localized melting at the joint interface, but the extent and characteristics of
this melting differ from those in fusion welding.

6.1. Fusion welding
6.1.1. Laser welding
Laser welding has emerged as a highly efficient and precise technique for joining metals. By harnessing the power of laser beams,

this process offers several advantages such as narrow and well-defined weld seams, minimal HAZs, reduced risk of distortion, and fast
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Fig. 28. (a) Schematic diagram of porous structure formed by dissolving water-soluble components, (b) Internal structure analysis by X-ray
diffraction, (c)-(e) Porous structures with different pore sizes. .
Adapted from [441]

Fig. 29. (a) Schematic of the pulsed laser butt welding. (b) Morphology of bead-on-plate of Pd43Cus;Ni;oP2o BMG obtained by laser welding.
Adapted from [451]. (c) Microstructures of the welded joints (Adapted from [453]) (d) TEM analysis HAZ area welded in room temperature and
with a working liquid cooling device (LCD). Adapted from [459]. (e) Tensile stress—strain curves obtained from base alloy and welded samples with
the inset showing a BMG plate welded at 10 m/min welding speed (Adapted from [452]). (f) Welded bracelets with different diameters (WJ: welding
joint). Adapted from [447].
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heating and cooling rates. Laser welding proves to be highly advantageous when it comes to BMGs. The reason behind this is the size
limitations inherent in manufacturing BMG components, making it crucial to establish an effective joining method in order to expand
the scope of engineering applications for BMGs [171].

In 2006, Li et al. [445] successfully joined Zrss5CusgAl; BMGs without crystallization using laser welding for the first time. At a
scanning speed of 8 m/min and laser power of 1200 W, no visible cracks or crystallization were observed in the weld bead and heated-
affected zone. Rapid cooling below 430 °C prevented crystallization in the HAZ and facilitated glass formation in the bead. Since then,
several piece of work have reported laser welding of MG parts with different compositions, including Zr-based [446-449], Fe-based
[447], Cu-based [450], Pd-based [451], and Ti-based [452,453] MGs. Dissimilar joining of Zr-based BMGs to crystalline metals and
alloys such as Zr [454] has been also accomplished by laser welding. Additionally, weldability of in-situ [455,456] and ex-situ
[457,458] BMGCs using laser welding has been also taken into consideration.

In the laser welding process of BMGs (as illustrated in Fig. 29a), two BMG sheets are placed on a workbench and pressed together to
ensure tight contact between the alloy and the workbench, as well as between the alloy plates themselves. A laser beam is then applied
to the joint, moving in the direction indicated by the orange arrow. This results in the formation of a weld seam at the joint of the
specimen [451]. Fig. 29b shows a porosity-free weld seam of Pd43Cuz;Ni;gP29 BMG after bead-on-plate experiments in air, showing no
visible oxidation. During laser welding process, the BMG parts are usually protected by argon atmosphere to avoid oxidation.

During laser welding, the microstructures within the fusion zones (FZs) of the welded joint can differ from the base materials
produced through casting, leading to alterations in mechanical properties. Consequently, it is crucial to comprehend the effects of laser
welding parameters (i.e., laser power, welding speed, and pulse duration) on material solidification, particularly the evolution of
phases and microstructures within the FZ and the corresponding welding quality.

Wang et al. [460] laser welded two different types of Ni-free Zr-Cu-Ag-Al and Zr-Cu-Ni-Al BMGs using three energy inputs of 6.2 J,
8.0 J, and high 9.2 J. The Zr-Cu-Ni-Al BMG weld crystallized at the lowest energy input, while the Zr-Cu-Ag-Al BMG welds remained
crystallization-free in the HAZ and weld FZs. This preserved the GFA and microhardness of the Zr-Cu-Ag-Al BMGs, unaffected
compared to the unwelded plates. Further, using a wide range of laser power (750-1124 W) during pulsed laser welding of
Pd43CuyyNijgP2o BMG resulted in weld seams without crystallization [451]. In another study, Chen et al. [453] investigated laser
welding of dissimilar Ti-based BMGs, focusing on laser energy and pulse duration effects. Crack-free, inclusion-free welded joints
between Ti-based MG and Ti-based MGC were observed (Fig. 29¢). Metallurgical bonding showed a smooth FZ-to-base metal (BM)
transition. Laser pulse width influenced FZ size, while welding speed had minimal impact. Non-uniform microstructures, similar to
other dissimilar laser-welded joints, in the FZ suggested incomplete mixing of molten BMs. In addition, increased laser pulse energy
and duration resulted in p-Ti grain growth from spherical to dendritic shape, with maximum size around 1 pm. Grain refinement due to
rapid cooling resulted in microhardness of ~ 470-525 HV and average tensile strength of ~ 1510 MPa in welded joints.

Welding initial temperature can also significantly influence the microstructure and mechanical properties in welded BMGs. Wang
et al. [461] studied the effects of initial welding temperature and parameters on crystallization in laser spot welded (Zrs3CusoNigAlg)
Sip.s BMG. Crystallization-free HAZ was achieved through welding with lower energy input and initial temperature. They also
developed a liquid cooling device (LCD) for lower welding temperatures, preventing crystallization in Zr-Cu-Ni-Al-Si [459] and Zr-Al-
Co-Ta [448] BMGs. The selection of a suitable initial temperature emerges as a critical criterion for weldability, specifically denoting
the cooling temperature maintained under the LCD. A lower initial temperature implies a faster cooling rate, resulting in a shorter
retention time (Rrm,1g) between the onset of melting (Tr,) and Tx during the welding process. This significantly mitigates the risk of
crystallization. For instance, considering Zr-Al-Co MGs as an exemplar, at an initial temperature of 0 °C, the Rym/7¢ is 55.58 ms,
whereas at room temperature, the Rm,/1g is 61.92 ms.

TEM images and SAED patterns (Fig. 29d) showed crystallization in the HAZ of the room temperature sample but not in the LCD
sample [459]. Hardness decreased in the crystallization area in the sample welded at room temperature but remained unaffected in the
crystallization-free HAZ compared to the as-cast plate.

Another processing parameter affecting structure/properties in welded samples is welding speed. Kim et al. [450] studied
Cus4NigZrasTi;g BMG welding speeds using a pulsed Nd:YAG laser. At 60 mm/min, no crystallization occurred in the weldment and
HAZ, while at 20 mm/min, band-shaped crystallized areas were observed. Kawahito et al. [446] explored ultra-high-speed welding of
Zrs5Al19NisCugg BMG at 48 and 72 m/min. At 48 m/min, wide weld beads with crystalline peaks were observed, while at 72 m/min, no
crystallization was found. Wang et al. [452] examined Ti4oZrasNisCujaBesg BMG welding at different speeds of 6 m/min, 8 m/min, and
10 m/min and constant laser power of 3.5 kW. While lower welding speeds yielded crystallization in the welded area, welding at 10 m/
min resulted in amorphous FZ and HAZ without defects. The tensile stress—strain curves of TizoZrasNigCujsBeyg joint and base alloy
exhibited characteristic behavior of brittle fracture without yielding (Fig. 29¢). The welded samples at 6 m/min and 8 m/min speeds
had fracture strengths of 950 MPa and 1100 MPa, respectively. Notably, the sample welded at 10 m/min showed a tensile strength of
1650 MPa, 93 % of the parent BMG sample. A photograph in the inset of Fig. 29e showcases a sample welded from eight BMG plates
using optimal laser welding parameters: a welding speed of 10 m/min and a laser power of 3.5 kW.

The microstructural evolution and welding quality during laser welding of BMGs depend not only on the processing parameters but
also on the microstructure of the as-cast BMG. In a study conducted by Chen at al. [462], different welding speeds and annealing
conditions influenced the microstructure and welding quality during laser butt welding of ZrssCusgNisAl;o BMG sheets. Annealing at
415 °C for 10 min resulted in an amorphous structure with few nanoparticles. The annealed joint exhibited higher hardness and
strength, but excessive annealing was detrimental to the BMGs. Furthermore, Shao et al. [449] found that pre-existing nuclei affects the
crystallization behavior of Zr-based BMGs during laser welding. Higher nucleus density increased the likelihood of crystallization
under the same welding conditions. Laser welding resulted in an amorphous FZ and a crystallized HAZ due to nucleus accumulation.
The TTT curve for BMGs with nuclei showed an unusual ¢ shape instead of the typical C shape, revealing differences in heating and
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cooling processes.

Compared to continuous lasers, pulsed lasers have demonstrated potential as a heat source for welding due to their small duty cycle
and extremely high pulse power, enabling amorphous alloys to cool at a faster rate during the welding process [450,451,453]. While
ms-pulsed lasers are mainly used for welding BMG parts, ns-pulsed lasers with shorter durations and lower power densities are better
suited for MG ribbon welding. Recently, ns-pulsed laser welding was studied on Fe;gSigB13, ZresCuisNijpAlig, LassNizgAl2s, and
CegsAl19Cuz0Cos MG ribbons [447]. Successful welding without crystallization was achieved by adjusting the laser parameters.
Fig. 29f represents welded bracelets with different diameters made of Fe;gSigB13 MG ribbons.

6.1.2. Electron beam welding

Electron beam welding (EBW) is a versatile joining technique that has gained significant attention in recent years due to its
capability to weld a wide range of materials, including BMGs. The application of EBW in welding BMGs offers numerous advantages,
including high precision, minimal distortion, rapid cooling rates, and the ability to achieve strong and defect-free welds. EBW provides
concentrated welding energy and offers advantages such as lower heat input, deep and narrow welds, minimal heat affected zones, and
rapid cooling rates. To ensure optimal results, EBW requires a vacuum environment to control contamination, prevent oxidation, and
avoid gas bubble formation.

Liquidmetal Technologies [463] has successfully employed the EBW method for post-processing cast BMGs and fabricating larger
structures. Fig. 30a illustrates a butt-joint of 9.6 mm wide plates, showcasing a flawless and void-free joint with minimal crystalli-
zation. Interestingly, the weld exhibited a beaded appearance in the 3.6 mm wide specimen, while appearing nearly flush with the two
parent plates of 9.6 mm width. This observation suggests the precise control achieved during the welding process. Moreover, the
Vickers microhardness values across the joint interface are found to remain constant, indicating a highly uniform and featureless joint.

The EBW has been successful in welding Ti-based [464] and Zr-based [467] BMG sheets and dissimilar welding of Zr-based BMGs to
Zr [468,469], Ti [470,471], Ni [465], and stainless steel [466]. For instance, Kawamura et al. [469] achieved successful EBW of 3.5
mm thick Zr-based BMG plates for the first time by using 60 kV electron acceleration voltage, 15-20 mA beam currents, and a scanning
speed of 33 mm/s. The welded Zr4;Bes3Ti;4Cu;oNiy g BMG plates showed no crystallization in the bead and HAZ, with no visible defects
or cracks. The tensile strength of the welded BMG matched that of the original BMG. However, EBW of Zrs5CusoAl;gNis BMG plates
under the same conditions resulted in crystallization in the bead and HAZ [467]. Furthermore, attempts to weld the Zr4;BessTiq4.
Cuj2Nijg BMG plate to Ti metal failed due to the formation of brittle intermetallic compounds. In contrast, successful welding to Zr

Fig. 30. (a) Electron beam welded butt-joint of BMG plates and the corresponding joint optical micrograph (Adapted from [463]). (b) Micro-XRD
patterns of welded Ti-based joint at different zones (Adapted from [464]). (c) Schematic diagrams for shape of melting region according to different
electron beam irradiation positions (dw) (Adapted from [465]). (d) Flexural stress—deflection curves of the STS316L steel and welded samples with
varying STS316L weld design (Adapted from [466]).
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metal produced a ductile interface.

Furthermore, the degree of crystallization can vary among different regions of the joint. An example is seen in the micro-focused
XRD patterns obtained from various regions across the joint interface of an EBWed Ti-based BMG joint, as depicted in Fig. 30b [464]. In
region A, faint diffraction peaks suggest the presence of a nanocrystalline phase. Region B exhibits clear diffraction peaks, indicating a
mixture of ZryNi and TioNi phases. Meanwhile, distinct diffraction peaks of ZroNi phases are observed in region C. Finally, region D
shows a broad halo pattern, signifying the presence of the glassy phase in the bead material. These variations in the microstructure
within different regions of the joint illustrate the complexity of the welding process and its impact on the resulting joint properties.

Another parameter influencing microstructure and mechanical properties of joint is electron beam irradiation position [465]. The
schematic diagram in Fig. 30c illustrates the melting regions resulting from electron beam welding of a Zr-based BMG to Ni metal at
different beam irradiation positions. The higher thermal conductivity and melting temperature of Ni make achieving the melting
temperature challenging. Increasing the distance of the beam irradiation position from the interface reduces the melting region of the
Ni metal. This melting process can alter the chemical composition of the weld by mixing BMG and Ni metal. The welding process is
highly dependent on the distance, and deviations can impact critical cooling rate and properties of the joint. The shape of the melting
region can be controlled by adjusting welding parameters, such as beam current and welding speed.

Kim and Kawamura [466] recommended a specific specimen design to control the melting of STS316L steel during EBW of BMG to
stainless steel, resulting in flawless joints and minimized steel deformation. The designed STS316L steel sample exhibited a maximum
flexural stress of 642 MPa (Fig. 30d), surpassing the yield strength of STS316L steel, indicating strong joint strength for industrial
applications.

6.1.3. Reactive foil joining

Freestanding reactive foils consist of alternating layers of materials with a negative heat of mixing. When activated by an external
source, such as a spark or flame, the layers undergo intermixing, initiating a self-propagating reaction. This reaction travels along the
foil at velocities of 1 to 30 m/s, reaching temperatures of 1000 to 3000 °C [472].

Fig. 31. (a) Schematic of the joining process using a spring-loaded stage. Adapted from [474]. (b) Optical micrograph of an etched foil-glass
interface. The dark structure on the left is the reacted foil, and the solid region on the right is a metallic vein. Adapted from [473]. (¢) Fracture
toughness as a function of joining stress. (d) Fracture toughness as a function of joint that is glassy, the solid line is a linear fit to the data. Adapted
from [474].
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Reactive multilayers can be used as controlled heat sources for welding applications. According to numerical simulations [473], the
Zrs7TisCugoNigAl; o MG in the vicinity of the interface between the glass and foil undergoes rapid heating at a rate of 107 K/s, reaching
temperatures of approximately 1350 K, which surpasses the T} the amorphous alloy (1115 K). Subsequently, rapid cooling occurs at a
rate of 10° K/s once the reaction front has advanced.

Schematic of reactive foil joining process is shown in Fig. 31a. A reactive foil is inserted between MG segments and pressure is
applied using a load frame and foil reaction is initiated by a spark [474]. Fig. 31(b) shows an etched foil-glass interface. The lower
component contains dispersed crystallites, while the upper component shows no discernible crystals near the interface or within the
bulk region [473]. Rapid heating and cooling during reactive joining minimize crystallization in MGs, as supported by simulations and
experiments.

Increasing the applied joining stress positively influences the fracture toughness of a Zr-based BMG (Fig. 31c). At 300 MPa, the
fracture toughness exceeds half of the mode I fracture toughness of fatigue-precracked Zr-based BMG. Fig. 31d reveals a correlation
between fracture toughness and the fraction of MG ligaments on fracture surfaces, following a rule of mixtures. Joints with higher
glassy ligament content approach the mode I fracture toughness of fatigue-precracked Zr-based BMGs. Joints lacking glassy ligaments,
consisting of glass/AINi interfaces and partially devitrified glass, exhibit fracture toughness similar to crystalline AINi. Interfacial
toughness between glass and AlNi is primarily governed by AlINi plasticity, with minimal contribution from BMG plasticity [474].

6.2. Supercooled liquid state welding

6.2.1. Friction welding techniques
Friction welding involves generating heat at the interface between two materials through controlled frictional rubbing. Notably,

Fig. 32. (a) Basic steps in rotary friction welding (Adapted from [476]). (b) Appearance of friction welded ZrssAl;oNisCuzo BMG specimens
fabricated under different pressures and times (Adapted from [480]). (c) Nominal tensile stress-strain curves obtained from the welded samples at
different processing times (Adapted from [485]). (d) Schematic of friction stir processing. Adapted from [486]. (e) Optical microscopy images
showing the cross-sectional macrostructure of the stir zone perpendicular to the welding direction (Adapted from [487]). (f) TEM image showing the
microstructural transition across the BMG/Cu interface (Adapted from [487]). (g) Schematic diagram showing the principle of the friction stir spot
welding technique and appearance of the spot FSW processed Cu/BMG joint (Adapted from [488]). (h) Cross-sectional microstructure of the friction
stir spot welded BMG to copper and enlarged optical microscopy image of area 1 and area 2 (Adapted from[488]). (i) Load-displacement curves
obtained after tensile-shear tests for dissimilar FSSW between BMG and crystalline metals, inset shows appearances of surface views at stirred part
for each material configuration (Adapted from [489]).
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friction welding does not require the use of filler metal, flux, or shielding gas [475]. Friction welding encompasses several distinct
techniques, each offering unique advantages and applications [476].

Friction welding operates without melting BMG plates, preserving its amorphous structure and unique properties. The absence of a
liquid phase eliminates concerns about solidification defects and composition changes. BMG compositions with wide SLR and large
GFA are required to establish metallurgical bonding of BMG using frictional welding [477]. The ZrssCusgNisAl;o BMG, exhibiting
excellent GFA with a wide SLR [478], has been extensively used in friction welding studies.

Rotary friction welding (RFW) is a solid-state (non-fusion) joining technique that achieves material coalescence through the
application of compressive force while the workpieces rotate or move relative to each other. The fundamental steps of RFW are
illustrated in Fig. 32a [476]. In the initial stage (I), one of the workpieces is set in rotation while the other remains stationary. Once the
desired rotational speed is achieved, the two workpieces are brought into contact, and an axial force is applied (II). The friction
generated at the interface leads to localized heating, initiating the process of upsetting (III). Finally, the rotation of the workpiece is
halted, completing the upsetting process (IV). The resulting friction weld exhibits distinct characteristics, including a narrow HAZ,
thermoplastically deformed material surrounding the weld (flash), and the absence of FZ. RFW has been successfully used in joining
Pd-based [477,479] and Zr-based [480-482] BMGs as well as dissimilar joining of Zr-based/Pd-based [483,484] BMGs and Zr-based
BMG/Al [484].

The RFWed BMG rods show protrusions at the interface [480,482,485], varying in shape and volume based on friction pressure and
time (Fig. 32b) [480]. These protrusions result from outward displacement and thermoplastic deformation of the material under axial
friction pressure. Elevated temperatures facilitate their formation by exceeding the glass transition temperature (T). Expulsion of the
oxide film establishes metallurgical bonding [484]. Tensile tests on welded samples (Fig. 32c), compared to base materials (BM),
exhibit elastic deformation followed by brittle fracture. Ultimate strength can reach up to 1540 MPa, with the 7 s friction time
achieving 90 % of the base BMG strength (1710 MPa), indicating excellent metallurgical bonding.

Another friction welding technique is friction stir welding (FSW). FSW involves a rotating tool with a specially designed pin that is
inserted between the components to be joined (Fig. 32d). As the tool moves along the joint line, it generates friction and heat. The
softened material undergoes thermoplastic deformation and mixing, resulting in a metallurgical bonding upon cooling. The nugget
zone represents the region with extensive plastic deformation [486].

Zrs5CugpNisAl;o BMG plate was successfully FSWed without crystallization using optimized welding conditions [490,491]. Flash
formation was minimized with a 25 mm shoulder diameter and a 3-degree recessed angle on the shoulder surface, preserving the
amorphous structure and mechanical properties of the MG. Moreover, Vitreloy 106a was friction stir welded without altering its
amorphous state. Optimal FSW conditions (400 rev/min rotational speed, 25.4 mm/min traveling speed) produced defect-free welds
with increased amorphicity and reduced short range order domain size [492]. Atomic-scale structural evolution was observed through
decreased nearest atom distances at all locations after FSW.

Regarding dissimilar FSW of BMG components with crystalline metals and alloys, defect-free joints between Zrs5CusgNisAl;o BMG
and 7075-T651 alloy were achieved by offsetting the pin to the aluminum side [493]. The nugget zone consisted of fine recrystallized
aluminum grains with some BMG particles. No crystallization or reaction layer was detected, and the joint strength reached 74 % of the
7075 alloy. Failure occurred in the nugget zone on the aluminum side, indicating good bonding but slight reduction in strength due to
large BMG particles. Similar behaviors was observed during FSW of Zr4sCussAlg BMG plate with pure Al plate [494].

The FSW of BMG/pure Cu yields a clear BMG-Cu interface (Fig. 32e), indicating successful defect-free welding [487]. Unlike
previous joints, no mixed area is observed due to minimal tool-BMG contact. However, irregularly shaped BMG fragments dispersed in
the copper side are present, some with micro-voids suggesting incomplete filling. The interface microstructure (Fig. 32f) shows the
maintained amorphous structure on the BMG side and transitional microstructure with elongated copper grains as a result of extrusion
between the rotating probe and the hard BMG plate.

Friction stir spot welding (FSSW) is another type of friction welding technique which is used to create spot welds between two
overlapping metal sheets (Fig. 32g). It is a variation of FSW that is specifically designed for spot welding applications. FSSW involves
inserting a rotating tool into the upper plate while applying a fixed load, stirring the material for complete mixing and bonding. The
tool is then retracted to conclude the welding process.

Jamili-Shirvan et al. [495] studied a FSSWed joint of (Ti4;ZrosBesgFeg)9sCuy BMG. Different regions were identified in the weld
spot, including the BM, shoulder stir zone (SSZ), tip stir zone (TSZ), and thermo-mechanically affected zone (TMAZ) between BM and
SSZ. Vickers micro hardness testing revealed distinct hardness and elastic modulus characteristics among the regions. Pop-in marks on
the nanoindentation load—displacement curves indicated tensile stress in TSZ, excess free volume in TMAZ, and nanocrystal formation
in SSZ during welding.

Sun and Fujii [488] joined Zrs5CusgNisAl; o to pure Cu by FSSW using a rotation speed of 400 rpm, an applied load of 1000 kg, and a
dwell time of 2 s. The welded Cu/BMG joint (Fig. 32g, lower part) showed no cracks or fractures on the BMG plate despite its inherent
brittleness. Further, the presence of a keyhole at the center of the joints, typical for spot welds, was observed (Fig. 32h). In addition,
two welding zones, labeled as area 1 and area 2, were observed. In area 1, the interface between the Cu and BMG plates appears clean
without defects, but small serrations suggest deformation or wear on the BMG plate. Area 2 displays a microstructure with a high
density of BMG fragments embedded in the Cu plate, showing significant plastic deformation.

In another study, Shin and Jung [489] discovered that the configuration of the specimens during dissimilar FSSW affects the
fracture load (Fig. 32i), with higher loads observed when the crystalline metal was positioned on the upper side. This was attributed to
the effective stirring of the BMG alloy, which led to the penetration of BMG particles into the Al alloy side, resulting in a strong joint.
This is similar to FSSW of BMG to Cu [488], where only BMG fragments mix into crystalline materials, and no crystalline materials mix
into the BMG plates. Later, they investigated the characteristic features of applying FSSW to Zr-based BMG sheets and discussed the
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effects of plunge depth and plunge speed of the probe tool [496]. They showed that vertical load dropped when the temperature
around the tool pin entered the SLR, while the weld interface temperature remained constant. The fracture load after FSSW increased
with plunge depth but was unaffected by speed. Successful joining and high fracture load occurred with a well-formed stir zone in the
supercooled liquid region.

6.2.2. Diffusion bonding

To prevent crystallization in BMGs during fusion-based welding, extremely high welding speeds are needed to achieve rapid so-
lidification of the melt pool beyond the critical cooling rate. On the other hand, friction welding techniques facilitate bond formation in
the supercooled liquid state below Ty of BMGs through enhanced elemental inter-diffusion and mechanical interlocking. Nevertheless,
it is important to avoid excessive frictional heating above Tyx. Further, structural relaxation can occur in the HAZ of a welded BMG.

Diffusion bonding is a non-fusion joining process that involves the use of heat and pressure to create a bond between two solid
materials. The initiation of the diffusion bonding process involves the plastic deformation of surface ridges in the weldments caused by
the applied load [497]. As a result of this deformation, the fragile surface oxide layer fractures, and metal without oxide is extruded
through the broken oxides, leading to the connection and bonding of the metal surfaces [498].

Diffusion bonding of BMGs shows great potential for joining large areas with controlled temperatures, offering an alternative to
fusion-based and friction-based methods while helping suppress crystallization in BMGs. However, diffusion bonding poses challenges
due to restricted atomic diffusion and the presence of a stable oxide layer on BMG surfaces [499]. Additionally, the high melting
temperature of certain BMGs can impede elemental diffusion.

Temperature, pressure, and time are found to be crucial for successful bonding during diffusion bonding of BMGs within the SLR
[500]. While diffusion bonding parameters shrink nano-voids and facilitate metallurgical bonding, they may not enhance material
performance. Diffusion can cause structural relaxation and bulk embrittlement. Balancing these aspects is key for successful bonding
and material utility. The optimal joining time for diffusion bonding is typically between 30 and 60 min, while the recommended
pressure ranges from 50 to 150 MPa [499,501].

Fig. 33. (a) Schematic diagram of diffusion bonding (Adapted from [502]). (b) Electron probe microanalysis (EPMA) profile of the joint interface
between Cusy4NigZraoTi;g BMG and SS400 carbon steel when using the Zn-Ag-Al filler metal (Adapted from [502]). (c) Schematic of diffusion
bonding mechanism of BMGs (Adapted from [503]). (d) Prediction map showing relationship between temperature and time for high quality
diffusion bonding (Adapted from [504]). (e) Schematic of thermoplastic joining of BMGs at the SLR. (f) Preparation of the lap shear test samples.
Adapted from [505]. (g) Measured joint strength for various joining temperatures. The dotted line is guide for the eye. (h) Schematic of the
mechanism of joining BMGs in the SLR (i) The influence of the joining conditions on the joint strength. Adapted from [506].
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Kim et al. [502] examined the effects of interlayers using zinc-based fillers in dissimilar diffusion bonding/brazing of
Cus4NigZroTi g BMG and carbon steel (Fig. 33a). The soldering process at 713 K and 15 MPa for 3 min using Zn-Ag-Al filler resulted in
a sound joint with an excellent bonding strength of 45 MPa, compared to 9 MPa for the sample joined with pure Zn filler. Significant
changes in elemental profiles at the SS400-filler and BMG-filler interfaces were observed (Fig. 33b), indicating the absence of detri-
mental phase formation and diffusion. Enhanced wettability, surface-active elements, and suppressed intermetallic compound for-
mation contributed to the improved bonding properties.

Additionally, Hongchao et al. [498] investigated the bonding of Zr-based BMG to crystalline Cu with and without a Ni-foil
interlayer, observing the formation of a thin diffusion layer at the interface in both cases. However, the use of a nickel interlayer
led to crystallization at the interface due to the higher bonding temperature required. As the order—disorder effect at the bonding
interface hinders crystallinity matching in BMG/crystalline dissimilar couples, Wen et al. [22] employed copper and aluminum in-
terlayers as transition materials for diffusion bonding of Zr-based BMGs. This strategy aims for a similarity in volume ratios between
the interlayers and the BMG composition to promote elemental inter-diffusion and solid-state bonding in the SLR. MD simulations were
also utilized to model the diffusion bonding interaction between oxidized BMG interfaces and crystalline alloys, providing insights into
atomic interaction energies [504,507].

The diffusion bonding process can be divided into void formation and void shrinkage stages (Fig. 33c) [503]. The void formation
stage occurs instantaneously and is not time-dependent. When pressure is applied, the contact area of the interface expands rapidly
until it can withstand the applied pressure. Subsequently, the void shrinkage stage takes place, where high-quality diffusion bonding is
achieved through plastic deformation and atomic diffusion as the bonding time increases.

In another study, Lin et al. [504] proposed a diffusion bonding for BMGs, considering the superplastic deformation behavior and
Pilling’s model [508]. The model identified two stages in the diffusion bonding process: plastic deformation and void shrinkage. The
developed model accurately predicted bonding time for a Zr-based MG and presented a map for achieving high-quality bonding with
optimal temperature and time (Fig. 33d). The map included regions for unbondable, bondable, stress-driven crystallizing (SDC), and
crystallizing states. Perfect bonding without crystallization could be achieved within the shaded area below the TTT or SDC lines and
above the predicted bonding time line (Region B).

Most studies in diffusion bonding of BMGs focused on preventing crystallization and surface oxide layer removal to facilitate solid-
state bonding. Kuo et al. [501] characterized the joining behavior of similar and dissimilar BMGs, emphasizing the importance of GFA
parameters such as y (T,/(Ty + T)) and @ (Tr4(ATy/Tg), where Ty = Ty/Ti is the reduced glass transition temperature) in amorphous
bonding quality. In addition, Xu et al. [509] developed a novel method for joining Zr-based BMG through high-speed heating, enabling
rapid inter-diffusion and strong metallurgical bonding. By deforming Zr-based BMG and reducing viscosity in the supercooled liquid
region, cavities were filled and crystallization was avoided. This approach achieved bonding timescales of microseconds with bonded
strength comparable to the strength of BMG.

Further, Saadati et al. [510,511] studied diffusion bonding between a Cu-based BMG and pure aluminum at different temperatures
and holding times. While BMGs undergo diffusion bonding within the temperature range of Ty and T, an optimal bonding temperature
was determined to be 10 K below T,. Various holding times were tested, and it was found that the diffusion couple could be effectively

Fig. 34. (a) Schematic illustration of RSW (electro-pulse joining) of dissimilar BMG laminates (Adapted from [522]). (b) The SLR diagram of
Zr3sTizoCuy sBeyy s at different heating rates. (c) Representative cross-sectional SEM images of the three categories joints. (d) TEM images of the
category II joint (Adapted from [520]). (e) Compression stress—strain curves of the as cast, two-layer (3#) and three-layer (6#) BMGs. The inset
shows schematic drawing of the process (Adapted from [318]). (f) i: Electromagnetic foils; ii: Thin-walled hollow cylinders; ii: i Special-shaped part
(Adapted from[526]).
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bonded without crystallization occurring in the BMG side. A 1-2 pm reaction layer formed at the interface, primarily on the BMG side,
indicating oxygen accumulation and intermetallic compound formation through elemental diffusion.

Regarding surface oxide layer removal and improvements in the bonding quality during diffusion bonding, different methods have
been explored including ion irradiation [503,512,513] and pre-friction assisted diffusion bonding [514,515]. Notably, these studies
demonstrated that removing oxide films increased interfacial diffusion and enhanced bonding quality.

6.2.3. Thermoplastic joining

Diffusion bonding, which relies on long-range diffusion, typically requires joining times of ~ 30-60 min, similar to the timescales
for crystallization within the SLR. However, the diffusion coefficient limitations and the absence of grain boundaries in BMGs pose
challenges for achieving high diffusion rates during the bonding process. Further, the presence of stable oxide layers on BMG surfaces
complicates the quality of diffusion bonding.

In 2014, Chen et al. [505] introduced a thermoplastic joining method for BMGs in ambient air based on the process of breaking the
oxide film and refilling it with pristine MG. The process (Fig. 33e) involved heating BMG strips to the SLR, applying thermoplastic
compression, and maintaining joint strain and time. Surface oxide fracture allowed pristine BMGs to flow through the cracks and
establish metallic bonds, eliminating the need for controlled atmosphere or vacuum. In addition, within a typical timeframe of mil-
liseconds to seconds for thermoplastic joining, the occurrence of crystallization can be effectively prevented.

A lap shear joint specimen was fabricated (Fig. 33f), and the shear strength increased with higher joining temperatures (Fig. 33g).
Fracture morphologies (Fig. 33g) revealed that the width of the bonded regions increases with the joining temperature: approximately
1 pm at 420 °C, 5 pm at 430 °C, and 15 pm at 450 °C. In addition, the constant surface roughness suggested that joint strength is
influenced by the joining process, including temperature and processing time [505].

Later, Liao et al. utilized this technique for joining La-based and Zr-based MG ribbons [516]. The welded samples, featuring
sandwiched structures of La- and Zr-based ribbons, demonstrated improved fracture strength and enhanced tensile strain compared to
solely La-based welded samples, attributed to the strengthening effect of the second phase. The findings highlighted the potential of
MG as an excellent material choice for in-space manufacturing, as it can be successfully processed in a non-melting state while
maintaining favorable mechanical properties.

During thermoplastic joining, the joining mechanism involves three stages (Fig. 33h): deformation and cracking, flowing to
contact, and bonding [506]. Deformation and cracking occur when surface oxide deforms and fractures due to shear stress. Pristine
MGs then flow into the gap through cracked oxide, followed by the formation of metallic bonds during the bonding stage. The bonding
time is crucial for effective bonding as it allows more MGs to join and increase the bonding area. Understanding this mechanism, Peng
etal. [506] established a correlation between joining conditions and joint performance, specifically joint strength (Fig. 33i). The joint
strength is primarily influenced by the area fraction of bonded regions, which can be controlled by adjusting joining conditions such as
temperature, pressure, and bonding time.

6.2.4. Resistance spot welding (RSW)

RSW uses the application of pressure and electric current through two opposing electrodes to create heat and join the materials at
specific points of contact between two metal sheets or parts, known as weld spots (Fig. 34a). The rapid and localized heating during
RSW is advantageous to join BMGs as joining time it short enough to prevent crystallization and minimize structural relaxation within
the SLR. RSW has been successfully used to join Zr-based [29,517-520], Ti-based [521], and Pd-based [318] BMGs and dissimilar
joining of Zr-based/Pd-based [522] and Zr-based [523] BMGs.

Yang et al. [522] explored supercooled liquid state joining of dissimilar BMGs with non-common supercooled liquid regions using
RSW. The Zrs5Cu3pAl;oNis and Tig; ZrasBeogCug BMG sheets were successfully joined, achieving a remarkable tensile shear strength of
~ 1.7 GPa. The Lasocka equation [524], which relates heating rate and characteristic temperature, guided the joining process. High
heating rates allowed for the overlap of supercooled liquid regions and reduced the viscosities of dissimilar BMGs, which exhibited
significant differences at low heating rates.

The RSW method, despite being classified as a fusion welding method [525], exhibits different joining modes in BMGs depending
on the energy density. By applying different discharge voltages, Yang et al. [520] identified three modes of joining during RSW of
Zr35TizpCuy sBeay s BMG sheets (Fig. 34b): supercooled liquid state joining (Category I; 220-268 V), crystalline phase joining
(Category II; 278-286 V), and liquid phase joining (Category III; 288-350 V). The crystalline phase joining demonstrates the highest
strength, while the liquid phase joining surpasses the supercooled liquid phase joining. Increasing energy density leads to larger joint
areas (Fig. 34c), with distinct blending patterns emerging at higher densities, indicating flow and the formation of a strong metallic
bond. TEM analysis (Fig. 34d) reveals an intermixed microstructure with amorphous matrix and small nanocrystalline particles for
crystalline phase binding. The presence of Ti solid solutions explains the enhanced shear strength in the crystallized samples compared
to the uncrystallized ones.

Fujiwara et al. [518] successfully joined ZrsoCusgAl;oNijgo BMG sheets using small- RSW, preserving the amorphous structure and
ensuring sufficient joint strength. Metal expulsion during welding led to the drainage of supercooled liquid and the formation of small
liquid droplets. The estimated cooling rate exceeded 102 K/s, preventing crystallization. Moreover, increasing the welding current
resulted in larger weld nuggets and a transition from shear to nugget pull-out or tear failure due to increased tensile load. The shear
strength of the joints reached approximately 730 MPa, representing 75 % of the base alloy strength.

RSW has been also utilized to manufacture sandwich-laminated BMG plates. Ma et al. [318] developed multi-layer laminated Pd-
based BMGs using an electric current induced heating process. By stacking and heating the multilayer BMG sheets in a vacuum
environment, followed by compression and holding, the bonded BMG samples exhibited improved plasticity compared to the brittle
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fracture behavior of the as-cast specimen (Fig. 34e). The two-layer BMG sample had slight improvement, while the three-layer BMG
samples demonstrated significant enhancement. The bonding interface in the multi-layer BMGs played a vital role in enhancing
mechanical properties by extending cell patterns. Additionally, Guo et al. [523] joined dissimilar Zr-based BMGs, fabricating amor-
phous sandwich-laminated plates without crystallization. The joints showed uniform elemental distribution, indicating a strong
metallurgical bond. The welded laminate had comparable tensile strength to the original glasses. Fracture analysis revealed multiple
failure planes, suggesting crack branching across the joint interface, resulting in enhanced strain energy absorption compared to
monolithic BMGs.

RSW has been recently used for joining Fe-based MG ribbons and making 3D structures [526]. The integration of pulse power
supply, multi-dimensional platform, and multi-head delivery mechanism enables continuous heating and pressing of MG ribbons,
facilitating the manufacturing of diverse 3D)geometries [526]. This method has been successfully applied in fabricating various MG
components, as shown in Fig. 34f.

Spark welding is another welding method relying on a high-energy electrical discharge to create the necessary heat. Kawamura and
Ohno [527] could join ZrssAl;oNisCusg BMGs by spark welding under pressure, resulting in no crystallization, visible interface, and
maintaining the original tensile strength of 1540 MPa. Metallurgical bonding was achieved through interface local melting without
crystallization in the HAZ.

6.3. Solid-state welding

6.3.1. Impact welding techniques

Impact welding techniques use high-energy collisions to create a bond between two materials. The main impact welding techniques
used for joining BMGs are magnetic pulse welding and explosive welding.

Magnetic pulse welding is a solid-state joining method that utilizes powerful electromagnetic forces to achieve high-speed welding.
By employing pulse currents to generate repelling magnetic fields, the impulsive Lorenz force is harnessed to accelerate the joining
materials, leading to a high-velocity collision and the formation of welded joints.

Watanabe et al. [528,529] joined pure aluminum plate with micrometer-sized Zr-based MG foils by magnetic pulse welding,
resulting in a wavy interface in both similar-metal and dissimilar-metal joints. An intermediate layer formed along the wavy interface,
comprising ultrafine aluminum solid solution grains and multiple thin layers of amorphous phase with a different composition from the
MG matrix.

The discharge voltage, gap, inductance, and capacitance are key factors that determine the welding quality during magnetic pulse
welding. The discharge voltage controls the output energy and velocity, while the gap between sheets affects the collision velocity of
the flyer sheet. Inductance and capacitance typically remain constant with specific welding equipment. By exploring weldability
window under various discharge voltages and gaps, Wang et al. [530] could join Zr-based BMG sheets of 1 mm thickness to 1060 Al
sheet using the typical magnetic welding process shown in Fig. 35a. A current pulse in the coil created a high-density magnetic flux,
inducing an eddy current on the flyer Al plate. The interaction of these opposing magnetic fields generated a repulsive force, welding

Fig. 35. (a) The schematic of magnetic pulse welding. (b) Macroscopic appearance of Al/Zr-BMG lap joints. (c) TEM analysis of the interface.
Adapted from [530]. (e) Schematic of explosive welding. (f) TEM characterization of joint interface. The inset in the top left corner shows the joint
composite (Adapted from [531]). (g) Calculated temperature history curve of the MG foil near a typical collision point. The insets show SEM image
of the weldment and temperature contours of the weldment at t = 10 ps (Adapted from [532]).
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the Al plate to the Zr-based BMG (Fig. 35b). A thin interlayer (~2.5 pm) composed of amorphous phase and Al nano-particles formed at
the welding interface, displaying vortex-like structures (Fig. 35¢). Further, the Zr-based BMG maintains its amorphous structure after
magnetic pulse welding, confirmed by diffraction patterns. Chemical analysis of interlayer regions (labeled P1-P5) reveals Al-Zr atomic

Fig. 36. (a) Schematic diagram of the ultrasonic welding set-up under vertical vibration. (b)Stress-time curves of Ultrasonic welding under 150 J
and 50 J. (c¢) Thermal imaging temperature acquisition during ultrasonic welding process (Adapted from [552]). (d) Schematic diagram illustrating
the mechanism of interfacial bonding of MGs, adapted from [553]. (e) Original sample, bonded sample, and sectioned welded sample images
(adapted from [544]). (f) MGs overlaid by ultrasonic welding (adapted from [552]). (g) “M” and “T” symbol MGs prepared by ultrasonic welding.
(h) heterogeneous MGs prepared by ultrasonic welding. (i) SEM image of Pt-based and La-based MGs welding seam. (j) Pt-based and La-based MG
nanowire of heterogeneous welding samples. Adapted from [552]. (k) Schematic diagram of the ultrasonic welding under liquid set-up. (1) Three
different joint prepared by ultrasonic welding: butt-joint, lap joint, and T-joint.
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mixing in regions P2 (64.2/35.8 at.%) and P3 (80.3/19.7 at.%), respectively. Region P4 exhibits a similar Al/Zr atom ratio (13.8/86.2
at.%) to the Zr-BMG matrix (P1, 13.2/86.8 at.%). The presence of a long strip in the interlayer originating from the Zr-BMG matrix
indicates substantial material movement and mixing during the welding process. Theoretical analysis suggested that vortices were
initiated by local metal melting and fusion joining mode driven by stress waves from high-velocity impact.

Recently, Lazurenko et al. [533] successfully joined Ti foils and Ti-based MG ribbons by magnetic pulse welded to form three-layer
composites. Mixing zones with increased titanium content were observed at the severe welding interface. The Ti foil exhibited fine-
grained structure and grain twinning due to high-strain-rate deformation. The amorphous structure of the Ti-based MG was pre-
served, with nanosized a-Ti precipitates found in the mixing zones. A face-centered phase and the formation of titanium oxides and
nitrides were also observed at the interface.

Another impact welding technique is explosive welding. Explosive welding is a solid-state joining method that utilizes controlled
explosive detonation on metal surfaces. The detonation generates an extremely high-pressure shockwave that propels the flyer plate
onto the base plate, resulting in a high-speed collision at the interface (Fig. 35d). During this collision, the materials experience severe
plastic deformation and local melting, leading to the formation of metallurgical bonds. The main processing parameters during
explosive welding include collision point velocity V., collision angle f, and the velocity of flyer plate V},. Explosive welding enables
joining of both similar and dissimilar materials [534]. Explosive welding and magnetic pulse welding exhibit similar structure for-
mation, including waves, mixing zones, amorphization, metastable phases, and nanosized particle precipitation. This similarity arises
from their shared principle of high-velocity collision.

Explosive welding has been used for dissimilar joining MGs (Zr-,Ni-, Ti-, and Fe-based) to Al [531,532,535,536], Ti [29,537],
stainless steel [537,538], brass [539], and Cu [540]. Jiang et al. [539] introduced a thick-walled cylinder explosion method for joining
a Zr-based BMG (Vit. 1) and brass. The study demonstrated the successful formation of a robust metallurgical bond, attributed to
extensive atomic diffusion at the welding interface and the propagation of shock waves within the weldment. In addition, Liu et al.
[535] utilized parallel plate explosive welding technique to join a crystalline aluminum and a Ti4oZrpsCu;oNigBeog BMG. Experimental
and numerical evidence confirmed atomic-scale bonding between the BMG and aluminum, preserving the amorphous state without
crystallization. Nanoindentation tests showed significantly increased hardness at the explosive joint interface. In another study,
Zrs3CussAl 2 BMG and crystalline Cu were explosively welded, resulting in a defect-free bond. Characterization techniques confirmed
a tight connection and the formation of a thin diffusion layer at the interface. The BMG retained its amorphous state near the interface,
while amorphous and partially crystallized structures were observed within the diffusion layer. The interface exhibited increased
hardness compared to the surrounding matrix [540]. The observation of interfacial (melt) zones during ultrasonic welding are mainly
ascribed to trapped metal jet [534].

Conventional explosive welding in open air has drawbacks like noise, air pollution, vibration, and destruction of thin foils. In
contrast, underwater explosive welding minimizes pollution and vibration. Water, with its high density and incompressibility, serves
as a pressure-transmitting medium, preventing high temperatures. This enables the propagation of forces for welding the flyer plate
and base plate. Underwater explosive welding has potential to minimize crystallization when joining BMGs with dissimilar materials.

Hokamoto et al. [538] investigated underwater explosive welding to join a thin Ni-based MG foil to a 304 stainless steel base plate.
A varied-thickness explosive assembly ensured uniform pressurizing conditions along the 50 mm welded length, resulting in clear
waves at the interface. Microscopic analysis revealed excessive melting due to metal jet confinement. Numerical analysis considered
the importance of parameters like dynamic bending angle and horizontal collision point velocity. More recently, Liang et al. [531,536]
joined Zr-based BMG sheet to aluminum 1060 plates without any noticeable cracks on the surface (inset in Fig. 35e) using the same
technique. Fig. 35e showcases a well-bonded interface with a coating thickness of ~ 25 pm, matching the original foil thickness. The
MG foil exhibited no visible defects like gaps or inclusions. Electron diffraction characterizations conducted on three positions within
the interlayer (Fig. 35e insets): The inset (b) exhibited a crystalline lattice structure, indicating the presence of the Al phase. The inset
(c) showed a mixed phase with lattice structures and an indistinct halo ring, suggesting crystallization and nanocrystals. The inset (d)
displayed patterns with only a halo ring, confirming the amorphous structure of the Zr-based BMG after explosive welding [531].

Fig. 35f shows temperature changes during and after explosive welding of Fe4oNisoP14Bs MG foil with aluminum plate from nu-
merical simulation [532]. The insets display SEM micrograph of the weldment and temperature contours near the interface at t = 10
ms. High temperatures are observed near the collision points. The average temperature in the collision zone after impact is approx-
imately 850 K, below the melt temperature (1150 K) but above the Tg (660 K). The temperature rises rapidly during welding (10°K/s)
and decreases rapidly afterwards (107 K/s), exceeding the critical cooling rate (10° K/s) to preserve the amorphous state. A thin, high-
temperature region near the collision zone contributes to these high cooling rates, as supported by experimental and theoretical
findings.

6.3.2. Ultrasonic welding

The ultrasonic welding of MGs involves placing two MG components in contact and subjecting them to high-frequency ultrasonic
vibrations. During ultrasonic welding of MGs, vibrations can be transmitted to the mating surfaces in either vertical (normal) direction
or the parallel direction. While the latter mainly generates localized frictional heating to the SLR at the interface between the foils
[541-543], the softening mechanism in the former is based on vibration-induced enhancement of atomic diffusion and formation of a
strong bond between the two pieces [544] at temperatures well below T, (Fig. 36a). This method has unparalleled advantages in the
welding of both similar and dissimilar metals compared to other welding methods [545,546]. In addition to the welding of MGs-MGs,
ultrasonic vibration has also enabled the joining of amorphous-crystalline metals by introducing low melting point solders or external
heating source [547-550].

Ultrasonic welding in vertical direction does not require flux or external heat sources, does not deform due to heating, and has no
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residual stress. It also has low requirements for pre-weld surface treatment. It can not only weld similar metals but also meet high
welding requirements for dissimilar metals. Additionally, it can weld thick plates [551]. Ultrasonic welding in vertical direction boasts
numerous advantages including fast operation, energy efficiency, high joint strength, good conductivity, spark-free process, and solid-
state processing.

Based on the information provided in Fig. 36b, it seems that the entire welding process lasted less than 1 s, which indicates that it
was a relatively quick process. Additionally, the welding stress was lower than 1 MPa, which suggests that the stress levels experienced
by the material were relatively low [552]. Meanwhile, researchers also used an infrared camera to record the temperature changes
during the ultrasonic process in vertical direction, as shown in Fig. 36¢. The results showed that the highest temperature reached was
only 356.8 K, which is much lower than the T, temperature of the material. This characteristic sets it apart from other special processes
and becomes a distinct advantage, as it effectively preserves the disordered structure of MGs, thereby harnessing their high strength
and other inherent benefits. The unique mechanism of welding under vertical ultrasonic vibration is not based on thermal effects;
instead, it relies on UVIP, which is discussed in detail in Section 5.2.

The dynamic heterogeneity of MGs, coupled with the expansion of the liquid-like region induced by vertical ultrasonic vibration,
contributes to the creation of a fluidic state across the entire interface [211]. Consequently, the vertical ultrasonic vibration triggers
cavitation and acoustic streaming effects in the softened MGs, leading to strong convection and turbulence. These effects, in turn,

Fig. 37. The properties of the MG joints obtained by ultrasonic welding. (a) CT images of welding samples under different energies (Adapted from
[5441). (b) TEM images of the Pt-La-based MG. (c) Distribution of the linear elements perpendicular to the welding surface. Adapted from [552]. (d)
Compressive stress—strain curves of as-cast and jointed sample. (e) Load depth curves of as-cast and jointed sample by nanoindentation [13]. (f)
Hardness distribution of dots across welding seam under differ energies, adapted from [544].
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Table 3
Hardness values of PMs, hardness at the joint interface, and joint strength data obtained through various techniques of welding and joining of MGs.
Welding/joining Parent metals (PMs) Hardness of PMs Hardness @ joint Joint strength Ref
method (HV) interface (MPa)
(HV)

Fusing welding

Laser Welding Zr41Ti;4Cu;oNiqoBeos BMG:510-550/ 500-550 [454]
Zirconium Zr:90-133
(Zrs3Al17C029)99Tay 620 660 [448]
(Zrs3CuzoNigAlg)Sio 5 585 589 [459]
Zrs5CusoNisAlyo 520-530 510-560 2667/2568 (flexural strength) [462]
Zrs5CusoNisAlyo [446]
(Zr45Cuz6AggAlg)Sip 75 527-535 514-535 [460]
TigoZrasNizCugsBesg 1650 (tensile) [452]
CegsAl;gCuzoCos 243/308 (tensile) [447]
Pd43Cuy;NijoPao 714 714 [451]

Electron beam welding Zr41Beo3Ti 4CupoNipg 415 (flexural strength) [465]
Ni
Zr62A113Ni7Cul8 BMG:360/Ti:175 375 [471]
Ti
Zr41Beo3Ti 4CuoNipg 642 (flexural strength) [466]
stainless steel
Zr41Bes3Ti4Cu;oNijo 1840 (tensile) [467]
Zr metal
Zr41BeosTi;4CupoNijg 850 (flexural strength) [470]
Ti metal

reactive foil joining Zrs7TisNigCuppAly o 150 (shear) [474]
Zrsg 5Cuys gNiq2 gAl1g 3Nba g BMG:456/Cu:95 200-375 [558]
Cu metal
Zrs;TisCugoNigAl; o 480 (shear) [472]
Ni/Al multilayer foils

Supercooled liquid state

welding

RFW ZrssAl; oNisCuso 545-560 550 [480]
TigoZrasNizCuiaBesg 1540 (tensile) [485]
Zr41Ti14Cui2,5NijoBeas s 655 650 [481]
ZrssAly oNisCusg 545-560 550 [482]

FSW ZrssCuszpAl; oNis 525-530 525 [490]
Zrs5CuspAl;oNis 432 (tensile) [493]
Al-Zn-Mg—Cu alloy
Zrs5CuszpAl; oNis BMG:542/Cu:70 80 253 (tensile) [487]
pure copper
Zrs3Al,5Ni; oCusgoTis 480-500 480-500 1491 (tensile) [491]
ZrssAlyoNisCuzg
Zr46CuyeAlg BMG:545/A1:50 150 190 (tensile) [494]
pure aluminum

FSSW (Tis1ZrosBessFeg)osCly 475 440-590 [495]
Zr4y 5Ti13.8Cuy25NijgBegs s 260 (shear) [489]
Mg alloy (AZ31B) and Al alloy
(A5052-H32)
Zrss5CuszpAl; oNis BMG:673.7 /Cu:67.8 shear tensile load of 2300 N [488]
pure copper

Diffusion bonding ZrssCuzpAl;oNis 194.38 (shear) [514]
Cus4NigZrosTing BMG: 675 45 (shear) [502]
carbon steel
CusoZra3Al; BMG:300-400/Al: 30 ~200 ~11/~17 (compressive shear) [510]
aluminum (AA1050) alloy
Zrs5CuszpAl;oNis 508 138-155 (shear) [559]
Al alloy
ZrssCuzpAl;oNis 58.42 (tensile) [515]
Al-5Fe alloy
Zrss.5Al10CuysNijgBea s 1510-3350 (flexural strength) [500]
ZrgsAl oNijoCuss 138-155 (shear) [499]
ZrssCuszoAl; oNis BMG:816-1428/ 90,/105/110 (tensile) [512]
aluminum alloy Al:51-76.5
Zr41.5Ti13.6Ct12 5NijoBess s 587-612 587 [509]

Thermoplastic joining Zr3sTizoCuy sBeyy s 775-877 816 72/179 (shear) [505]
LagoNijsAlos 327 (tensile) [516]
Zre4.13Cu15 75Ni10.12Al10

RSW ZrssCusg AljoNis 673-694 673-693 1700 (shear) [522]

(continued on next page)
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Welding/joining Parent metals (PMs) Hardness of PMs Hardness @ joint Joint strength Ref
method (HV) interface (MPa)
(HV)
Zr3sTizoCuy sBeas s 837—1467 (shear) [520]
ZrsoCuszpAlygNipo 730 (shear) [518]
Spark welding Zrs5CusoNisAl; o 1540 (tensile) [527]
Solid-state welding
Magnetic pulse Tiss. gNijo.5Zre 8Cui7.8Besg ¢Vo.g MG: 600/Ti foils:195 670 [533]
welding pure Ti foils
Explosive Welding Zr4y 2Tii3.8CuyoNijo 5Bess s Zr/Ti: 300-400 (tensile) Zr/SUS: [537]
pure Ti and SUS304 plates 400-500 (shear)
TigoZr5Cus2NizBeyg crystalline BMG:714-867/ 1275 [535]
aluminum Al:51-102
ZreoTi7CuyNipg BMG:1000-1200/ 180 [531]
1060 Al Al:100
Fe4oNigoP14Bg BMG:714/AL:51 [532]
aluminum plate 1060
Zrs3CugsAlyy BMG:765/Cu:204 867 [540]
Crystalline Copper
Ultrasonic welding ZrgoCussAlsTiy 68 (shear) [548]
1060-Al alloy
Zr-14Cu-10Ti-8Ni 20-50 (shear) [550]
Ti-6Al-4 V alloy
LagsAlxsNisCuy gCos 220.5-251.21 220.5-251.2 [544]

thoroughly break the oxide layer and facilitate the mixing of fresh softened MGs. As shown in Fig. 36d, this dynamic process results in
the formation of a tighter bond between the MGs, ensuring a robust and well-connected joint.

La-based BMG had been demonstrated to be welded using ultrasonic technology into larger blocks of MG, as shown in Fig. 36e
[544]. The interface of the welding joint had no gaps, and the sample remained intact with no damage or defects in the weld [544]. As
shown in Fig. 36f, Zr-based MG multilayer stacking samples were also prepared using ultrasonic welding, suggesting that the additive
manufacturing of BMGs can also be achieved using ultrasonic technology [552]. Finally, as shown in Fig. 36g, BMG plates were welded
into “M” and “T” shapes. Subsequently, in 2021, the research team optimized the welding process and successfully welded La-, Pd-, and
Zr-based BMGs (Fig. 36h-i) [552]. After welding, different substrate MGs can be thermoplastically formed into nanowire structures
(Fig. 36j), resulting in a dual-phase amorphous alloy nanowire structure.

Conventional ultrasonic welding processes are typically completed at atmospheric pressure, and have not been used in low-
temperature and atmospheric-isolated environments such as the ocean or space. Some researchers have proposed ultrasonic weld-
ing of MGs in various complex environments, such as liquid water, seawater, alcohol, and liquid nitrogen. Fig. 36k shows a schematic
of ultrasonic welding of MGs in various complex environments, where the punch and welding parts are placed in a liquid environment
to complete the welding. Fig. 361 shows the samples after welding, including butt joints, lap joints, and T-joints, indicating that ul-
trasonic welding can be used to weld MGs in the aforementioned complex environments. Therefore, ultrasonic welding of MGs has
great potential and can be adapted to various complex environments [553].

What are the properties of the amorphous alloy joints obtained by ultrasonic welding method? First, as shown in Fig. 37a,
computed tomography (CT) scanning technology is used to characterize the alloy structure [544]. If there are gaps or welding defects
in the structure, they will be marked in black in the figure. It can be easily seen from the figure that when the welding energy is
increased to 400 J, the welding gaps and defects have completely disappeared. Therefore, it can be concluded that ultrasonic welding
of MGs can completely bond the MG samples into a whole without any defects or gaps.

The TEM analysis (Fig. 37b) reveals a disordered atomic arrangement, as shown in the magnified image, with a diffraction halo-like
pattern indicating complete glassiness. After bonded the MGs shows a gap-free welding interface between the La-Pt-based MGs, with
the white and black regions indicating the Pt-based and La-based MGs, respectively. Elemental distribution analysis across the
interface confirms no significant increase in oxygen content (Fig. 37c). Therefore, the formation of a metallic bond at the MGs interface
clearly indicates that any surface oxide layer, if present, would have been broken down into fragments under ultrasonic vibration
[552].

Regarding the performance of the welding joints, the tensile performance curve of the welded samples is shown in Fig. 37d, and the
fracture strength performance of the welded samples is not significantly different from that of the cast samples. The nanoindentation
data in Fig. 37e also show that the micro-properties of the samples before and after welding has not changed significantly [553]. The
hardness of the welding seam area under different welding energies in Fig. 37f also shows that the strength of the MGs can be restored
using appropriate ultrasonic welding energy [544]. The above data fully demonstrate that ultrasonic processing of MGs has the ad-
vantages of tight bonding and no impact on the performance of the joints, which can achieve the large-scale production of BMGs and
promote their wide application.

The weldability criteria for ultrasonic vibration welding are commonly associated with welding energy (or time): insufficient
energy results in poor welding effects, while excessive energy can trigger crystallization phenomena [383]. Therefore, appropriate
values must be selected based on the specific materials involved. According to the findings by Li et al. [544], the optimal energy for La-
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based materials is below 300 J, while for Zr-based materials, it is around 500 J [553]. In liquid environments, this value needs to be
higher due to energy dissipation.

Other parameters influencing weldability include welding pressure, amplitude, and frequency, with the frequency of ultrasonic
vibration having the most significant impact. Both simulations and micro-zone experiments have illustrated that higher vibration
frequencies accentuate the softening phenomenon in MGs [211], thereby facilitating the welding process [553]. For instance, at
72,000 Hz, the average viscosity of Zr-based MGs has decreased by three orders of magnitude compared to the viscosity at 200 Hz
[553,554]. Although existing literature on ultrasonic welding has primarily explored frequencies up to 20,000 Hz, achieving metal
bonding in various MGs, experimenting with welding equipment featuring even higher frequencies could represent a breakthrough in
MG welding technology.

Table 3 offers a comprehensive dataset, presenting hardness values of parent metals (PMs), hardness at the joint interface, and joint
strength for various welding and joining methods in MGs. The data provide valuable insights into the mechanical properties and
performance of the joints achieved through each method.

During the welding of BMG components, the hardness values of the parent BMG and the joint interface are typically comparable.
However, some welding techniques have shown larger joint hardness values than their parent BMG counterparts. For instance, FSSW
welding of a Ti-based BMG [495] and laser welding of Zr-based BMGs [448,462] have reported higher joint hardness. In dissimilar
welding, the hardness value at the joint interface usually falls between the hardness of the PMs. Nevertheless, in certain dissimilar
welding cases, a remarkable increase in hardness at the joint interface has been observed. Examples of such cases include magnetic
pulse welding of a Ti-based BMG to pure Ti foils [533], EBW of a Zr-based BMG to Ti [471], and explosive welding of a Ti-based BMG to
crystalline aluminum [535] and a Zr-based BMG to crystalline copper [540]. The increase in hardness at the joint interface is generally
an indication of induced nanocrystallization or minute diffusion of elements from the crystalline PM to the weld-affected zone.

Joint strength is a critical parameter in engineering applications. The values of joint strength in Table 3 exhibit significant vari-
ation, mainly attributed to the test method used and the inherent strength of the PMs. In a given row, the range of joint strength values
highlights the dependence on welding parameters. Based on reported data, diffusion bonding of Zrsz 5Al;oCuis5NijgBejz 5 BMG ach-
ieves the highest flexural strength of ~ 3 GPa [500], followed by laser welding of Zrs5CusgNisAl;g BMG with ~ 2.5 GPa [462]. On the
other hand, the lowest strengths have been observed in shear strengths of joints made by diffusion bonding a Cu-Zr-Al BMG to

Fig. 38. Laser-based AM techniques. (a) Schematic of SLM process (Adapted from [562]). (b) Fe-based 3D printed MG scaffold structure on top of
316L steel base plate (Adapted from [563]). (c) Schematic of DED process (Adapted from [562]). (e) Schematic illustration of LFP method (Adapted
from [564]). (f) As-fabricated amorphous 3D parts by LFP (Adapted from [565]). (g) Schematic illustration of LIFT 3D printing. (f) Optical (top) and
SEM (bottom) images of LIFT-printed MG microbridge hanging 100 um above surface. Adapted from [566].
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aluminum alloy (~11-17 MPa) [510], and ultrasonic welding of Zr-based BMGs to 1060 Al alloy (68 MPa) [548] and Ti-6Al-4 V alloy
(20-50 MPa) [550].

The matter of fracture toughness warrants attention, as there is limited literature addressing the fracture toughness of welded
samples. In the case of reactive joints in Zrs;TisNigCugpAl; o BMG, formed using Al/Ni reactive multilayer foils, the fracture toughness
increases with compressive loading, reaching a peak value of 12 MPa m'/2. This value is approximately two-thirds of the fracture
toughness observed in the as-cast MG [555]. Additionally, La-based materials welded under ultrasonic vibration exhibit a fracture
toughness of 4.56 MPa m'/2, as estimated using the indentation method [544,556]. Notably, this value closely aligns with the fracture
toughness of cast samples, which is recorded at 5 MPa m'/2 [557].

7. Additive manufacturing (AM) of MG components

This section delves into the fascinating world of AM of MGs, exploring its principles and the process-structure-property re-
lationships in MG parts fabricated by AM strategy.

According to the standard terminology for AM technologies (ASTM F2792-12A [560]), metal AM techniques are divided into four
main categories: powder bed fusion, directed energy deposition, binder jetting, and sheet lamination. These techniques are further
subcategorized based on the specific attributes of the high-energy heat source and the form of the feedstock used. While AM techniques
to fabricate MG components are not well classified, or only classified according to the type of feedstock material (powder/non-powder)
[34], this review classifies various AM techniques based on the underlying manufacturing principles.

7.1. Laser-based AM techniques

Laser-based AM, involves layer-by-layer deposition of metallic materials by melting and solidification of MG feedstock using a high-
power laser beam [561]. The high cooling rates achieved during the process enable the formation of large-sized BMGs. Furthermore,
laser-based AM has outstanding ability to fabricate multi-material structures with complex geometries, offering opportunities for
creating functionally gradient materials with tailored properties. However, challenges such as control over the cooling rates and
solidification defects still need to be addressed to achieve optimal results.

7.1.1. Selective laser melting (SLM)

SLM is a powder bed fusion process for creating complex 3D structures using a high-energy laser beam. It involves selectively
melting and fusing metallic powders layer by layer based on computer-aided design (CAD) models. SLM is also referred to as laser
powder bed fusion (LPBF). The process (Fig. 38a) includes preparing a metallic substrate as the build platform, spreading metal powder
uniformly, scanning the powder with a high-energy laser beam (e.g, fiber laser with micrometer-sized spot), and gradually building up
the component layer by layer. To ensure quality, parameters such as laser power, scanning speed, hatch spacing, and layer thickness
are carefully controlled. A protective environment with gases like nitrogen, argon, or helium is used to prevent contamination and
oxidation [561].

The SLM process offers high cooling rates at a local level, reaching approximately ~ 10° K/s [567], allowing for the synthesis of
BMG components in a layer-by-layer approach. Interestingly, SLM enables the production of BMG parts with larger dimensions
compared to cast counterparts. Pauly et al. [563] made the first attempt to fabricate a complex lattice structure using SLM
Fey4Mo4P1¢Cy 5B2 5Si2 powders (Fig. 38b), showing no increase in crystalline volume fraction. Later, Mahbooba et al. [568] reported
fabrication of large size FeCrMoCB BMG with thicknesses ~ 15 times larger than the thicknesses achieved by conventional casting
(<2mm). Other studies have successfully fabricated BMG structures using various systems such as Zr-based [569-576], Al-based
[577,578], Fe-based [563,579-581], and Ti-based [582,583] alloys. SLM is the most extensively studied AM technique for BMG
structures [35].

7.1.2. Laser-based directed energy deposition (DED)

DED, also known as laser engineered net shaping (LENS), direct metal deposition (DMD), and laser solid forming (LSF), utilizes
powder or wire feedstock material [562]. The process involves injecting the feedstock into the deposition zone and using a high-power
laser to melt and depositing the material in a layer-by-layer fashion (Fig. 38c). DED offers advantages such as higher deposition rates,
the ability to work with multiple powder compositions, adaptability for coatings and repairs, and processing of large part volumes.
While DED may result in lower dimensional accuracy and larger surface roughness compared to SLM, its benefits make it a preferred
choice for coatings/cladding and repair, and processing of large part volumes [562].

DED technique offers the advantage of achieving high and localized cooling rates at each deposition point, thanks to the small size
of the melt pool and efficient thermal energy conduction into the substrate. This enables the processing of net-shaped MG components
through careful control of cooling conditions. Initial attempts at 3D printing MGs with DED focused on simple shapes using gas-
atomized FesgCrisMnoBig C4Mo0oSiyW1Zr; (at.%) powder [584], but resulted in partially crystalline structures. Since then, several
works have reported partially crystalline Zr-based [585-587] BMGs built by DED process with sizes larger than the critical diameters
by casting. Fig. 38d shows 3D BMG structures built by the DED process. Due to the difficulties in achieving fully amorphous BMG parts
by DED process, the process has been mainly used in fabricating Zr-based [588-591], CuZr-based [592], and Fe-based [593] BMGCs,
some of which contain controlled gradient structure [588,590]. Further, DED has also enabled fabrication of Nb-reinforced [594] and
Ta-reinforced [595] ex-situ BMGCs.
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7.1.3. Laser foil printing (LFP)

In contrast to conventional laser-based AM techniques using metal powders, LFP utilizes metal foils as the feedstock material. The
LFP process (Fig. 38e) involves laser welding to join the foils and laser cutting to shape the desired regions [564]. Each layer is
constructed by securely positioning a foil on a substrate, welding it, and cutting off the excess. This iterative process continues until the
3D part is fully formed. While LFP is cost-effective and straightforward [565], it generates higher material waste compared to SLM,
where unused powders can be reused.

During LFP of BMGs, amorphous foils (~100 pm thick) are laser-welded layer by layer, forming 3D amorphous structures. Critical
parameters include laser power, pulse duration, and spot spacing. With proper parameter selection (i.e., laser power, laser pulse
duration, and spot interspacing [596]), LFP achieves equal or improved amorphization compared to as-cast foils [565,596]. Unlike
processes involving powder spreading and fusion dynamics, LFP enables layer-by-layer fabrication through selective laser welding of
metal foils, yielding low-porosity 3D printed BMG parts. LFP has successfully produced Zr-based BMG parts with gradient/laminated
structures and enhanced mechanical properties [565,596-598]. Fig. 38f illustrates 3D parts created using LFP with of Zrsy 5TisAlj.
Nij46Cuy7.9 amorphous foils. Laser foil printing holds promise for AM of MG components, with untapped potential for further
exploration.

Fig. 39. Microstructural characterization in additively manufactured (AMed) BMGs processed with laser-based techniques. (a) Microstructures of
the deposits with one, two, four and seven layers. Adapted from [585]. (b) SEM image of the 3D printed Zr-based BMG by SLM (Adapted from
[601]). The inset shows the scanning track including molten pool and HAZ. (Adapted from [602]). (¢) Left: SEM image showing the microstructure
in the cross section of the single-track deposited BMG; Right: spatial distribution of crystallization obtained from the FEM analysis. (d) TEM bright-
field image from the boundary of molten pool and HAZ and corresponding electron diffraction patterns in the SLMed BMG (Adapted from [601]). (e)
The scattering intensity I(Q) versus scattering vector Q obtained from high-energy XRD (HE-XRD) analysis. The inset shows schematic illustration of
four relative positions 1-4 where HE-XRD experiments are conducted. Adapted from [604]. (f) Temperature history and crystallinity simulations at
five different positions during SLM process of BMG (Reproduced from [605]). (g) Simulated thermal history during layer-by-layer DED process. The
inset curves show schematic cross section of five deposited layers and thermal cycle curves after some typical tracks and the TTT diagram of
ZrsoTisCua;NijgAlg BMG (Adapted from [604]). (h) The simulated predicted values and experimentally measured values of the size of HAZ at
different remelting times (Adapted from [605]).
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7.1.4. Laser-induced forward transfer (LIFT) printing

LIFT is a novel technique for micro-3D printing of metallic components [599]. It involves heating a thin film on a transparent
substrate with a laser pulse, propelling micro-droplets onto a receiver substrate (Fig. 38g). This enables the digital printing of intricate
3D structures with high accuracy. However, LIFT-printed metal structures often have voids, resulting in inferior mechanical, electrical,
and thermal properties compared to bulk metal counterparts [600].

The high cooling rates during LIFT printing, ranging from 108 to 10! K/s, enable the digital fabrication of BMGs. Successful
printing of ZrPd-based MG structures has been demonstrated under normal atmospheric conditions (Fig. 38h) [566,600]. The printed
structures exhibit dense and compact structures with minimal voids, indicating high quality. However, there is limited literature
available on micro-3D printing of MGs using the LIFT technique.

7.2. Solidification in laser AM of BMGs

Laser-based AM techniques involve the localized melting of feedstock metal to form the desired BMG components. The repetitive
cycles of heating and rapid cooling during the printing process play a crucial role in solidification and formation of amorphous and
partially crystalline microstructures in BMGs.

7.2.1. Microstructure evolution

The microstructures of 3D printed BMGs often exhibit inhomogeneities at different length scales, primarily due to repeated laser
scanning. At the microscale, the microstructures of BMGs deposited by SLM [601-603], DED [585,587], and LFP [564] consist of
featureless amorphous molten pools (MPs) surrounded by crystalline HAZs with sporadic micropores. For example, the microstruc-
tures of Zrs5CuspAl;oNis BMG deposited by DED show distinct crystalline bands separating amorphous deposited zones (Fig. 39a)
[585]. While there is no apparent distinction in the microstructure between one and two deposited layers, distinctive crystalline bands
are observed when four layers are deposited separating featureless white deposited zones. These crystalline bands result from crys-
tallization within the HAZ of the pre-deposited layer during the laser deposition of the adjacent layer. The featureless white deposited
zones are amorphous in nature. Similar microstructures are observed in the same BMG composition produced by SLM [601], with MPs
and HAZ regions present in the layered structure (Fig. 39b).

The microstructure of a single-track deposition by DED process is shown in Fig. 39¢c. This deposition consists of Zr5¢TisCug7NijgAlg
(Zr50) powder on an as-cast substrate with the same composition. The microstructure can be divided into three distinct regions: the
light grey molten pool in the upper side, characterized by a light grey appearance; the dark grey crystalline HAZ in the middle part,
surrounded by a dark gray region; the light grey amorphous HAZ in the lower side. By combining thermal cycle curves obtained from
finite-element method (FEM) analysis and the time-temperature-transformation (TTT), Lu et al. [588,604,606] have successfully
predicted crystallization in the single-track DED process of Zr50 BMG. As shown in right panel of Fig. 39¢, the distribution of crystalline
positions (red dots) calculated through FEM aligns closely with the experimental observations [604].

At the nanoscale, the microstructural heterogeneities become more complex. TEM characterizations of an SLMed Zr-based BMG are
shown in Fig. 39d. The MP exhibits a maze-like structure, indicating a fully amorphous state, which is confirmed by the diffused halo
ring in the electron diffraction pattern. In contrast, the HAZ shows partial crystallization, with nanocrystals dispersed within the
amorphous matrix. A comparison of electron diffraction patterns between the MP and HAZ reveals a larger diffraction ring for the HAZ
(Fig. 39d), indicating a relatively shorter average atomic distance within this region [601,602]. The molten pools and HAZs exhibit
different characteristics in terms of composition and crystallization kinetics.

In laser DED processing of ZrsgsCupseNij2gAligsNbag BMG, rapid heating forms micro-scale spherulites instead of nano-
crystallization [607]. The spherulites grow from pre-existing nuclei, while phase separation and nucleation are suppressed. The
composition is similar to the amorphous matrix, but a secondary Zr-Nb solid solution phase forms at elevated temperatures. A nu-
merical model predicted complete crystallization prior to melting at heating rates up to 3350 K/s.

Other nanoscale microstructural features reported during laser-based 3D printing of BMG parts include composition segregation
[577,590] and intricate microstructure between adjacent deposited layers [608].

The atomic-scale structural analysis of laser-based AM of BMG components has been conducted using high-energy X-ray diffraction
(HE-XRD). Lu et al. [604]examined the graded microstructure of DED processed Zr50 BMG by performing HE-XRD experiments across
a thin crystalline band. Fig. 39e shows the scattering intensity I(Q) patterns measured at four different positions. Positions 1 and 4
exhibit fully amorphous nature without sharp diffraction peaks. Position 1 shows a higher Q value compared to position 4, indicating a
shrinkage in interatomic distance in the lower section of the deposited sample. This is attributed to more thermal cycles undergone by
the lower parts, leading to excess free volume annihilation and densification of the glassy atomic structure. Positions 2 and 3 show
sharp Bragg peaks corresponding to crystalline phases. The intensities of these peaks increase from position 2 to position 3, indicating
an increase and subsequent decrease in crystalline content across the thin crystalline band.

Best et al. [609] used synchrotron X-ray microdiffraction to analyze structural heterogeneity in SLMed Zr-based BMG. Periodic
variations on a small scale of 40-80 um were detected due to solidification of the melt-pool, resulting in a localized strain variation of
+ 0.1 %.. Later, they observed hardness and atomic-scale structure variations along the build height during SLM [610]. The bottom
region showed larger medium-range order clusters and was softer, attributed to differences in heat dissipation. Faster cooling rates at
the bottom and less reheating led to a less relaxed state in the top region.

7.2.2. Crystallization
In traditional casting of BMGs, the cooling rate during a single cooling process determines the material’s resistance to
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crystallization. However, in laser-based 3D printing, the cyclic process of cooling and heating during layer-by-layer manufacturing
affects the formation of BMGs [611]. The amorphous phase formation in the 3D printed alloy is influenced by both cooling and
subsequent heating processes.

In laser-based additive manufacturing, high cooling rates prevent crystallization. However, cyclic reheating during layer-by-layer
deposition and heat accumulation can cause partial crystallization of the previously formed amorphous HAZ as the temperature ex-
ceeds Ty [601]. Thus, effective crystallization mainly occurs within the HAZ due to thermal gradients. As the process of remelting is
repeated, the HAZ gradually increases in crystallinity but does not become fully crystalline [575,603].

A recent study has revealed an inverse transition from crystalline phase to amorphous structure in the HAZ during SLM of TiZr-base
BMG composite, where the (Ti,Zr),Cu intermetallic compound transforms into MG in the HAZs [612]. This solid-state amorphization is
driven by thermodynamic factors, as revealed by the molar Gibbs free energy-component diagram. The heterogeneous nature of the
transformation is evident from the well-defined interface between the MG and the intermetallic compound.

Yang et al. [605] simulated temperature profiles and crystallization behaviors during laser-metal interaction at different positions
of a deposited track (Fig. 39f). Crystallization varied across regions, with the red point spending more time in the effective crystal-
lization region (ECR) and exhibiting higher crystallinity. The substrate point had a temperature too low for observable crystallization,
while the melt pool point experienced crystallization during solidification but lost it during melting.

Lu et al. [604] simulated the thermal cycle curves during DED process of a 5-layer Zrs¢TisCugyNijpAlg BMG (Fig. 39g). The initial
track rapidly cools without crystallization. Subsequent tracks cause structural relaxation, leading to regions with higher crystallinity. A
physics model [585] and also MD simulations [613] support crystallization due to buildup of structural relaxation in the HAZ during
laser-based AM. Subsequent layer deposition imposes thermal cycles on the first track, but only track 6 causes devitrification of the
amorphous phase. This is due to a significant increase in temperature exceeding the crystalline curve (Fig. 39g). The heat effects extend
up to the third layer before falling below the glass transition temperature (T).

It should be noted that the HAZ thickness is not uniform throughout the build formation and changes continuously with increasing
remelting cycles (Nremelt). Yang et al. [575] observed that the thickness of the HAZ in SLMed Zrsg 3Cugg gAl10.4Nby 5 (AMZ4) BMG
increases rapidly at first and then slows down. Experimental and simulated HAZ sizes (Fig. 39h) showed good agreement, indicating
significant crystallization within the HAZ [605]. At Nyemelt = 13, the simulated HAZ size of 77.5 pm closely matched the experimental
value of 84.6 pm.

The cooling rate decrease with increasing layer deposition enables the tuning of crystallization in BMG materials. Utilizing this

Fig. 40. (a) The as-deposited 10-layered gradient BMGC by DED process. The schematic illustration of 10-layer lamellated structure with a gradient
transition in volume fraction of the crystalline dendrites is also shown (Adapted form [590]). (b) Dendrite volume fraction as a function of P/v. The
SEM images show microstructural morphologies of the first and ninth deposited layer (Adapted form [590]). (c) DSC traces of as-cast and as-built
BMGs fabricated by SLM process at different varying scanning velocity (v) and constant P = 110 W and h = 180 um (Adapted form [567]). (d) HE-
XRD patterns corresponding to the SLMed Zr-based BMG specimens in (c). (e) Variations of amorphous content with laser energy density for two
different BMG systems (Adapted from [83]). (f) The XRD pattern for as-deposited Zr-based BMGs with different geometries (Adapted from [614]).
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phenomenon, it may be possible to design functionally graded materials (FGM) with distinct characteristics by leveraging inherent
sensitivity of BMGs to cooling rate. Lu et al. [590] fabricated a gradient Zr-based BMGC by controlling the heat input and cooling rate
during DED. The composite exhibited varying volume fractions of crystalline dendrites, with microstructural differences observed
between layers (Fig. 40a-b). The fabrication of the gradient BMGC was achieved by controlling the heat input and cooling rate using
the linear energy density (P / v) along the build direction (Fig. 40b). This had a direct influence on the microstructure and composition
of the composite. The SEM images in Fig. 40b revealed that the size and spacing of crystalline dendrites varied between layers, with the
first layer having larger dendrites (64 % volume fraction) compared to the ninth layer (20 % volume fraction). Chemical partitioning
was observed between the amorphous matrix and crystalline phases, with enrichment of specific elements in each phase. Further, Laser
processing parameters had consistent effects within each layer, ensuring uniformity.

The crystallization in laser-based additively manufactured BMG components is strongly influenced by process parameters
[615,616], including laser power, scanning speed, and laser spot size. These parameters dictate the energy input, heat dissipation, and
cooling rates experienced by the molten material. For instance, MD simulations have shown that increased laser energy density,
achieved by higher power and lower scanning speed, promotes crystallization in Fe50Ni50 due to higher fractions of bcc bond pairs
(1661 and 1441) and corresponding Voronoi polyhedrons (<0,6,0,8 > and < 0,5,2,6 > ) [617]. Thus, optimizing processing pa-
rameters is crucial to control the cooling rate and tailor the resulting microstructure.

DSC traces of SLM-processed Zrsp 5Cuy7.9Nij4,6Al10Tis BMGs at different scanning speeds (v) [567] are shown in Fig. 40c. As-
deposited samples exhibit a sharp glass transition similar to the as-cast specimen, but with larger enthalpy of crystallization (AHy)
at faster scanning speeds. The as-cast specimen shows a different crystallization sequence with overlapping peaks, attributed to high
oxygen content influencing the formation of metastable phases. Despite these differences, AHy values of as-cast and SLM-fabricated
samples at v = 1.1 m/s are nearly identical, suggesting they are fully amorphous. The HE-XRD patterns in Fig. 40d reveal broad
glassy maxima for the fastest scanning speed, while lower speeds exhibit sharper reflections corresponding to the NiTis-type “big cube
phase”, indicating increased concentration with higher oxygen content. This is consistent with the crystallization behavior observed in
the DSC signals.

Composition-dependent crystallization behavior is crucial in amorphous-to-crystalline transformation during laser-based AM of
BMG parts. It is well known that even minor changes in chemical composition can significantly alter devitrification kinetics and
physical properties in BMGs [126,618-620]. So, the amorphous content in 3D printed BMGs depends on the composition-dependent
difficulty of crystallization in the previously formed amorphous phases in the HAZ. Regarding this, Ouyang et al. [83] compared
crystallization behavior in two different glass formers low GFA (Zr60.14Cu22.31Fe4.85A19.7Ag3; ZrAg) and high (Zr55Cu30Ni5Al10;
Zr55) GFA and found that the ZrAg BMG consistently had a higher amorphous content than the Zr55 BMG, regardless of laser energy
inputs (Fig. 40e). Crystal growth rate plays a critical role in determining the resistance of 3D printed BMGs to amorphous-to-crystalline
transformation. Despite lower glass-forming ability, ZrAg BMG exhibited a slower crystal growth rate compared to Zr55 BMG due to

Fig. 41. (a) SEM image illustrating a typical microstructure of the 10-mm-thick Zrs¢TisCuy;NijoAlg BMG deposited by DED process (Adapted from
[588]). (b-d) Thermal stress distributions around molten pools (Ej,e = 625 J/m) containing micropores located at different positions: (b) inside, (c)
at the edge, and (d) outside the molten pool (Reproduced from [629]). (e) The stress concentration around micropores of varying sizes located at the
edge of molten pools. The inset images depict the micropores with sizes of 12 pm and 44 pm (Adapted from [629]). (f) p-CT images under different
scanning strategies. The upper row displays a representative cross-section, while the lower row illustrates a projection of all pores onto the cross-
section (Adapted from [574]) (g) SEM cross-sectional morphologies of 3D printed Zr-based BMG samples at different energy densities [630].
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their different crystallization mechanisms: primary-type for ZrAg and polymorphous-type for Zr55 [83].

Recently, Sohrabi et al. [621] conducted calorimetric investigations on industrial-grade AMZ4 (Zrsg 3Cuas gAl1.4Nb; 5) BMG using
flash DSC. The alloy’s critical cooling rate was found to be 2500 K/s, while the critical heating rate was determined as 45,000 K/s. This
significant difference suggested the formation of a self-doped glass with quenched-in nuclei during the cooling process. In contrast,
chemically homogeneous glasses [622] do not contain quenched-in nuclei. Therefore, in AM processes, it is preferable to use materials
that can form chemically homogeneous glasses.

Geometrical complexity also influences crystallization. XRD patterns of 3D printed Zrs5CugoNisAl; g parts with different geometries
show varying extents of partial crystallization (Fig. 40f) [614]. Calorimetric measurements indicated higher amorphous phase content
in hollow and lattice specimens (90 % and 81 %, respectively) compared to cubic specimens (74 %). Larger molten pool size in complex
geometries promotes amorphous structure preservation.

7.2.3. Solidification defects

Laser-based AM techniques have shown great potential for the fabrication of BMG components, offering the possibility of producing
complex geometries and tailored properties. However, during the solidification process of MGs using laser-based AM methods such as
SLM and DED, various solidification defects can arise, affecting the quality and properties of the final components.

7.2.3.1. Pore formation. One common solidification defect observed during laser-based AM of BMGs is the formation of porosity. A
typical microstructure of 3D printed BMGs contains is shown in Fig. 41a. There are several types of pores formed during laser-based
AM, namely interlayer pores, open pores, and metallurgical pores. The main mechanisms of pore formation during laser-based 3D
printing includes gas entrapment [623], insufficient remelting [624], powder denudation around the molten pools [625], and
evaporation of volatile (high vapor pressure) elements [626]. Porosity not only compromises the mechanical integrity of the

Fig. 42. (a) SEM image of microcracks in an Fe-based pyramid fabricated by SLM. The inset shows the Fe-based BMG pyramid (Adapted from
[580]). (b) Obvious macrocracking in as-built Al-based BMG processed by SLM (Adapted from [578]). (c) The microstructure of as-built Fe-based
samples (top) produced by SLM at different processing parameters. The bottom shows the microstructure three weeks after the process (Adapted
from [632]). (d) Optical micrographs of cuboid samples of different compositions (Adapted from [633]). (e) Top: Schematic of the setup of the HE-
XRD used for the measurement of residual stress. Bottom: optical micrograph of the SLMed specimen showing the line scan direction (parallel to the
building direction). (f) Position-resolved components of residual stress tensor determined by HE-XRD. Adapted from [567]. (g) SEM morphology of
fresh surfaces of Fe-based SLM-fabricated samples with s-type and chess board scanning strategies. (Adapted from [634]).
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component but also degrades its functional properties such as fatigue performance [627]. Strategies to mitigate porosity include
optimizing process parameters, such as laser power, scanning speed, and scanning strategy, to ensure adequate powder melting and
fusion during solidification [628].

Micropore location and size significantly affect micro-crack formation. FEM simulations (Fig. 41b-d) show that the highest thermal
stress occurs at the molten pool-HAZ interface [629], reaching compressive stresses up to 4.0 GPa, much higher than stresses within or
outside the molten pool. Additionally, smaller pore sizes lead to increased thermal stress concentration (Fig. 41e). A microcrack
initiates at a 12 pm pore (Fig. 41e inset), while no crack forms at a larger 44 pm pore in the same location. This is because thermal stress
exceeds the fracture stress of the Fe-based BMG when pore size is below 30 pm.

Pauly et al. [574] studied the impact of different scanning strategies on pore formation in SLM of a Zr-based BMG. Fig. 41f shows
micro-computed tomography (u-CT) images of three samples with comparable energy densities and different scanning strategies. The
fill line strategy minimizes surface roughness, aligning pores along concentric circles. The chessboard strategy produces a grid pattern
without affecting pore distribution significantly, which concentrates at the edges or center of each melt track. The unidirectional
vectors strategy, despite similar energy density, exhibits the lowest porosity and a more random pore distribution.

Xing et al. [630] investigated defect evolution in Zr60.14Cu22.31Fe4.85A19.7Ag3 BMG during SLM using experimental analysis
and computational fluid dynamics (CFD) simulations. Fig. 41g shows surface morphologies of four samples with different energy
densities. Increasing energy density reduced porosity significantly. At the lowest energy density (8.33 J/mm?>), porosity exceeded 25
%, while at 20.83 J/mm?, it dropped to less than 1 %. At 13.89 J/mm?, large pores diminished but irregular pores appeared. Pore size
and number were greatly reduced at 16.67 J/mm?®. At 20.83 J/mm?, the SLMed BMG samples exhibited high densification with small
pores at high magnifications. Different defects were observed in 3D printed BMGs, influenced by laser energy inputs. Low energy
densities caused balling, moderate energy densities led to interlayer and open pores, and high energy densities resulted in fine
metallurgical pores on the upper surface due to gas escaping during rapid solidification.

7.2.3.2. Crack formation. Cracks are a common defect in laser-based AM of BMGs. Fig. 42a illustrates microcracks in an Fe-based MG
pyramid printed by SLM [580]. In Fig. 42b, a macrocrack is seen in an Al-based MG built by SLM [578]. Al-based and Fe-based BMGs,
being intrinsically brittle, are prone to microcracking during 3D printing, and even process optimization struggles to eliminate it
completely [580,631].

Microcracks in BMGs are primarily caused by thermal stresses resulting from rapid cooling rates and thermal gradients during
solidification [611]. Changes in local free volume may also contribute to the development of internal stresses [575]. Therefore, a

Fig. 43. (a) The stress-strain curves taken from micro-compression test. Position 1 is inside molten pool, but the positions 2-5 corresponds to the
regions across a single HAZ, as shown in the inset figure. Adapted from [588]. (b) True stress—strain curves of Zr-based samples prepared by casting
and SLM. Inset is enlarged view of serrated region. Three curves for each sample shows the reproducibility of results. Adapted from [572]. (¢) The
fracture surface of as-cast and SLM process Zr-based compression test specimen (Adapted from [574]). (d) Compressive stress—strain curves Zr-based
BMG samples with different porosity and crystallization fractions. (e) Fracture strength versus plasticity for 3D printed BMGs and BMG composites.
Adapted from [573].
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combination of internal stresses from phase transitions and thermal stresses from thermal gradients leads to the formation of
microcracks.

In a recent study by Szczepanski et al. [632], microcracking in 3D printed BMGs was found to be more complex than previously
thought. Microcracks in an SLMed Fe-based BMG were observed several days after the completion of the SLM process (Fig. 42c).
Although the as-built samples appeared crack-free, re-observation three weeks later revealed numerous previously unnoticed
microcracks, primarily originating from the fusion line and propagating perpendicular to it.

Micropores in as-built BMGs are preferred regions for the initiation of microcracks. As it was discussed in the previous section, FEM
simulations and experimental observations by Xing et al. [629] revealed that a critical pore dimension of 30 pm is necessary to trigger
the formation of micro-cracks in 3D printed components made of Fe-based BMGs. In another simulation study, Li et al. [580] reported
that stress concentration near micro-pores at the boundary of a spherical pore can reach ~ 4.1 GPa. This value exceeds the fractural
strength (~3.5 GPa) of the studied Fe-based BMG, leading to the initiation of microcracks.

The intrinsic brittleness of the feedstock MG affects the resilience of built parts against crack propagation. Frey et al. [633]
investigated three CuTi-based BMG formers, Vitl01 (Cuy4yTiz4Zr11Nig), Vitl01Si (Cuy4yTizsZr11NigSiy), and Vit101SiSn
(Cuy47TizsZr11NigSi Sny), for SLM 3D printing. Minor additions of Si and Sn to Vit101 enhances GFA and thermal stability but increased
brittleness [635]. Higher microalloying levels resulted in increased defect formation, including pores and cracks [633]. Fig. 42d shows
Vit101 had the lowest crack content, while Si and Si-Sn additions increased susceptibility to thermally induced cracks and process
instability. Cracks in SLM-printed Vit101SiSn indicate residual stresses exceeded its strength, whereas Vit101 and Vit101Si showed
resistance to in-plane stresses.

Kosiba et al. [567] used HE-XRD analysis to determine residual stress tensor in as-cast and SLMed Zrsp 5Cu;7.9Nij4 Al oTis BMG.
Fig. 42e-f show significant residual stresses in the as-built specimen compared to the cast material, with local variations exceeding +
500 MPa. Shear stress is negligible in both specimens. This finding demonstrates the influence of localized thermal gradients on
stresses detectable by HEXRD.

Microcracks can propagate and deteriorate the structural integrity and mechanical performance of the AMed components.
Employing post-processing treatments such as re-scanning [578] and introducing a second crystalline phase [580] can help reduce the
formation of microcracks in AMed BMGs.

Zou et al. [634] discovered a scanning strategy that eliminates microcracks in 3D printing of BMG components. Fig. 42g shows
surface characteristics of samples fabricated using the s-type and chessboard scanning strategies. The s-type strategy results in a
smooth surface with a ripple-like pattern, but cracks appear when the single-track length exceeds 650 pm. In contrast, the novel
chessboard strategy, which changes the track direction beyond the critical length, allows for strong metallurgical bonding without
cracks. Laser re-melting treatment using this strategy enables crack-free Fe-based BMGs with smooth surfaces.

7.3. Mechanical properties in 3D printed BMG(C) components

Developing BMG components as structural materials requires exhibiting good mechanical performance. While 3D printed BMG
parts offer advantages in terms of design flexibility and complex geometries, they often exhibit comparable but inferior mechanical
properties compared to their conventionally cast counterparts. Several factors contribute to these limitations, including the inherent
challenges associated with the AM process and the unique characteristics of BMGs.

The microstructure of 3D printed BMGs causes gradual variations in mechanical properties. In a Zr-based BMG fabricated using the
DED process, hardness gradually increases towards the center of the HAZs and decreases towards the molten pools due to partial
crystallization in the HAZ [604]. Similarly, in the SLM of AlgeNigY4 5CosLa; s MG, non-monotonic changes in hardness were observed
across different regions of the scan track [577]. The cooling rate within the solidified scan track decreases from the center to the edge
influenced by the laser’s Gaussian distribution, resulting in higher hardness at the edge due to reduced free volume content.

Lu et al. [588] conducted micro-compression tests on DED-processed Zr-based BMG, specifically within the HAZ (Fig. 43a). While
the elastic behavior of partially crystallized samples resembles that of fully amorphous sample, the yield stresses vary at different
testing positions. As the volume fraction of precipitated crystals increases, the yield stresses gradually increase. For example, the
heavily crystallized sample at position 4 experiences a stress level of 2840 MPa, 18 % higher than the amorphous sample at position 1
(molten pool). This increase in yield stress can be attributed to dispersion strengthening caused by the dispersion of crystals in the
amorphous matrix. Additionally, localized deformation through shear banding is observed through “pop-in” events. The strengthening
of the annealed MG in the HAZ is due to the higher hardness of the crystals compared to the glassy matrix.

The most common approach in evaluating mechanical properties of 3D printed parts is simple compression. During compression
tests, the 3D printed BMGs often show deteriorated plasticity and slightly decreased yield stresses and fracture strengths compared to
the as-cast counterparts. As reported for various SLM-processed Zr-based [570,574,602,636], Cu-based [637], and Ti-based BMGs
[582], the compressive fracture strength ranges between 600 and 1800 MPa, while the plasticity varies from 0 % to 1.5 %. Presence of
microcrack can even reduce fracture stresses in an Fe-based BMG fabricated by SLM to values as small as 100 MPa [580].

Fig. 43b compares the plastic deformation behavior in as-cast and SLMed Zr-based BMGs [572]. The true stress—strain curves in
Fig. 43b show that SLMed samples have lower yield and fracture stresses and a smaller plastic strain compared to as-cast samples. The
stress drops during serrated flow are more uniform and smaller in SLMed samples, attributed to shear band-pore interactions. It was
further analyzed that pores influence shear band behavior by either being cut through or generating multiple shear bands around them.
Even in the absence of nearby shear bands, pores act as initiation sites. The presence of pores leads to a higher density of shear bands
with smaller offsets, resulting in enhanced shear band stability and smaller stress drops in SLMed samples.

Fig. 43c illustrates typical fracture surface of an as-cast and a SLMed Zr-based rod, displaying a smooth surface with a fracture angle
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of approximately 45° and characteristic vein-like and river-like patterns in the as-cast sample. In contrast, the fracture surface of SLM
samples appears much rougher, lacking a single fracture plane. Instead, two intersecting fracture planes resembling a roof structure are
observed. At higher magnifications (insets), larger defects ranging from 10 to 50 pm become apparent, some of which contain
unmelted powder. Localized patterns emerge, combining characteristics of both dimples and vein-like patterns. The presence of re-
sidual porosity alters the stress state in SLM samples during compression, resulting in a corrugated fracture surface with multiple
cracks [574].

Regarding mechanical properties in 3D printed BMGs fabricated using LFP, Bordeenithikasem et al. [596] showed that LFPed
Zres5Cuy7.5NijgAly s BMGs exhibit exceptional strength and plastic deformation during bending, surpassing the properties of cast beams
manufactured from the same remelted feedstock sheet metal. Moreover, Li et al. [638] reported that LFP enables production of fully
amorphous BMG parts with high density (~99.9 %). The fully amorphous sample exhibits superior micro-hardness (551 + 18 HV),
ultimate tensile strength (1796 + 60 MPa), and maximum flexural strength (2186 + 109 MPa) compared to the cast sample. Partially
crystallized LFP parts still demonstrated comparable or higher strengths than the cast parts.

In 3D printed porous MG parts, lattice structures can also impact mechanical performance. Wu et al. [639] recently studied the
effects of lattice structures on the mechanical properties of SLMed MG ZrCuAl scaffolds. The inclusion of curved struts resulted in a
substantial increase in compressive ductility (122 %) and improved energy absorption (106 %) compared to straight struts. These
curved struts effectively prevent shear fracture and delay fracture by reducing strain concentrations.

Laser-based AM of BMGs can introduce secondary phases or defects due to the inherent challenges associated with achieving
complete melting and solidification. These secondary phases, such as crystalline particles or residual stresses, can be detrimental to the
mechanical properties and structural integrity of the BMG component.

3D printed BMGs have higher oxygen contamination compared to the cast BMGs. The elevated oxygen content in 3D printed
samples originates from the large surface area of the powdered MG precursor which can absorb oxygen from the surrounding envi-
ronment during 3D printing. The oxygen content in 3D printed BMGs prepared by laser-based AM can significantly impact their
mechanical properties. Elevated levels of oxygen can lead to various effects, including reduced plasticity, decreased fracture tough-
ness, and increased brittleness [640,641].

The lower fracture toughness in SLM-processed BMG compared to casting is attributed to increased oxygen content, resulting in a

Fig. 44. (a) Stress—strain curves of the gradient Zr-based BMGC under tensile testing, accompanied by an inset depicting the sampling location of
the tensile specimen (Adapted from [590]). (b) Compressive stress—strain curves of DED manufactured Zr-based BMGs and BMGCs (adapted from
[5941). (c) SEM images of the fracture surfaces of compression tested (d) Zr50 BMG and Nb-reinforced BMGC DED processed at high laser power (H-
Nb-Zr50 BMGC). Adapted from [594]. (d) Compressive engineering stress—strain curves of DED-manufactured Zr50-Ta BMGCs and as-cast Zr50
BMG. (e) Microstructural evolution of the 15 wt% (hard) + 45 wt% (soft) lamellated BMGC during the deformation process. The deformation stages
correspond to the labels indicated on the stress—strain curve presented in (d). Adapted from [595].

70



S. Sohrabi et al. Progress in Materials Science 144 (2024) 101283

higher shear transformation barrier [640]. Load drop behavior during micro-pillar compression differed between the two processes,
with as-cast samples (containing 168 pg/g oxygen) showing pre-yield drops and SLM samples showing none, linked to higher oxygen
content in SLM BMG (1271 pg/g) [86]. Additionally, SLMed AMZ4 BMG exhibited fracture toughness of 24-29 MPa.m'/2, much lower
than 97-138 MPa.m'/2 (Kg) and 158-253 MPa.m'/? (K 1) in the cast alloy with the same composition [641]. Further, experiments on
fatigue crack growth indicated relatively low values for the fatigue threshold, AK, of ~ 1.33 MPa.m'/2, and the Paris law exponent, m
= 1.14. These inferior mechanical properties were attributed to approximately 7.5 times higher dissolved oxygen concentration
compared to the cast alloy. In another work, a threshold of approximately 1600 ug/g oxygen in the starting material was identified to
prevent strength loss from nano-crystallization in SLM Zr-based BMGs [81]. In addition, Cu-Ti-based BMGs printed by SLM showed
minimal impact on thermal stability with varying oxygen concentration [76]. The HRTEM analysis confirmed fully amorphous phase
in commercial purity powders and SLM samples, ruling out oxygen-induced nucleation. These findings highlight successful AM of Cu-
Ti-based BMGs in their amorphous state, using commercial purity feedstocks and accounting for potential oxygen uptake during
production.

Porosity is another crucial factor that limits the mechanical properties of 3D printed BMGs compared to their cast counterparts.
Porosity in 3D printed BMGs causes decreased plasticity in compression [570,574,637] and brittle fractures with minimal ductility in
tension [642]. Ultimate Tensile Strength decreases linearly with porosity, and Young’s modulus is insensitive at low porosity (<2%)
but decreases significantly at high porosity. FEM simulations reveal different deformation mechanisms: pore-free BMGs form shear
bands uniformly, while BMGs with pores experience plastic deformation around the pores with STZs. Increasing load connects STZs,
resulting in localized shear bands and fracture. Fracture orientation in 3D printed BMGs differs from as-cast Zr-based BMGs due to pore
structures [642]. While large irregular pores decrease toughness as stress concentrator [574], small spherical pores enhance shear
banding in MGs (see discussion on Fig. 43b) [572].

Crystallinity in AMed BMGs is another factor influencing their mechanical properties. Increased crystallinity and the formation of
brittle crystalline phases disrupt the amorphous structure, resulting in lower strength, toughness, and ductility [571,602]. For
example, Lin et al. [586] have argued that the brittleness of DED processed ZrssCugoAl;oNis BMGs is due to excessive intermetallic
precipitation (NiZrp, CuZry, AlsNisZry) and defects in the deposit. Although maintaining a high degree of amorphicity is vital to
preserve the desirable mechanical properties of 3D printed BMGs, later it will be discussed that partial devitrification in 3D printed
BMGs and developing BMGCs by dispersing ductile precipitates in the glassy matrix is an effective strategy to enhance the plasticity
and toughness of AMed BMG components.

Laser-based AM not only enables the production of large BMG samples with complex geometries but also allows enhancing me-
chanical properties of 3D printed Zr-based BMGs through synergistic defects engineering [573]. Precise control of porosity and
crystallization optimizes the trade-off between fracture strength and plasticity. As can be observed from Fig. 43d, increasing porosity
from 2.87 % to 17.4 % boosts plastic strain from 1.05 % to 6.6 %, while maintaining a strength of 1100 MPa even at 17.4 % porosity.

A comparison of different strategies for tuning fracture strength and plasticity of 3D printed BMGs is shown in Fig. 43e [573]. The
conventional approach of defect elimination strengthens BMGs but lacks plasticity, while composite design compromises strength for
toughness. In contrast, defect engineering combines porosity and crystallization to achieve a favorable balance of strength and
plasticity. However, achieving simultaneous strength, plasticity, and fracture toughness remains a challenge, particularly for brittle
BMG materials.

As mentioned before, laser-based 3D-priting also enables the tailoring of mechanical properties in BMGCs through the incorpo-
ration of reinforcement phases. There are two main approaches for making BMGCs [643]. The first approach is in-situ, where the
reinforcement is precipitated within the BMG during solidification. The second approach is ex-situ, where solid reinforcements are
added to the BMG melt and then cooled. While in-situ precipitate reinforced BMGCs are commonly used, they have limitations in terms
of available compositions. On the other hand, ex-situ precipitate reinforced BMGCs offer more flexibility in terms of composition but
suffer from microstructural and mechanical heterogeneity due to segregation.

The SLM and DED techniques are well-suited for manufacturing BMGC structures due to their ability to control the microstructures
and compositions during the layer-by-layer shaping and consolidation process using laser powder feed deposition
[578,580,590,593-595,644-646].

Lu et al. [590] fabricated gradient Zr-based BMGC using laser-based DED technique. The gradient BMGC displayed exceptional
properties (Fig. 44a), with a yield strength exceeding 1.3 GPa and a tensile ductility of ~ 13 %. The synergistic strengthening effect
between adjacent layers and the heterogeneous microstructure contributed to the outstanding combination of strength and ductility.

Moreover, Luo et al. [644] manufactured Cu-containing Fe-Co-B-Si-Nb BMGCs using SLM with varying laser power and scanning
speed. Dense FeCoBSiNb—Cu BMGCs fabricated at 1.39 J/mm? exhibited high fracture strength (900 = 18 MPa) and large fracture
strain (10.7 + 2.1 %) due to the composite effect of a hard Fe(Co)-rich amorphous phase and a ductile Cu-rich phase. On the other
hand, SLM-produced porous BMGCs at 0.69 J/mm? had lower fracture strength (722 + 2 MPa) but increased fracture strain (16.3 +
2.7 %) due to the presence of lack-of-fusion pores.

Further, Zhang et al. [647] and Gao et al. [648] 3D printed a CuZr-based BMGCs with in situ-formed B2 CuZr phase using SLM. The
B2 phase transformation to B19' martensite during deformation improved ductility through transformation-induced plasticity (TRIP)
[647,649]. The combination of B2 phase in HAZs and amorphous phase created a “brick-and-mortar” structure, effectively blocking
crack propagation and improving fracture toughness [647]. More recently, the TRIP effect and precipitation of B2 phase was also
observed during 3D printing of ZrsgCuye 5Al4Nb; 5 BMGC by DED process [591]. Regarding exploring TRIP effect to improve plasticity
and toughness in BMGCs, Yu et al. [592] have recently introduced a novel high-throughput strategy to accelerate the exploration of
TRIP BMGCs in Zr-Cu-Al system by using DED technique.

Li et al. [580] employed high toughness Cu and Cu-Ni alloys to manufacture crack-free Fe-based BMGCs. The findings indicated
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that the presence of high-density dislocations in the second phases during SLM effectively mitigated thermal stress by dissipating strain
energy, thereby suppressing micro-crack formation. Further, the incorporation of the second phase significantly enhanced the fracture
toughness of Fe-based BMGs to 47 MPa-m'/2, a value approximately 20 times greater than that of the Fe-based BMG (2.2 MPa-m'/?).
Recently, it was reported that the addition of 316L stainless steel powder with “fishbone” shaped phases to the brittle Fe-based
amorphous powder during DED process can also effectively suppress micro-crack propagation, resulting in a Fe-based BMGC with a
plastic strain of ~ 17 % and a strength of 2355 MPa, the highest plasticity among BMGCs with dimensions larger than 1 mm [593].

Gao et al. [650,651] fabricated Ti/Zr-based BMGCs with in-situ  phase reinforcement using SLM, where increasing Cu content (5
%, 10 %, 15 % at.) improved hardness but decreased plasticity, causing cracks in high Cu-containing samples. However, sample with 5
at.% Cu showed a comparable yield strength of 1386 + 64 MPa, attributed to finer microstructure and twinning/martensitic trans-
formation. In their further research, Gao et al. [646] investigated the effects of Al addition on SLMed Ti/Zr-based BMGCs,
(Tio.65Zr0.35)100-x-yCuxAly (x = 5,10; y = 1, 3 at. %). While Al had a lesser influence on microstructure compared to Cu, increasing Al
content enhanced amorphous phase formation and suppressed (Ti, Zr),Cu precipitation, improving the a phase. The p phase experi-
enced o and o martensitic phase precipitation during SLM. Compression tests on Cu5All and Cu5A13 manufactured parts revealed
reduced yield strength, increased plastic strain, and improved strain hardening with higher Al content. However, Cul0AI3 deposit
showed decreased plastic deformation due to numerous «” martensitic phases and crack formation.

Several studied have explored developing ex-situ BMGCs by laser-based AM techniques. Zhang et al. [652] achieved high amor-
phous phase fraction (>90 %) in in-situ Zr-based BMGCs with Ta precipitates using optimized SLM technique. The printed composites
exhibited remarkable properties: fracture strength of 1.9 GPa, plastic strain of 2.15 %, and notched fracture toughness of 60 MPa-m*/2,
similar to the as-cast sample. These properties were attributed to the abundant amorphous phase and ductile Ta precipitates, pro-
moting shear bands and hindering crack propagation, enhancing plasticity and toughness.

Hu et al. [594] investigated laser-based DED-manufactured ZrsoTisCuy;NijgAlg (Zr50) BMGCs reinforced with 50 wt% Nb. The Nb-
reinforced BMGCs showed improved plasticity compared to monolithic BMGs (Fig. 44b). The presence of Nb restricted structural
relaxation, reduced brittle phase formation, and resulted in ductile fracture behavior. SEM images (Fig. 44c) revealed flat fracture
surfaces with vein-like patterns in the monolithic BMG, while the Nb-reinforced sample exhibited undulations and fine dimples
indicative of ductile fracture. The improved plasticity was attributed to Nb’s higher thermal diffusivity and its role in delaying shear
band propagation and transforming them into cracks. Laser power optimization was necessary to balance load transfer and nanocrystal
volume fraction. Most recently, Wang et al. [653] manufactured Cu4;Zr47Alg BMGCs with Mo microparticle reinforcement using SLM.
Enhanced mechanical properties resulted from high glassy phase content, ductile Mo particles, reduced porosity, and absence of
thermal cracks. Mo particles minimized cracks and pores, promoted shear bands, and impeded crack propagation, improving com-
posite properties.

While incorporating ductile crystalline dendrites into a glassy matrix enhances the ductility of BMGCs, this can lead to a strength
decrease and a tradeoff between strength and ductility. Cui et al. [595] employed a flexible laser-based DED approach to produce a
lamellated Zr-based BMGC with a notable combination of yield strength (~1.2 GPa) and ductility (~5%) (Fig. 44d). The design in-
volves alternating soft and hard layers, utilizing asynchronous deformation at different scales. The incorporation of dual-scale Ta
particles uniformly distributed in the amorphous matrix further enhances the mechanical properties, achieving a remarkable balance
between strength and ductility. The microstructural analysis (Fig. 44e) reveals elastic deformation in stage a, slip bands in the soft
layerss Ta particles during stage b, and slip band accumulation at interfaces during stage c, leading to plastic deformation in both the
Ta particles and amorphous matrix. The dispersed Ta dendrites restrict shear banding and promote plastic deformation across the soft
and hard layers.

Fig. 45. Optimizing process parameters during SLM of a Zr-based BMG. Amorphicity (a), relaxation enthalpy (b), and relative density (c) a function
of scanning velocity (v), laser power (P) at a hatching distance (h) of 200 pm and layer thickness (1) of 40 um. (d) Spearman’s rank correlation
coefficients and correlation matrix for various processing parameters. .

Adapted from [567]
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7.4. Optimizing processing parameters during laser-based AM

Optimizing the processing parameters during laser-based AM of BMGs is crucial to achieve desired microstructures and properties,
minimize solidification defects, and enhance the overall performance of the fabricated parts. Controlling laser power, scanning speed,
layer thickness, hatching distance (i.e., overlapping between adjacent melt tracks), and implementing preheating or pre-alloying
strategies can help regulate the thermal gradients, enhance inter-layer bonding, and minimize defects.

According to previous studies on Fe-[579] and Zr-based [574] BMGs during SLM process, there is a general indication that lower
laser powers (P), higher scanning speeds (v), and large hatching distances (h) favor amorphicity and suppression of crystallization. At
high P values, the dominant convection heat transfer mechanism influences the chemical homogeneity of the liquid through oscillation
or capillary effects. This can reduce GFA and increase the chances of oxidation, leading to the formation of oxide compounds which
serve as sites for the heterogeneous nucleation of crystallites [568]. On the other hand, high P generally favors a high relative density.
In the case of scanning speed (v), high v will cause partial melting of MG feedstock due to inadequate energy input. Although low v is
beneficial for densification, it would accumulate heat and lead to decreased cooling rates and pronounced crystallization during SLM
process [574]. Further, smaller h leads to lower cooling rates and induces crystallization [571], whereas higher h increases the spacing
between adjacent melt tracks and reduces their overlap and re-melting, ultimately leading to insufficient fusion and decreased relative
density [574].

The scanning strategy is another adjustable parameter during SLM. As discussed in previous section, using chess board strategy
followed by laser rem-melting minimizes micro-cracks and improves densification during SLM of Fe-based BMG [634]. Further, Li et al.
[571] have reported that performing multiple scans leads to the averaging of the melt pool and more homogenous distribution of the
constituent elements, which ultimately promotes the formation of the amorphous phase.

Kosiba et al. [567] conducted a comprehensive study on SLM fabrication of Zrsy 5Cuy7.9Nij4.6Al10Tis BMGs under various pro-
cessing conditions. Processing maps were created to optimize porosity, structural relaxation, and crystallization. Fig. 45a-c demon-
strate the trade-off between amorphicity, relaxation enthalpy (AH,), and relative density. Lowering power (P) and increasing
scanning speed (v) result in higher amorphicity and AH; but lower density due to the formation of irregular lack-of-fusion pores. On
the other hand, higher hatch distance (h) and lower v improve density but decrease amorphicity and AH,¢. In addition, residual
stresses generated during the SLM process (see Fig. 42) were contributed to the increased AH,e. By overlaying processing maps,
optimal conditions for high density (99.65 %) and amorphicity (98.55 %) were identified as P = 100 W, h = 200 um, and v = 0.9 m/s.

The volumetric energy density, Eq, is a commonly employed criterion for optimizing the influential SLM processing parameters to

P
vhl;?

thickness of deposited layer. To ensure the fabrication of dense BMG components using SLM, it is crucial to utilize high E4 to prevent
the formation of elongated pores. Pauly et al. [574] found a critical Eq value of 15 J/mm?® below which the Zr-based powders undergo
revitrification during SLM. In addition, Kosiba et al. [567] have shown that density variations with respect to E4 in an SLMed Zr-based
BMG exhibit a strong and consistent correlation. In contrast, the relationship between amorphicity and Eq demonstrates a decreasing
trend.

Fig. 45d presents the correlation matrix and Spearman’s correlation coefficients for SLMed BMG parameters [567]. The Pearson
correlation coefficient ranges from -1 to 1, with 0 indicating no linear relationship. It measures the strength and direction of the linear
relationship between variables. In Fig. 45d, Density shows a strong correlation with volumetric energy density and normalized
enthalpy. A modified enthalpy criterion incorporating the hatching distance exhibits the strongest correlation with density. Further,
amorphicity displays a moderate to strong negative correlation with all three criteria. These findings highlight the need for advanced
optimization strategies and comprehensive models to enhance the printability and reliability of SLMed BMG components.

achieve high-density specimens [561,574]. By combining the processing parameters, E4 is formulated as E; = where [ is the

Fig. 46. (a) Schematic of UAM process (Adapted from [656]). (b) Three-layered MG stacks with one and four bonding points and five-layers bonded
MG stacks (Adapted from [656]). (c) Cross-sectional optical micrographs from stacked MG foils (Adapted from [657]).
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Considering process optimization in other lased-baser AM techniques, Zhang et al. [654] have performed single-track DED ex-
periments on a Zr-based MG using a range of laser powers and scanning speeds on low carbon steel. Cracking was predominantly
observed at high powers (P > 200 W) or high linear energy densities (P/v > 0.6 W-min/mm), while lack-of-fusion occurred more
frequently at lower powers (P < 150 W) or lower linear energy densities (P/v < 0.2 W-min/mm). Simulation results indicated that
increasing the linear energy density input during laser DED process can decrease the cooling rate and promote crystallization.

Fig. 47. (a) Schematic of UAM process. (b) Image of ribbon feedstock and bulk disk manufactured. (c) A schematic illustrating fabrication of single-
phase and multiphase BMGs by ultrasonic vibrations from the ribbon feedstocks. (d) Microstructure of manufactured Pd-La dual-phase BMG. (e)
Snapshot of samples I and II applying the constant-strain and constant-frequency vibration methods, respectively, with atoms colored by nonaffine
squared displacements at the yielding point. (f-i) Dynamic mechanical properties of the Zr50Cu50 MG surface measured at frequencies of 200 ad
70,000 Hz. .

Adapted from [554]
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7.5. Ultrasonic AM (UAM)

UAM, also known as ultrasonic consolidation, is an advanced manufacturing technique combining the principles of ultrasonic
welding (see Section 6.3.2) and AM to build functional parts. UAM has been successfully used to manufacture metallic parts from a
wide range of materials, including aluminum, titanium, stainless steel, and nickel-based alloys [655].

UAM of MGs utilizes ultrasonic vibrations to join layers of MG ribbons (foils) or powders together, forming a solid part. The process
begins with the preparation of a stack of metal foils/powders, which are micrometer-sized. The stack is then clamped between a
stationary baseplate and a vibrating sonotrode. The sonotrode applies ultrasonic vibrations to the metal foils, causing the foils to soften
and bond together through a solid-state diffusion process, without the need for melting or the use of additional materials such as
adhesives or solder. The bonding mechanism during UAM of MGs is quite similar to ultrasonic welding.

Wu et al. [656] successfully manufactured Ni-based MG stacks using UAM. Fig. 46a illustrates their ultrasonic spot-bonding ma-
chine. The process involved placing two layers of MG strips on a fixture and configuring the bonding parameters. The ultrasonic
bonding system was then activated, and the strips were pressed against the sonotrode for bonding. The sample was further compressed
by the sonotrode to prevent warping. The UAM process achieved layer-by-layer accumulation (Fig. 46b), resulting in Ni-based MG
stack production. This prevented crystallization and maintained the thermal properties of the MG. The interlayer bonding exhibited
excellent integrity, making separation of the layers challenging. Excessive input energy led to the formation of a nanocrystalline phase.
The manufactured MG stacks displayed improved internal hardness and modulus compared to the original materials.

UAM was utilized to manufacture solid bonds in multi-layer Fe;gSigB13 MG foils using transverse vibrations [657]. Successful
bonding was achieved under two processing conditions: Fy = 1144.53 N, t = 200 ms, and n = 4; Fy = 1373.44 N, t = 220 ms, and n = 5,
where Fy, t, and n denote the bonding force, bonding time, and number of layers, respectively. No visible interface or defects were
observed in the welded MG samples, as shown in Fig. 46¢. However, further layer addition hindered the bonding of MG foils. The
amorphous structure and thermal properties of the joined MGs remained unchanged and comparable to those of the parent MG. The
formation of joined MGs can be attributed to the superplastic flow and the thermal stability of the supercooled liquid state at elevated
temperatures.

In 2019, Ma et al. [554] introduced a novel UAM technique. This innovative approach (Fig. 47a) offers a facile and flexible route for
consolidating MG ribbons, bypassing the need for traditional high-temperature processing. The ribbons were clamped in a cemented
carbide cavity under a preload pressure of ~ 12 MPa. A sonotrode impacted the sample at 20,000 Hz and a pressure of 30-50 MPa. A
photograph of a Zr-based BMG disk (5 mm diameter, 3 mm height) produced from ribbon feedstock is shown in Fig. 47b.

High-frequency vibration enables the formation of single-phase BMGs by bonding ribbons of the same type and multiphase BMGs
by combining different types of ribbons, as schematically depicted in Fig. 47c. The microstructure of the Pd-La dual-phase BMG is
shown in Fig. 47d, with a clear interface separating the La-based and Pd-based regions. The HRTEM images confirm the distinct
amorphous structures of the two phases. The diffraction patterns in Fig. 47d indicate the amorphous nature of the multiphase BMG
[554].

The bonding mechanism involves activating MG surfaces [554]. Using MD simulations on a model Zr-based MG under uniaxial

Fig. 48. (a) Schematic diagram for fabricating the HEA-MG BMGCs. (b) Photograph of manufactured BMGC disk. (¢) Temperature and stress
profiles during UAM process. (d) SEM images from BMGC with MG:HEA mass ratio of 5:5. (e) The bright-field TEM images of the bonding area in
fabricated 5:5 BMGC. The corresponding diffraction pattern for three regions are shown as the insets. (f) Elemental distributions within a micro-
region encompassing the interface of BMGCs. .

Adapted from [661]
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compression, full contact and interface formation were achieved. Two relaxation methods were then followed: constant-strain (sample
I) and constant-frequency vibration (sample II). Snapshots, applying constant-strain and constant-frequency vibration methods, are
shown in Fig. 47e. Specimen I yielded from interface cracking, while sample II exhibited shear bands across the interface, associated
with pronounced structural rearrangements. This indicates a notably stronger interface in sample II. Furthermore, calculated time-
dependent mean square displacements near the interface surpassed those in the bulk, suggesting potential surface activation near
the intrinsic relaxation frequency, strengthening surface interactions.

Viscoelastic loss tangent (tand) maps in Fig. 47f-g show spatial heterogeneity, indicating dynamic heterogeneity within the MG.
Surface atoms in localized spots exhibit high activation and energy dissipation. Mobility of active surface atoms depends on the driving
frequency. Fig. 47h demonstrates an increase in tand as the driving frequency rises. Viscosity (or relaxation time) decreases by three
orders of magnitude at the surface with increasing driving frequency (Fig. 47i). The observed high internal friction (tand = 0.2) in the
surface layers of the MG, activated below Ty, is similar to that observed in bulk samples around T. These findings support the fast
mobility of surface atoms in MGs, enabling an effective fast bonding process with an appropriate high driving frequency.

In addition, the UAM strategy has been employed to fabricate amorphous-crystalline composite structures. Li et al. [658] additively
manufactured Al/Ni-based and Cu/Ni-based MG composites (MGCs) using ultrasonic vibrations. The junction of the MGC samples did
not exhibit the formation of intermetallic compounds, and the Ni-based MG remained amorphous. The composite specimens produced
through UAM displayed hardness and modulus values that were intermediate between those of the two constituent materials, sug-
gesting that UAM merged the mechanical properties of MG and crystalline metals together.

In another study conducted by Wang et al., [659], laminated composite structure from Fe-based amorphous strip and Al foil was
built using ultrasonic consolidation. While the composite retained the properties of the amorphous state, the interface of the laminate
exhibited strong bonding without visible cracks. Tensile test revealed that the bonding force exceeded the tensile strength of the
aluminum layer, resulting in step-wise fracture consisting of a combination of brittle and ductile fracture. The bonding mechanism
involved localized softening and partial recrystallization of the aluminum layer, along with the formation of shear bands within the
amorphous alloy.

More recently, the high-entropy alloy (HEA) and MG biphasic BMGCs have been successfully manufactured by UAM [660,661].
Liang et al. [661] fabricated BMGCs using LassAlasNisCuigCos MG and CogCragFesoNiggMngg HEA. The schematic of process and a
BMGC manufactured disk are shown in Fig. 48a-b, respectively. Temperature and stress profiles (Fig. 48c) demonstrate consolidation
under low-temperature and low-stress conditions. By adjusting the mass ratios of the alloys, the compressive strength and plasticity of
the BMGCs could be controlled. Microstructural characterizations confirmed excellent bonding quality without internal defects. SEM
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Fig. 49. (a) The TTT diagram illustrating processability window for TPF-based AM of BMGs in SLR. The diagram also compares FFF and ther-
mojoining TPF-based AM techniques. (b) Schematic of FFF process. (¢) BMG parts printed by the TPF-based FFF process. (d) Quasi-static tensile
testing of 3D printed BMG parts parallel and perpendicular to the printing direction. Adapted from [662]. (e) Lack of metallurgical bonding due to
the absence of Joule heating during printing and negligible normal strength (¢, ~0). (f) Schematic of thermojoining process. () The photographs of
GMG fabricated by thermojoining AM and the as-cast rod (h) Photographs showing the traditional Chinese Zodiac, featuring twelve distinct animal
symbols. (i) Schematic of the bonding mechanism during thermojoining process. Adapted from [442].
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image (Fig. 48d) illustrates a BMGC with a 5:5 MG:HEA mass ratio. HRTEM images (Fig. 48e) reveal amorphous, crystalline, and
interface regions. A descriptive mechanism for bonding during UAM is as follows. Ultrasonic vibration softens and deforms MG
particles, filling gaps and enveloping HEA particles. High-frequency vibration breaks down MG oxide layer for element transfer.
Ultrasonic vibration holds the MG and HEA together, acting as glue [441], while sonotrode compression ensures a compact composite.
As shown in Fig. 48f, the La, Al, and Cu elements partially transfer from the MG side to the HEA side, while the Cr, Fe, and Mn elements
partially transfer from the HEA side to the MG side. This promotes bonding between the MG and HEA, resulting in the formation of all
composites with a unique sandwich-like structure.

7.6. Tpf-based AM

The relaxation of BMGs allows them to transition into a supercooled liquid state when heated. This unique behavior enables TPF
techniques, enabling the production of metal components (see Section 5.1.2). The use of TPF-based AM involves leveraging the ability
of thermoplastically formable BMGs to soften, allowing for the layer-by-layer joining of BMGs through an interlayer metallurgical
bonding mechanism.

The schematic representation of TTT diagram in Fig. 49a illustrates a temperature-time processability window for TPF-based AM of
BMGs. Achieving optimal behavior in TPF of BMGs requires finding the right processing temperature, which should be optimized to
achieve low viscosity, as well as ensuring sufficient processing time to avoid crystallization. It is crucial to strike a balance between
these factors, which can be experimentally determined to achieve the desired results in the manufactured BMG.

Gibson et al. [662] have proposed a novel approach for 3D printing MG parts using fused filament fabrication (FFF), a common
technique for printing thermoplastics [663]. FFF involves heating and extruding a filament of material layer by layer. As the process
schematic in Fig. 49b illustrates, the BMG feedstock is heated and dispensed through a small orifice using a high current voltage power
supply and a capacitor bank. A metal brush is used to heat the previous layer, and a heated substrate stage facilitates bonding with the
extruded BMG. The printing process achieves a volumetric build rate of approximately 10 mm?®/s, comparable to laser-based AM
techniques. One advantage of FFF printing of BMGs is that it can be done in ambient air without significant impact on the thermal and
mechanical behavior of the printed parts. Additionally, the absence of discoloration during printing indicates no oxidation.

The FFF method allows for the fabrication of fully dense BMG parts without pores. Fig. 49c illustrates exemplary 3D printed parts
produced in a continuous mode, where the extrusion process remains uninterrupted throughout the entire printing process [662]. The
structures of both the 3D printed and as-cast samples were analyzed using XRD and DSC. The processed sample maintained its original
disordered structure, with thermal analysis results being essentially identical within experimental error. This confirmation underscores
the capability of the technique to 3D-print samples without inducing structural changes.

The mechanical characterization (Fig. 49d) indicate that fracture strength of the printed BMG sample reaches up to 1220 MPa when
loaded parallel to the layers (o)) and up to 790 MPa when loaded perpendicular to the layers (¢ ). Further, the bright vein-like regions
from fractured layer-layer interface insured a metallurgical bond between them. The bonding between layers depends on the tem-
perature similarity between the extruded and previous layers to avoid a lack of metallurgical bond (Fig. 49e) and achieve sufficient
bonding strength. Bonding between layers in the presence of air depends on the strain at the interface between the extruded and
previous layers to break the oxide film and achieve metallurgical bonding. To ensure this bonding, it is important for the temperature
of the previous layer, at the contact point with the extruded material, to match the extruded temperature.

Another TPF-based AM technique recently developed by Li et al. [442] is thermojoining. As the schematic diagram of the ther-
mojoining process in Fig. 49f depicts, the multi-layer MG plates are stacked using an interlocking architecture design to ensure
complete metallic bonding at the interfaces. Compared to FFF process, thermojoining is slower and requires longer exposures to
elevated temperatures (see Fig. 49a).

The thermojoining process has proven to be a successful, straightforward, and adaptable technique for producing giant MGs
(GMGs) with diameters surpassing 100 mm [442]. The joined GMG samples demonstrate virtually good performance when compared
to the as-cast counterparts. Fig. 49g presents a comparison between the thermojoining GMG (100 mm in diameter) and the as-cast
sample with diameters of 20 mm and 5 mm. The fabrication of the GMG involved the utilization of six layers with interlocking
structures. The densities of the as-cast and manufactured GMG samples were 6.088 and 6.082 g/cm®, respectively, and their
compression strength reached the same value of 480 MPa. This, coupled with cross-sectional CT images at various cutting positions,
ensured that GMGs exhibit fully intact bonding.

In addition, the thermojoining process enables the production of components with complex 3D shapes. While MGs, despite their
excellent properties, are challenging to machine into specific shapes due to their brittle nature, thermojoining process demonstrates
the simultaneous manufacturing and forming of various components, allowing for the efficient fabrication of complex structures [442].
As depicted in Fig. 49h, traditional Chinese Zodiac consisting of twelve different animal characters were successfully manufactured by
thermojoining method. The figure also showcases the Monkey character, highlighting the precision and accuracy of the forming
process. These intricate animal structures, exceeding the critical dimensions, feature curved profiles and sharp angles such as rat’s
beard, ox’s horns, hare’s ears, and monkey’s eyes, among others. The successful fabrication of these complex structures demonstrates
the scalability and simultaneous shaping capability of the thermojoining process.

The bonding mechanism in this process (Fig. 49i) is similar to thermoplastic joining (see Section 6.2.3). Stress concentration occurs
at the center of the interface due to nonuniform spatial structures, breaking the oxidation layer and enabling local contact and bonding
between the metal bases. As pressure and deformation increase, the locally bonded metal flows from the center to the periphery,
removing fractured oxidation and improving bonding quality. Conventional bonding processes distribute stress uniformly, making it
difficult to break the oxidation layer and hindering lateral metal flow, resulting in residual fractured oxidation and compromised
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bonding. The interlocking structure design and loading approach used in thermojoining AM process offer advantages over conven-
tional bonding, improving bonding quality and reducing fractured oxidation layers [442].

7.7. Thermal spray AM

Thermal spraying is a coating deposition approach that involves the heating of a feedstock material, typically in the form of
powder, and spraying it onto a substrate surface using various techniques of high velocity oxygen fuel (HVOF) [664], high velocity air
fuel spraying (HVAF) [665], plasma spray [666], and arc spray [667]. The high-velocity impact of the particles on the substrate results
in the formation of a solid coating. Thermal spray techniques are well-suited for the production of amorphous coatings and surface
modification due to their ability to achieve extremely rapid cooling rate [668].

In 2018, Zhang et al. [669] proposed a novel thermal spray additive manufacturing (TSAM) to fabricate large-size BMGs using
HVOF system. The TSAM technique (Fig. 50a) involves injecting glassy powder into a combustion gas and oxygen mixture, depositing
semi-molten particles onto a substrate at high velocities. BMG components were built layer by layer without a mold, and the process
maintained the amorphous structure of the original powders. The TSAM reduces cracking issues and offers a high cooling rate, pre-
serving the powder’s properties. The technique enables flexible modification of alloy composition and structure using various powders,
leading to improved BMG and BMGC components for diverse applications such as wastewater treatment, water splitting, and
biodegradable implants. However, the current printing resolution of 1 mm in TSAM is larger than the resolutions achieved in SLM and
laser foil printing techniques, which have beam sizes of 80 pm [601] and 430 pm [565], respectively. Further enhancements are
needed to achieve finer resolutions.

To demonstrate the practicality of the TSAM technique, a mask mold was utilized to fabricate mechanical parts with different
geometries [669]. By placing a hollow mask with between the spraying gun and substrate, different geometries including Fe-based
BMGC gears were successfully produced (Fig. 50b).

The mechanical property measurements (Fig. 50c and d) demonstrate that printed Fe4gMo14Cr15Y2C15Bg BMG sample and BMGC
sample reinforced with 50 wt% stainless steel (SS) powders exhibit high fracture strength (~2 GPa) and excellent toughness (13-21
MPa.m'/?), which is 200-400 % higher compared to the toughness in the as-cast BMG of the same composition. Fig. 50e shows a
HRTEM image of the interface, revealing regular lattice fringes in the SS phase and maze-like patterns in the amorphous phase. The FFT
patterns confirm the unchanged crystalline and amorphous structures. The elemental mapping confirmed a compositional gradient
region (~45 nm width), indicating atomic diffusion during TSAM.

The mechanism of enhanced toughness in BMGC parts printed by TSAM was later elaborated [670]. FEM simulation of pre-notched
BMGCs (Fig. 50f) showed a stress gradient from tensile to compressive stress in monolithic BMG during bending. Increasing the SS
fraction reduced stress fluctuations near the notch tip, lowering the driving force for crack propagation (Jyjp). The balance between
intrinsic fracture resistance and Jy;, determines the crack propagation force. In Fig. 50g, Jyp for crack propagation across the amor-
phous/SS interface was calculated. Near interface I, Jy, sharply increased, enabling crack penetration into the soft-SS interlayer.
However, in the SS layer, Ji;, rapidly decreased below far-field J-integral in the amorphous matrix Jg,, due to shielding, with the lowest

Fig. 50. (a) Schematic of TSAM process. (b) Schematic illustration of TSAMed BMG/BMGC parts with complex geometries and photograph of as-
built Fe-based BMGC gear. (c) Compressive stress—strain curves of as-cast BMG, printed BMG and BMGC samples. (d) Load-displacement curves for
notched samples under 3-point bending. Adapted from [669]. (e) HRTEM images showing the interfacial structure between MG and SS phases. (f)
Simulated stress distribution values along the center line of the notch. (g) Crack driving force as a function of distance against the first interface
between the SS and amorphous phase. Adapted from [670].

78



S. Sohrabi et al. Progress in Materials Science 144 (2024) 101283

value at interface II. The crack tends to propagate along the intersplat region with low resistance, requiring additional energy to break
the next hard-amorphous layer. This emphasizes the importance of arranging soft-to-hard materials for enhancing BMGC toughness.

7.8. Cold spray AM

Cold spray is an advanced material deposition technique that originated as a coating technology in the 1980 s. Unlike thermal spray
methods, this process utilizes high-velocity compressed gases (such as nitrogen, air, or helium) to propel metal powders onto a sub-
strate. The primary mechanism of deposit formation in cold spraying is the kinetic energy of the particles upon impact, rather than
thermal energy. Several MG and MG composite coatings, including Fe-based [671,672], Ni-based [673], Zr-based/Cu composite [674]
have been prepared by cold spray.

In a high-pressure cold spray system (Fig. 51a), compressed gas is divided into two streams. The propulsive gas is heated in a gas
heater, while the carrier gas passes through a powder feeder, picking up feedstock particles. The two streams are mixed and directed
into a de-Laval nozzle, creating a supersonic stream of gas and powder. The carrier gas pressure is slightly higher than the propulsive
gas pressure to ensure successful powder injection. High-velocity (300-1200 m/s) particles impact the substrate, forming a coating or
deposit at a temperature below their melting point [675].

Cold spray has emerged as an effective AM technique for producing standalone metal components and repairing damaged metal
parts in recent years. Cold spray AM (CSAM), enabling layer-by-layer deposition of particles due to high kinetic energy, offers ad-
vantages such as shorter production times, unlimited product size, and suitability for repairing damaged components. It excels with
high-reflectivity metals like copper and aluminum. However, CSAM has drawbacks like rough surface finishes and lower initial me-
chanical properties, requiring post-machining and heat treatments for improvement [675].

The field of CSAM for MGs is still relatively new and currently undergoing rapid development and innovation. Researchers have
mainly focused on the formation mechanism of cold-sprayed MG deposits by studying the deformation behavior of individual particles
upon high-velocity impact. These studies underscored the importance of impact velocity and temperature, highlighting the critical role
of melting and viscous flow in particle bonding.

Observations on deposition behavior of as-atomized NiTiZrSiSn amorphous particles during kinetic spraying process revealed
distinct regions in deposited MG particles, indicating strain and temperature gradients [673]. Bonding during cold spray was attributed
to viscous flow and melting at the impact interface, aided by adiabatic heat generation. Melting primarily occurred at the bottom
periphery of the interface. Further, switching from nitrogen to helium as the process gas significantly enhanced deposition efficiency,
primarily attributed to the partial melting of the impacting MG particles. Additionally, the supplementary heating of these particles
influenced their deposition behavior and contributed to the microstructure of the resulting coating.

In another investigation, List et al [677] conducted cold spraying of amorphous CusoZrsg (at.%) at gas temperatures (Tg,s) of 600 °C
and 800 °C, maintaining a constant gas pressure of 4 MPa. Their findings indicated that a Tg,s of 600 °C yielded optimal results in terms
of bonding and coating performance, with the possibility of further enhancement through precise adjustments of spray parameters.
Notably, coatings processed at Tgas = 600 °C were approximately four times thicker than those sprayed at Tgas = 800 °C, reflecting
variations in deposition efficiencies. Despite similarities in appearance, the coating produced with a Tg,s of 800 °C exhibited

Fig. 51. (a) Schematic of high-pressure cold spray system (Adapted from [675]). (b-c) Microstructures of MG coatings and splats deposited at low Re
(b) and high R (c). (d) Simulated contours of shear stress for low R, and high R, conditions10 ns after impact. Adapted from [672]. (e-f) Surface and
cross-sectional morphologies for cold sprayed particles with shear localization (e) and particles with viscous flow(f). (g) HRTEM images and cor-
responding FFT diffractions patterns reveal the presence of localized ordered clusters near the interparticle interface. Adapted from [676].
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approximately 30 % greater hardness compared to the one sprayed at 600 °C. Tensile tests on tubular coatings revealed an ultimate
tensile strength of 293 MPa for the coating produced at Tgas = 600 °C, twice as high as the coating produced at Tgas = 800 °C, which
failed at 139 MPa.

A study by Henao et al. [672] investigated the impact of Reynolds number (R.) on the deformation mechanism during the cold
spray deposition of Fe-based MG coatings. At low R, (Fig. 51b), minimal deformation results in a porous coating, while increasing R,
(Fig. 51c) leads to more significant deformation, resulting in compact coatings with homogeneous deformation. Shear bands are
observed across the MG particle at low R, condition originating from the contact area with the substrate. At high R, plastic defor-
mation and jet formation occur at the particle edges due to low viscosity and high impact velocity. Higher R, values improve deposition
efficiency, exceeding 50 %, as MG particles flow and bond through thermal softening. These findings highlight the role of shear
thinning in promoting homogeneous flow. Finite element analysis demonstrated the influence of non-Newtonian behavior and ho-
mogeneous deformation in promoting viscoplastic deformation and lateral viscous flow. Simulated shear stress contours (Fig. 51d)
showed localized regions of shear stress at low Re, corresponding to the experimental observation of shear bands. As R, increases, the
MG particle undergoes more homogeneous deformation without shear banding, as the maximum shear stress falls below the critical
threshold. Severe plastic deformation primarily occurs at the edges of the contact area with the substrate, where significant shear stress
is present.

In another study performed by Fan et al [676], two mechanisms for particle bonding were found to contribute to the formation of
MG deposits. The first mechanism involves localized metallurgical bonding at the interface fringe caused by high-velocity impact
(Fig. 51e). The observation of a nanoscale gap between the deposited particle and the substrate was attributed to the elastic forces
causing springback. The second mechanism involves annular metallurgical bonding resulting from the reduction in viscosity due to
high particle temperature (Fig. 51f). Additionally, the nanocrystallization process was observed in the cold-sprayed Zr-based MG
deposit (Fig. 51g) which involves composition segregation and different levels of atomic ordering throughout the amorphous matrix
(region I). Initially, localized interfacial regions undergo severe plastic deformation, promoting composition segregation (region II).
Atomic rearrangement forms localized ordered atomic lines, leading to the appearance of 1D periodic lattice fringes (region III). These
fringes evolve into higher ordered structures, eventually resulting in the formation of nanocrystals (regions IV and V).

7.9. Other AM techniques

7.9.1. Electron beam melting (EBM)

EBM is an advanced AM technology that has gained significant attention in recent years [678,679]. Selective EBM uses a high-
power electron beam to selectively melt metal powder layers. In contrast to SLM, which can be used for metals, polymers and ce-
ramics, the application field of the EBM is restricted to metallic components since electric conductivity is required. EBM offers ad-
vantages like high beam velocities and a vacuum environment, making it ideal for processing high-performance alloys. However,
manufacturing under vacuum condition may come with increased costs and potential loss of low vapor pressure alloying elements.

Despite achieving success in welding (see Section 6.1.2) and surface modification [680] of MGs using electron beam, the production
of BMG parts from amorphous metal powder through selective EBM has not been achieved successfully so far. Although numerous
challenges were encountered during the process, appropriate parameter adjustments were made to establish a dependable sintering
method for this particular alloy. Drescher and Seitz [681] conducted a study on the effects of scan speed and beam current during EBM
process of ZryoCug4Al4Nby, BMG. The range of parameter adjustments was limited by the requirement of using amorphous metal
powder. In the initial sintering experiments, the impact of three key EBM parameters-beam current, focus offset, and scan speed- on
the processability of the metal powder was investigated. The study unveiled a direct correlation between the strength of the beam
power, scan speed, and the extent of sintering for the amorphous powder. Through iterative parameter adjustments, they were able to
establish a stable sintering process, resulting in the successful creation of a sinter cake consisting of interconnected layers with a
consistent thickness of 5 mm.

7.9.2. Direct ink writing (DIW)

DIW, also known as pneumatic-injection 3D printing, is an AM technique that involves the precise extrusion of liquid or viscous
materials, often referred to as an “ink”, through a nozzle to create three-dimensional structures layer by layer [682,683]. In DIW, the
ink comprises polymers, ceramics, metals, or living cells. The in’s composition is designed for specific rheological properties, enabling
controlled extrusion and solidification.

Recently, a set of innovative inks fusing Fe-Si-B BMG microparticles, liquid suspension media, and polymer binders were developed
[684]. During DIW process, the liquid suspension evaporated, and the BMG particles were bound together by the polymer matrix,
resulting in the formation of 3D constructs made of a composite material consisting of BMG and polymer. A 50 % macroporous BMG
structure exhibited exceptional strength (~1.4 GPa), surpassing conventional alloys of similar density. Comparable to Ti-6Al-4 V,
DIWed BMG had lower density and cost. Varying filament spacing during DIW allows control over density and mechanical properties
of BMG architectures. In another work, Wu et al. [685] developed a method for preparing Fe-based MG powder slurries with solid
content of 50 % and uniform stability for pneumatic injection 3D printing. The influence of printing parameters on the width of
deposited line was studied, and stable dispersion was achieved using spherical Fe-based MG powders with a particle size of 5-75 pm
and PAA-NH4 dispersant. The deposited line width increased with pressure and decreased with platform speed. The widest line width
was noted at a pressure of 3.4 bar, platform speed of 3 mm/s, and layer height of 1.2 mm. Conversely, the narrowest line width was
achieved at a pressure of 2.8 bar, platform speed of 9 mm/s, and layer thickness of 0.8 mm. The nozzle speed had the most significant
impact on line width, followed by injection pressure, and then layer thickness.
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7.10. Functional properties in AMed BMGs

Functional properties in MGs refer to their unique characteristics and behaviors that make them suitable for specific applications.
While MGs are primarily known for their mechanical and physical properties, they have demonstrated a variety of functional prop-
erties, namely excellent corrosion resistance [6], biocompatibility [46,686], superior wear resistance [13], and promising catalytic
capabilities [17,687].

AM offers unique opportunities to improve the functionality of BMGs by enabling the fabrication of complex geometries, tailored
porosity, gradient structures, and integration of multiple materials. These capabilities pave the way for the development of advanced
BMG components with enhanced performance, expanded functionality, and increased application potential in various industries.

SLM-printed Zr-based samples showed similar corrosion behavior to as-cast samples in Na2SO4 and NaCl electrolytes, but with
reduced pitting susceptibility and improved surface healing [570]. In another study, a Ni-free and Ag-bearing Zr-based 3D printed
BMG exhibited excellent corrosion resistance in a simulated body fluid solution, low corrosion rate (0.12 mm/y), and better

Fig. 52. (a) Polarization curves of 3D printed BMG sample compared to that of the as-cast BMG and Ti6Al4V alloy in the SBF solution (Adapted
from [636]) (b) Cell proliferation assessed by measuring the activity of cytosolic LDH (Adapted from [688]). (c) Overall catalytic ability of different
catalysts (Adapted from [439]). (d) Photographs and SEM images of as-deposited and dealloyed SLMed BMGs with lattice structure (e) Degradation
rate over time in nanoporous 3D printed cubic and lattice 3D printed samples and a polycrystalline Cu. Adapted from [614]. (f) Degradation ef-
ficiency of 3D NP-Cu catalyst and other commonly used catalysts. (g) Degradation rate and COD removal of a mixture solution containing five
different dyes. Adapted from [690]. (h) 3D surface topography and cross-sectional images of the wear tracks were examined at a fixed sliding speed
of 250 RPM under different normal loads (Adapted from [691]).

81



S. Sohrabi et al. Progress in Materials Science 144 (2024) 101283

passivation ability compared to as-cast BMG and Ti6Al4V alloy (Fig. 52a) [636]. It maintained safe metal ion release and demonstrated
favorable biocompatibility, cell proliferation support, and remarkable antibacterial activity against E. coli.

SLMed Zrsg 3Cusg gAl10.4Nb; 5 BMG (AMLOY-ZR01) was evaluated as an implant material by Larsson et al. [688]. The study showed
favorable cell proliferation and differentiation of preosteoblastic cells, similar to the reference material Ti-6Al-4 V, regardless of the
SLM laser energy and surface roughness of the BMG (Fig. 52b).

In another work, Liang et al. [439] 3D printed porous Fe-based MG composites with rhombic dodecahedron microstructure for
catalytic degradation of BR3BA dye. Comparative studies reveal superior reusability and efficiency in sulfate radical-based reactions,
with up to 45 cycles without decline. Efficiency decreases in Fenton-like processes due to surface decay. Sulfate radical-based reactions
maintain surface integrity, indicating distinct catalytic mechanisms and being preferable for practical applications. Later, Liang et al.
[689] incorporated Cu into an MG-based catalyst using SLM to create 3D hierarchical porous structures. These MG/Cu catalysts show
exceptional efficiency in degrading RhB, surpassing commercial nano zero-valent iron and other Fenton-type catalysts. Impressively,
the MG/Cu catalysts maintain high reusability, with over 100 uses without efficiency decay, setting a new longevity record.

Fig. 52c summarizes reaction rate constant (kops) and activation energy (AE) values for Fe/Mg/Co/Al-based MGs, crystalline alloys,
and 3D printed alloys [439]. MGs exhibit lower AE values and higher kops compared to crystalline alloy catalysts, making them a
superior alternative. The catalysts manufactured by SLM show promise with low AE values and high kops values, indicating high overall
catalytic ability. The SLM-produced Fe-based MG matrix composite demonstrates exceptionally high kops (0.586 min~') compared to
the SLM-produced Zr alloy (0.349 min ). Despite a slightly higher AE value, the Fe-based MG matrix composite still outperforms most
crystalline catalysts.

The combination of 3D printing and chemical dealloying techniques presents a promising approach for fabricating intricate three-
dimensional frameworks with nanoporous structures. In this regard, Yang et al [614] have investigated the catalytic performance of 3D
printed Zr-based BMG with large specific surface area offered by complex geometries (Fig. 52d). By employing chemical dealloying
treatment in 0.008 M HF and 1 M H,SO4 mixture solution for 60 h, nanoporous Cu with average pore size of 60 nm and thickness of
~10 pm was obtained on the surface of the BMG, enhancing its catalytic capabilities as revealed by higher degradation efficiency of the
lattice nanoporous sample decreasing methyl-orange concentration with time (Fig. 52e).

Yang et al. [690] discovered that 3D printed nanoporous Cu (3D NP-Cu) catalysts have high degradation efficiency for azo dyes
(Fig. 52f), outperforming commercial Cu?* catalysts and Cu® powder. The 3D NP-Cu catalyst also demonstrates fairly good reusability
and versatility, rapidly degrading complex pollutants (dyes) and reducing chemical oxygen demand (COD), as shown in Fig. 52g. The
catalyst’s unique 3D hierarchically porous structures, abundant active atomic steps, and Cu20 nanocrystals contribute to its excep-
tional performance. However, the synthesis process is complex, costly, and has limited catalyst reusability.

Regarding wear properties in 3D printed BMGs, Zou et al. [691] systematically investigated the influence of normal load and sliding
speed on the microstructure, tribological properties, and wear mechanisms of ex-situ additively manufactured FeCrMoCB/Cu BMG.
Increasing normal load and sliding speed led to a decrease in coefficient of friction. Fig. 52h illustrates the wear tracks at varying
normal loads, showing deeper and wider grooves as the load increased at a fixed sliding speed. The wear rate decreased with increasing
normal load but increased with increasing sliding speed due to the formation and stability of a tribo-layer. Wear mechanisms varied
depending on the normal load and sliding speed. At 250 RPM, wear shifted from adhesive wear to oxidation wear and adhesive wear
with increasing load. Under a constant load of 20 N and higher sliding speeds of 500 and 750 RPM, adhesive wear and fatigue wear
were dominant.

In other studies, Bordeenithikasem et al. [569] and Deng et al., [570] assessed the wear behavior of SLMed Zr-based BMGs
compared to the cast laboratory grade materials using pin-on-disk wear testing. The experimental results showed that both the laser
printed samples and cast laboratory grade samples exhibited comparable wear loss, indicating similar wear behavior between the two.
Furthermore, Hofmann et al. [692] additively manufactured a range of metallic alloys including AMZ4 BMG using SLM. These alloys
were tested as potential excavation tools for future robotic spacecraft landing on icy planetary bodies. The performance of the cutting
tools was assessed by measuring the mechanical specific energy and blade hardness while trenching through soft and hard salt, which
serves as a regolith simulant for extraterrestrial ice. Notably, A2 tool steel, MS1 maraging steel, and BMG cutting tools exhibited
favorable performance in the experiments.

8. Summary & outlooks for future research

MGs offer unique properties for various engineering applications, but their practical use is hindered by size limitation and chal-
lenges in achieving intricate geometries through conventional fabrication methods such as the commonly used casting. Alternative
manufacture strategy has gained attention as a means to overcome the challenges posed by limited GFA and intrinsic brittleness in
MGs. This paper provides a comprehensive review of recent advances in MG component manufacturing using various techniques. The
summary and future outlooks are as follows:

- MG feedstocks for manufacturing.

1- MG powders and ribbons are widely available, cost-effective, and scalable options, particularly for AM. BMG rods and sheets, while
limited in scalability, offer unique compositions but can be costlier. MG powders and ribbons are more compatible with AM and
formative manufacturing, while BMG feedstocks can be used for various manufacturing techniques. Challenges include main-
taining compositional diversity in powder and ribbon feedstocks.

2- Moving forward, the focus should be on diversifying MG powder feedstocks, reducing oxygen contamination, and improving wide
ribbon production through planar flow casting of different MG alloy systems. Advancements in milling/atomization can address
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powder particle size distribution challenges. Improving the GFA of feedstock materials and using MG alloys with slow crystalli-
zation kinetics can minimize nanocrystallization risks, facilitating the fabrication of fully amorphous MG components.

- Subtractive manufacturing.

The study of subtractive manufacturing of MGs has witnessed significant research efforts in both traditional and non-traditional
machining methods, yet there remain several challenges and avenues for further exploration. Key perspectives for future research
are as follows:

1- Understanding chip formation and cutting mechanism in traditional BMG machining is crucial due to the lack of consensus. MG
machining faces challenges like crystallization, oxidation, and light emission, impacting surface quality. Exploring coolants,
cooling methods, and low-temperature cutting techniques can mitigate these issues. Optimizing machining parameters like cutting
speed, depth, feed rate, and spindle speed offers substantial improvements in quality, efficiency, and tool longevity.

2- Traditional machining of BMGs under optimized conditions does not lead to crystallization, but high temperatures during

machining can induce it. Nanocrystallization and changes in interatomic distances occur due to elevated temperatures and severe

plastic deformation. Further research is needed to optimize machining parameters and explore mechanical properties for potential
applications.

Non-traditional methods like micro-EDM and ECMM are promising for MG micromachining. Optimizing parameters in micro-EDM

reduces crystallization, and advanced materials tackle carbonization. ECMM allows precise removal but is limited to thin MG

ribbons. Laser micromachining has potential for microstructures, but parameter optimization is needed. Laser can also aid surface
finishing and creating functional components. Combining laser and ultrasonic-assisted machining with traditional methods can
overcome challenges in machining MGs.

Shear punching is applied to MGs, but their limited plastic forming capacity at room temperature poses challenges. Ultrasonic-

vibration-assisted shear punching (USP) emerges as a promising approach, utilizing ultrasonic softening mechanisms to improve

efficiency and reduce costs in MG processing.
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- Formative manufacturing.
Formative manufacturing of MG components is a promising research area with opportunities for complex-shaped structures in
various length scales. Yet, some challenges and future issues require attention.

1- The thermoplastic properties of MGs have enabled efficient processing through thermoplastic forming methods like compression
molding, blow molding, hot drawing, hot rolling, and hot extrusion, creating centimeter- to nano-scale structures with high pre-
cision. Advanced techniques like capacitive discharge heating and electromagnetic coupling offer rapid MG forming. Challenges
include processing costs, limited atomic-level replication, and the need for optimal parameters to avoid oxidation and crystalli-
zation. Further research should focus on cost reduction, improved mold structures, and overcoming crystallization challenges.

2- Ultrasonic technology shows promise in enhancing the plasticity of MGs through UVIP. This innovative approach enables sub-
stantial plastic deformation without crystallization at room temperature and in a very short period. Further research is needed to
understand the mechanism of UVIP and optimize this technique for tailored material properties in MGs. The application of ul-
trasonic processing to MGs is still in its early stages, presenting opportunities for advancements in processing techniques and
parameters.

3- Powder consolidation, using thermal sintering methods like hot-pressing and SPS, is employed to overcome size limitations in
BMGs. Adjusting parameters such as pressure, temperature, and particle size influences the densification and devitrification
behavior of BMGs during consolidation. BMGCs with controlled microstructures and tailored properties are possible, including
magnetic properties. Advancements in devitrification understanding and predictive modeling could optimize performance of
consolidated BMG components.

4- The concept of using MGs as metallic glue has emerged as a novel method for MG matrix composites, showing promise in bonding
materials, enhancing plasticity, and controlling electrical, magnetic, and magnetostrictive behavior. The technique enables
structural regulation, creating porous MG structures with controlled porosity. Further research and optimization in this approach
can advance MG-based composites and explore innovative engineering applications.

- Welding and joining.

1- Welding and joining of MGs are vital research areas to leverage their exceptional properties in engineering applications. However,
these processes face challenges due to the inherent amorphous structure, leading to potential crystallization issues and lack of
strong metallurgical bonding. Future research should delve into innovative approaches and techniques to mitigate crystallization
during welding processes, ensuring the preservation of the unique properties of MGs.

2- Expanding the range of MG compositions that can be successfully welded is crucial. Research efforts should explore compatibility
between different MG compositions and even dissimilar materials to unlock new possibilities in engineering applications. Further,
expanding applications of MGs requires developing efficient and scalable methods for producing large-scale MG components
through welding and joining.

3- Fusion welding techniques, including laser welding, is highly efficient for joining BMGs with narrow seams, minimal heat-affected
zones, and rapid heating/cooling rates, but high-energy laser welding induces crystallization which deteriorates mechanical
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strength of the joint. Successful laser welding of various BMG compositions has been achieved, with ongoing research to optimize
parameters and improve weld quality. EBW is another versatile method, enabling strong and defect-free BMG welds, especially in
dissimilar materials. The challenges inherent in EBW encompass the necessity for a stringent vacuum environment and the
requirement for high surface quality. Reactive foil joining, using reactive foils, provides a controlled heat source, minimizing BMG
crystallization and achieving high fracture toughness.

Supercooled liquid state welding techniques to join MG components has advanced significantly in recent years. Friction welding
techniques offer a promising approach to join BMG materials by generating heat at the interface without melting the plates,
preserving their unique properties. FSW technique faces challenges such as intricate process parameters, stir pin abrasion, and
inevitable exit hole formation. Diffusion bonding shows potential for large BMG areas, but challenges with atomic diffusion and
oxide layers require careful consideration. Thermoplastic joining eliminates the need for a controlled atmosphere, preventing
crystallization within a short timeframe. RSW successfully joins various BMG compositions and dissimilar materials, preventing
crystallization and ensuring strong bonds.

The outlook for supercooled liquid state welding techniques in MGs is promising, offering unique advantages in terms of structural
preservation and metallurgical bonding. To advance this field, future research should focus on broadening the applications of
friction welding techniques, optimizing parameters for enhanced morphology control, and exploring dissimilar joining conditions.
In diffusion bonding, the exploration of alternative interlayer materials and the development of advanced simulation models are
essential to overcome challenges related to structural relaxation and bulk embrittlement. Thermoplastic joining requires further
optimization of conditions for increased joint strength and expanded applicability across diverse BMG compositions and geome-
tries. For resistance spot welding, research should delve into supercooled liquid state joining of dissimilar BMGs and extend ap-
plications to manufacturing complex 3D structures.

Solid-state welding techniques, like magnetic pulse welding and explosive welding, achieve strong metallurgical bonds in MGs
while preserving their unique properties. These methods successfully join various BMG compositions and dissimilar materials with
minimal crystallization. Explosive welding comes with drawbacks like unfavorable working conditions and noise pollution
accompanied by shock, highlighting the need for careful consideration of these factors. Ultrasonic welding, using high-frequency
vibrations, offers advantages like fast operation and no impact on material performance. It has demonstrated successful BMG
welding, maintaining their strength and structure. Ultrasonic welding holds potential for large-scale BMG production. Future
research can optimize the process and explore its applicability in different environments.

- Additive manufacturing.
AM allows the creation of BMGs with intricate shapes and larger sizes than traditional casting. Techniques like SLM, DED, and LFP

hold promise for BMG applications. However, achieving a fully amorphous microstructure in laser-based AM remains challenging due
to temperature gradients and thermal cycles. Further research is needed to overcome these obstacles.
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One primary challenge in AM of BMGs is the presence of solidification defects and thermal stress-induced cracks, which can
compromise part integrity and mechanical properties. Controlling defects and crystallization is crucial for achieving fully amor-
phous structures in 3D printed BMGs. Understanding the processing-structure-properties relationship and optimizing process pa-
rameters are essential for enhancing performance. AI and ML methods could dynamically adjust processing parameters and
engineer local microstructures to minimize crystallization [693,694]. Additionally, simulating thermal and residual stress during
laser-based AM processes for BMGs requires innovative numerical strategies to address fluid flow, temperature fields, and plasma
effects effectively.

AM has also enabled the development of functionally graded BMGCs with enhanced plasticity and fracture toughness. Exploring
combinations of BMGs with crystalline alloys or ceramics can open up new engineering applications with unique structural and
functional properties.

MG components produced by laser-based AM techniques often require post-processing to achieve the desired surface finish, which
adds time and cost to the manufacturing process. Developing effective post-processing techniques to achieve desired surface fin-
ishes and refine the mechanical properties of SLM-produced BMG components is an ongoing research area. While the application of
thermoplastic forming to an SLMed AMZ4 (Zrsg 3Cugg gAlj9 4Nb; 5) component reduces surface roughness and create intricate
surface patterns without the necessity of intricate abrasive machining processes [695], the heat treatment in the SLR of an SLMed
Zrs5CugpAly oNis BMG softens HAZ regions and MPs but induces micro-cracks, deteriorating mechanical performance [696].

The TPF-based AM techniques for BMGs show great promise in advancing the field. FFF offers a rapid and cost-effective method to
produce fully dense BMG parts with high mechanical performance. Efforts to minimize defects during printing by FFF in ambient
air are essential. Thermojoining AM provides an adaptable approach for creating giant MGs with complex shapes. Continuous
research should focus on improving efficiency, speed, and applicability to different BMG systems.

Ultrasonic AM is an advanced technique combining ultrasonic welding with AM to create functional MG components. It suc-
cessfully produces parts from various materials, including MGs and MGCs. Future research aims to optimize processing parameters
and expand its applications, offering high-performance components at reduced costs and production times.

Regarding 3D printing techniques, while SLM has been widely studied, new approaches like thermal spray AM and cold spray AM
offer intriguing possibilities for large-scale production and efficient glass formation. Furthermore, developing new 3D printing
techniques while using amorphous ribbons as feedstocks can be a novel direction for AM of BMG components.

EBM has not yet successfully produced BMG parts from amorphous metal powder, but parameter adjustments during EBM, spe-
cifically beam current and scan speed, led to a stable sintering process of MG particles. DIW, another technique, involves extrusion
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of Fe-Si-B BMG microparticles with polymer binders, resulting in 3D constructs with exceptional strength and controllable prop-
erties. This offers a lower density and cost alternative to conventional alloys. Both EBM and DIW present distinctive pathways for
advancing manufacturing capabilities.

In conclusion, advancing the field of the manufacture of MG components requires continued research to address the existing
challenges and optimize the processing parameters. Novel techniques and strategies hold huge promise for expanding the
manufacturing capabilities of MGs, leading to extensive applications in various fields.
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