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Abstract: Bulk metallic glasses (BMGs) are non-crystalline class of advanced materials and
have found potential applications in the biomedical field. Although there are numerous
conventional manufacturing approaches for processing BMGs, the most commonly used like
copper-mould casting have some limitations. It is not easy to manage and control the critical
cooling rate, especially when the fabrication of complex BMG geometries is involved. Other
limitations of these techniques include the size constraints, non-flexibility, and the tooling and
accessories are costly. The emergence of additive manufacturing (AM) has opened another
promising manufacturing route for processing BMGs. AM processes, particularly laser
powder-bed fusion (PBF-LB/M) builds parts layer-by-layer and successively fused the powder-
melted feedstocks using prescribed computer-controlled laser scanner system, thereby forming
a BMGs part upon sufficiently rapid cooling to ensure the glass forming-ability. PBF-LB/M
overcomes the limitations of the pre-existing BMGs processing techniques by not only
improving the part size, but also produces exceptionally complex structures and patient-
specific implants. This review article aims to summarise and discuss the mechanism of BMGs
formation through PBF-LB/M for biomedical applications and to highlight the current
scientific and technological challenges as well as the future research perspectives towards
overcoming the pore-mediated microcracks, partial crystallisation, brittleness and BMG size

constraint.

Keywords: Laser; Additive manufacturing; Bulk metallic glass; Powder bed fusion process;

Biomaterials; Implants



1. Introduction

Owing to the pressing need for low-modulus and low-cost implants, developing new
biomaterials with sufficient osteointegration and patient-tailored implant fabrication
techniques are highly needed. Metallic biomaterials including stainless steel, Co-Cr, pure Ti
and its alloys, pure Zr and its alloys were the most popularly used to fabricate prosthesis,
especially for the repair or replacement of diseased bone [1, 2]. The use of other metals such
as Mg and Zn alloys were also reported, especially for the synthesis of biodegradable implants
[3-9]. Metallic implants are most commonly used for the repair/replacement of hard tissues
such as hip and joints, fixation devices, dental implants, cardiovascular stents, screws and bone
plates [10, 11]. This is due to their outstanding fatigue and load-bearing capabilities [12].
Among the persistent problems of these crystalline metallic biomaterials is their mechanically
incompatible bone elastic modulus (E), which causes stress-shielding effect, thereby resulting
in implant loosening/bone resorption and subsequent revision surgery. Other issues include
poor wear and corrosion resistance, which lead to adverse reactions, especially when high
concentrations of Ni, Al, Cr and Co ions are released into the host tissues after implantation.
These problems coupled with low-strength, high cyclic fatigue, insufficient osteointegration
and poor biocompatibility limit their long-term performance [13-15]. Thus, development of
high quality and much safer biomaterials with acceptable biomechanical properties and relative

ease of fabrication is receiving an increasing attention by both academics and industries.

The emergence of non-crystalline alloy referred as amorphous alloys, glassy alloys or
metallic glasses (MGs) open-up a new biomedical research area with the over-arching aim to
match the bone stiffness. MGs are conventionally produced by suppressing the growth of the
crystalline phases and nucleation through rapid cooling of the liquid melts using casting [16,
17]. MGs in the form sheets or ribbon are synthesised by a combination of two or more
chemical elements thereby resulting in a glass-like metallic alloys. The existence of MGs can
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be traced back to 1959 when Klement, et al. [18] discovered Au75Si25 alloy at California
Institute of Technology (Caltech), USA. MGs outweighed crystalline metallic biomaterials in
terms physical and mechanical behaviours like high toughness and high corrosion resistance.
However, MGs are not widely accepted due to their limited size (few microns) which is not
sufficient for the industry-scale and clinical applications. The size constraints of the MGs were
nearly overcome in early 1990s by bulk metallic glasses (BMGs). BMGs has a much lower
cooling rate (10% K/s) than the MGs (10°-10°) and therefore have a higher critical casting
thickness (dimensional constraints imposed by solidification rates necessary to obtain an
amorphous microstructure) than the MGs [19]. The first commercial BMG called Vitreloy 1
(Zrs2.2Ti138Cu125Ni10-B22.5) was developed in 1992 [20]. Since then, several series of BMGs
were fabricated with improved sizes (up to centimetres) targeting biomedical and other
applications (Figure 1a). In 2004, Xu, et al. [21] presented high glass-forming binary Cu-Zr
BMGs at different atomic composition and enhanced mechanical properties. CusaZrss was
revealed to be the best glass former series among four different BMG series of Cu-Zr observed,
whereby the critical casting size of CussZrs4 was significantly raised from 0.5 mm to 2 mm
when the Cu-Zr composition adjusted to CuesZrss. Another study by Tian, et al. [22] explores
on the elastic limit and corresponding stresses of the small binary Cu-Zr MGs through an in-
situ and quantitative measurement. Compared with bulk specimens, an elevated strain rate and
stress values was achieved, as schematically presented in Figure 1b. Other varieties of BMG
series with good glass forming ability (GFA) and potential mechanical and biomedical
behaviours are presented in Table 1. The non-crystalline nature of BMGs endows them with
unique physical and mechanical properties like ultrahigh strength, good corrosion and wear
resistance, excellent elastic behaviour and near-to-bone E when compared with the crystalline
alloy counterparts [23-36]. The thermodynamically non-equilibrium nature of BMGs resulted

in constant changes of their local structures during structural relaxation and mechanical



deformation. This provide an in-depth understanding of their structural origin for various

mechanical behaviours resulted from structural heterogeneities [37, 38]. The behaviours of

various BMGs, BMG composite and other engineering materials like fracture toughness,

strength and density were summarised and compared through Ashby maps in Figure 2.
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Figure 2: Ashby Maps showing the relationships between some selected BMGs, BMG
composites and other various engineering materials with fracture toughness and (a) density (b)
yield strength [40]

Currently, BMGs are conventionally processed through various metallurgical processing
routes like powder metallurgy [41-46], rapid cooling of liquid melts [40, 47-49], melt spinning
[50, 51], magnetron sputtering [52-54], pulsed laser quenching [55, 56], liquid splat quenching
[57], electro-discharge machining/coating [58-64], and thermoplastic forming [65, 66]. It has
to be noted that, melt spinning and thermoplastic forming are currently well-established BMG
processing techniques. Despite great improvement in achieving the BMGs size, to date, these
techniques could not produce sufficient size for the industrial and biomedical use. Other
limitations of these conventional methods are their inability to easily fabricate complex and
patient-specific implants without compromising the initial properties of the BMG.

Additionally, the cost of the BMG processed through these techniques is high.

Additive manufacturing (AM), also known as 3D printing, is a novel technological
innovation, which involved building a bulk part using computer-aided design (CAD) model
through layer by layer deposition of the metal melts [67, 68]. Laser-based additive
manufacturing (LAM) are AM processes, which utilizes laser source as the heat source and
laser beam to rapidly melt metal powder. LAM is used in various industries like biomedical
[69-73], aerospace [74, 75] and tool-making [76]. LAM gains some advantages over the
conventional machining and powder metallurgy techniques. These include formation of fine
grain size and enhanced mechanical behaviours due to its high energy density and rapid cooling
rate [77], ease of moulding difficult to machine materials due to high melt pool temperature
[78], processing of functionally graded material due to its ability to change the chemical
composition of the input material [79] and fabrication of highly complex geometries [78]. LAM

is mainly classified into laser powder-bed fusion (PBF-LB/M) AM and laser-based direct



energy deposition (L-DED) AM, also called laser metal deposition (LMD), laser cladding (LC)

or laser engineered net shaping (LENS) [77, 80-83]. Figure 3 shows various classifications and

the phrases of laser-based AM.
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Figure 3: Various classifications and phases of laser-based additive manufacturing

Table 1 Various biomedical BMGs synthesized through several routes indicating their

achieved sizes, mechanical and biomedical behaviours

BMG Series Diameter Synthesis Mechanical/biomedical Behaviours Ref.
/Composition (mm) Method
Ti-based BMGs
TiCuHfSi 3 Copper-mould =  Fracture toughness 1685 MPa [84]
casting = Young Modulus 95 GPa
= Good corrosion resistance
Ti-Cu-Zr—Fe-Sn-Si-Ag 7 Copper-mould = High specific strength [85]
casting = Young Modulus 100 GPa
= Good corrosion resistance
Ti-Zr—Cu-Fe-Sn-Si 3 Copper-mould =  Yield strength 1750-1800 GPa [86]
casting = Hardness 606-613 Hv
= Young Modulus 100 GPa
= High corrosion resistance
Ti42Zr40Si15Ta3 - Powder =  Yield strength 140 -730 GPa [87]
metallurgy = Young Modulus 8-53 GPa
= Good osteointegration
Ti-Cu-Zr-Fe-Sn-Si-Ag-Pd 4-5 - = Hardness 591-610 Hv [88]
= Compressive strength 2074 -2340 GPa
= Young Modulus 100 GPa
= Good Biocompatibility
Zr-based BMGs
Zr61Cul7.5Nil0Al7.5Si4 - Melt spinning = Hardness 510 Hv [89]
= Compressive strength 1800 MPa
= Good Corrosion resistance
Zrg1Alg oFe102Cu102Ag0 7 16 Copper-mould = High specific strength 2.3 x 10° Nm/kg ~ [90]
casting/Arc = Young Modulus 80 GPa
= Good adhesion

melting




Z1593CU288Nb15Al10.4 15 Additive = Fracture toughness 24—29 MPaVm [91]
Manufacturing
Zro5Tio.02CUo38Al01 5 Copper-mould =  Yield strength 1750-1800 GPa [92]
casting = Hardness 606-613 Hv
= Young Modulus 82-89 GPa
=  Good Biocompatibility
Zrs21TisCu17.9Ni146Al10Y 04 1-5 High pressure die- - [93]
casting
Fe-based BMGs
Fe41C07CrisM014C15Bs Y2 3 Copper-mould = Hardness 1122 Hv [94]
casting = Compressive strength 4000 MPa
= Good Corrosion resistance
Fe55Cr8Mo014C15B6Er2 >4 Copper-mould = Hardness 1122 Hv [95]
casting = Young Modulus 209 GPa
= Fracture strength 4.4 GPa
Fe-Cr-Mo—(Y,Ln)-C-B 12 Copper-mould = Micro Hardness 13 GPa [96]
casting = Young Modulus 180-200 GPa
FeCoCrMoCBY 16 Copper-mould = Hardness 1253 Hv [97]
casting = Fracture strength 3.5 GPa
Ca-based BMGs
CagsMgisZn 15 Copper-mould - [98]
casting
CagoMg20Ag20 4 Copper-mould - [99]
Cab0Mg20Ag10Cul0 7 casting -
CagoMg20Zny Plate High-pressure die =  Excellent corrosion resistance [100]
casting = Biodegradable and Bioresorbable
Zn-based BMGs
Zn-Mg-Ca-YDb 2 Copper-mould = LowkE [101]
casting = High corrosion resistance
= Compressive strength 663
Zn38Ca32Mg12Yh18 2 Copper-mould = Young Modulus 36.6 [102]

casting

Compressive strength 640

PBF-LB/M AM techniques were recently utilised in fabricating various geometries and

types of implants including jaw, cranial or maxillofacial, ribs and sternum, pelvic, hip cup,

hand, toes and knee [103], as depicted in Figure 4. In recent years, the use of PBF-LB/M AM

techniques to processed BMGs is widely studied [104-107]. It has to mention that, plasma spray

or cold spray initially developed to coat metallic substrates, is another powder-based AM

approach recently utilized and shows high potential in producing large-sized BMGs or BMG

composites with turnable properties like ease to impart porosities or composite microstructures

[108]. Plasma spray AMed BMG parts have less thermal stresses and the process requires less

heat input, thus, it produces BMG parts with high amorphous content (> 95 %) and crack-free

surface [109, 110]. It has high efficiency and do not require any protective (atmospheric)

chamber during the process [111, 112]. The working principle of plasma spray AM involved



preheating of metallic glass powder at very short duration (0.5 ms), then, the semi-molten
particles are deposited at supersonic velocity to form BMG parts or BMG composites.
However, this method is not yet applied in producing wide range of BMG alloys. Current
reports are specifically on processing of Fe-based BMGs. Fused filament fabrication (FFF), is
another AM technique recently employed to fabricate highly amorphous BMGs using MG rods
as feedstocks [113]. However, this method is more explored in the processing of thermoplastics
and seldom use in fabricating BMGs. Therefore, this paper will focus on the BMGs processed
through PBF-LB/M AM approaches. PBF-LB/M AM involved a repetitive layer-by-layer
melts fusion and solidification at a very high cooling rate (10* — 107 K/s). This, in combination
with other factors like the alloying elemental composition and the fabrication method type,
resulted in a fully or partially amorphous structure. The amorphous phase formation depends
strongly on the thermal stability, GFA of the alloying elements and the process parameter

settings [114, 115].



Figure 4: Various implants processed through PBF-LB/M AM process (a) jaw implant [116]
(b) cranial implant [117] (c) ribs and sternum [118] (d) pelvic implant [119] (e) hip cup implant
[120] (f) hand and toes implants [121] (g) hip implant [122] (h) knee implant [123]

The benefits of PBF-LB/M AM techniques over the conventional BMG fabrication
methods is not only in fabricating BMGs larger than the critical casting size [124-126], but also
in fabricating a complex geometries and patient-specific geometries [127-129]. Moreover,
PBF-LB/M AM techniques do not require tooling pre-production and part-specific tooling
costs. Thus, it is cost-effective and foreseen as the potential BMGs fabrication methods for the
industries, especially the fabrication of biomedical parts [127, 130, 131]. While maintaining
the products quality, PBF-LB/M AM is a good candidate for mass production of medical
devices [132]. PBF-LB/M is widely employed in processing BMGs over other LAM processes.

This might relate to its ability to produce high resolution features, sufficient energy to melt MG
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powders and flexibility in MG powders alloy combination. The major challenge in the
fabrication BMGs through PBF-LB/M is the cyclic thermal impact during the process, which
results in relaxation phenomena. Recently, the mechanisms of PBF-LB/M AM operation and
their potentials for producing complex and customise BMG implants has been widely studied.
Aside from a strong potential of 3D printed BMGs in the medical field for the fabrication of
customized and patient specific biomedical implants [133], they are utilized in the aerospace
industry, especially for the fabrication of gears to operate under cryogenic conditions [134-

136] as well as watches and jewellery industry [137, 138].

Although, recently, Zhang, et al. [139] published a comprehensive review on 3D printing
of BMGs. This review focuses mainly on PBF-LB/M techniques and processing of BMGs,
specifically for biomedical applications. It also summarised the reports of various studies on
the processing of BMGs through PBF-LB/M AM techniques. Furthermore, the current
challenges of PBF-LB/M AM techniques in fabricating the BMG parts are outlined and the
future research trends is proposed. Figure 5 shows a schematic 3D illustration of the PBF-

LB/M process [140].
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Figure 5: 3D illustration of PBFPBF-LB/M process for part layers built on the XY surface
[141]

2. Bulk metallic glasses

BMGs are non-crystalline or amorphous alloys, which are formed through the combination
of three or more chemical elements to achieve certain properties for a specific application
[142]. The major advantage and unique features of BMGs over crystalline alloys is that they
do not possess grain boundaries or crystal dislocation defects. Thus, they have exceptional
combination of physical, biomechanical and biomedical characteristics with a very high
strength, an elastic limit near that of the theoretical value and good biocompatibility [95, 143,
144]. This makes them as good candidate for the development of biomedical implants,
especially for the repair/replacement of load bearing tissues [145-147]. For instance, a common
Zr-based BMG with an elastic limit of 2 % can yield up to 2,000 MPa while the Ti-based
implant material with an elastic limit of 0.7 % can only yield less than 800 MPa [148].
Insufficient size, high brittleness and inadequate BMG parts fabrication techniques are the

major downside of the BMGs to be used in the orthopaedics and medical industries.

2.1 Formation of biomedical BMGs

Conventionally, metallic alloys are formed by selecting the main chemical element based
on the required primary mechanical and chemical property. Then, the secondary properties are
achieved by addition of alloying elements, thereby forming a multicomponent system of alloys.
For instance, an alloy of bio-metallic or biomedical BMGs is formulated by combining
biocompatible elements such as Zr, Ti, Fe, Ca, Mg or Zn with other non-toxic chemical
elements that have a specific desirable property. This enhanced the MGs structural disorder by
forming higher degree of element multiplicity and hence, improve the GFA of the alloy [149].

Subsequently, the alloy is converted to an amorphous or bio-metallic glass structure through

12



heating and subsequent rapid cooling, sufficient to avoid crystallisation (Figure 6). Thus, the
structural amorphous features of the material coupled with the flexible elemental compositions
produce different forms of BMGs for specific functions like biomaterials [150-152], catalysis
[153], antibiosis [154], magnetic [155-157] and structural materials [30, 143]. The essential
consideration during the formation of biomedical BMGs largely depends on the non-toxicity
and biocompatibility, GFA, as well as physical and mechanical behaviour of the alloying

elements.

Bioglass
(Amorphous structure)

‘Bio-metallic Glass

Heatlng Rapid
- cooling

Meltmgu

;o s
Ca& BZ

Figure 6: Formation of biomedical BMGs from bioglass and biometallic alloys

2.2 Non-toxic and biocompatible alloying elements

Toxicity refers to the behaviour of biomaterial to release a harmful substance to the host
body after implantation, which may affect the cells, organs or the whole body. Biocompatibility
is the ability of the biomaterial to perform for long-term in the living body without eliciting
any harmful effect to the human tissues [158]. Generally, a good biomaterial should be non-
toxic and possess excellent biocompatibility. Most metallic elements are present or consumed
in the human body either in high or very small quantity. However, there is no synthetic metallic

elements that are completely bioinert or non-toxic. This means that, the metallic elements might
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become toxic if used beyond the body requirement. Developing biomedical alloys thus requires
the proportionate use of elements which are practically bioinert or the elements which exist
essentially in macro or trace concentration in the human body [159]. Almost 96 % of the body
weight is formed by water and protein, which basically contained oxygen (O2), carbon (C),
hydrogen (Hz2) and nitrogen (Nz), while the remaining 4 % are mainly in the form of minerals
(Ca, Mg, P) in the bone, electrolytes (Na, K, CI) in the blood and extracellular fluids as well as
sulfur (S) in the body. Other trace elements in the body, which might be added to the biomedical
alloy in an extremely low quantity include Fe, Cu, Mn, iodine, Zn, Se, Co and Cr [160]. Some
metallic elements such as Zr and Ti are proven virtually inert and non-toxic to the human body
[161]. These elements are mainly used in high quantity for developing a biomedical BMGs,
due to their high strength, resistance to corrosion and wear and excellent biocompatibility

[162].

2.3 Concept of glass-forming and forming abilities

The most common method of fabricating BMGs is through a rapid quenching of the molten
metal alloy at a very slow cooling rate of 10 to 10 K/s [163, 164]. Thus, the detectable
crystallisation and nucleation are avoided and hence the glassy structure is achieved, as shown
in the time-temperature transformation (TTT) diagram (Figure 7a). GFA refers to the maximum
amorphous thickness or diameter of a specimen fabricated through rapid cooling of the metal
melts [165]. Quantitatively, GFA is an inverse of the critical cooling rate. That is to say, the
lower the cooling rate required to bypass crystallisation, the more the fully amorphous structure
is produced [166, 167] (Figure 7b). Since the emergence of BMGs, GFA of the alloying
elements or the alloy systems to achieve large BMG size remain the key concern. There are
three main factors contributing to the GFA, these include (i) multicomponent alloy consisting
of at least three chemical elements, with (ii) more than 12 % different atomic size ratio and (iii)

high negative enthalpy of mixing [168, 169]. Generally, an alloy with composition near the
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eutectic points are considered good glass formers and all glass formers are characterised by
relatively low melting temperature, highly reduced glass temperature and strong interactions
between the atoms constituents [170]. Some researches focusing on the alloying elements
promoting or inhibiting the glass formation of the BMGs were reported. Zai, et al. [171]
investigated the role of Ga addition on the GFA of Mg-Zn-Ca BMG and found that, the added
Ga enhanced the GFA of the Mg-Zn-Ca BMG by increasing its critical diameter from 3.5 to
5.0 mm. On the other hand, Ag was found to decrease the BMG sensitivity to temperature
thereby reducing its GFA. Thus, substituting Ag for Fe from the ZreoCuzsAlioFesxAgx BMG
significantly rise its GFA [172]. The highest increase in GFA was observed when Ni and Pd
were added to ZrssCussAlsAgs alloy while substitution of Cu or Zr for Au or Hf, respectively,
slightly lower the GFA. Moreover, addition of Ti, Ni and Fe greatly reduce the GFA of the
alloy [172]. Another study by Park, et al. [173] revealed that, substituting Ni and Ag for Cu in
the CusoZrsoTi10 alloy improved the GFA of the CusoNisAgisZrsoTizo BMG. Partial substitution
of Ni for Pd increased the GFA of Zr-Al-Ni thereby increasing its critical diameter from 3 to
5mm [174]. Similarly, partial substitution of Hf for Cu enlarges the supercool temperature of
the ZrssTisCus2Alio BMGs and hence, greatly enhanced its GFA and increased the diameter
from 4 to 8 mm [175]. Recently, various multicomponent systems of toxic element-free and
biomedical BMGs with high GFA were reported. These include TisZrioCussPdis, and
ZrssCussAlsAgs  [151],  Zrse2sAlis75C018.75CUs2s  [176],  TiaoZrssCuirSs  [177],
Tia7CussZr75Fe25Sn2Si1Ag2 [178], Tia7rxCuaoZr7sFe25Sn2SisScx [179], TiasZrioCuziPdioSna

[145] etc.
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Figure 7: Schematic illustration (a) TTT diagram showing growth of crystal in an under melt
phase (1), glass formation due to rapid cooling (2), crystallisation at time tx due to glass
isothermal heat treatment and crystallisation Tx due slowly glass heating (b) Relationship
between reduced transition temperature (Ty/Tm), critical cooling rate (Rc) and critical casting
thickness for the MGs and BMGs [180-182]

2.4 Physical and mechanical behaviour of the alloying elements

Physical properties of metals such as density, thermal conductivity, specific heat, melting
point, corrosion and thermal expansion are the most important criteria used in selecting the
metallic alloying elements. Specific strength (strength-to-weight ratio) and specific stiffness
(stiffness-to-weight) are density dependant. To fully understand the mechanism of glass
formation, amorphous solid critical heating rate and assessing the critical cooling rate for the
amorphous formation, thermophysical properties play a very vital role [183, 184]. The rate of
resistance to corrosion of BMGs highly depends on the corrosion deterioration or wear rate of
the individual chemical elements in the host body. Therefore, careful selection of the alloying
metals is the common way of preventing corrosion of an alloy in the working environment
[185]. To achieve a specific function of the BMGs, mechanical properties of the alloying
elements such as ductility, strength, toughness, modulus of elasticity and strain hardening must

be considered. For instance, addition of Ni to Fe-B-Si-P-Nb BMGs greatly enhances its
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ductility [186]. The GFA and mechanical properties of Ti—Zr—Be were significantly increased

by the addition of Fe to the alloy [187].

3. Laser powder-bed fusion of BMGs

The concept of PBF-LB, specifically selective laser melting (SLM), as indicated by Yap,
et al. [188], was first introduced by M. Fockele and D. Schwarze of F & S
Stereolithographietechnik GmbH, as well as byW. Meiners, K. Wissenbach, and G. Andres of
Fraunhofer ILT. It has to be noted that, the terms SLM, LPBF and PBF-LB/M are synonyms
and are terminology of AM processes defined in ISO/ASTM 52900 [189]. SLM is the most
versatile form of AM and PBF-LB/M processes, and are promising techniques for producing
various 3D metallic, polymers and ceramic components [190-193]. The working principle of
SLM involved selective melting of metallic powder on a build platform using a laser beam.
The 3D data obtained from the CAD model is converted to 3D components through layer-by-
layer deposition [194]. Like conventional techniques, SLM produces a bulk part from a
combination of different elemental powders to achieve a desired property. The conventional
BMG fabrication techniques has constraints in fabricating large BMG components [195] due
to extremely fast cooling rate. SLM overcomes this limitation by producing bigger parts than
the critical casting size [196-198]. Other advantages of the SLM process over pre-existing
BMG fabrication methods include fabrication of geometrically complex parts and that wide
range of BMGs can be produced with not only high GFA materials, but also materials with
weak GFA or low critical casting thickness. When SLM process parameters such as laser
parameters, are properly optimised, it can produce an alloy with strong, ductile and low E due
to the capability of SLM in fabricating fully dense part with tailored microstructure after
solidification [199]. The application of SLM in the fabrication of amorphous silicate glasses

and metallic glasses has recently been reported [200-203].
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3.1 Cooling and solidification in PBF-LB/M

The mechanism of energy transfer during PBF-LB/M follows the inverse bremsstrahlung
absorption mechanism or the collision absorption of the laser light [204]. The high energy (10°-
107 W/cm?) transferred is enough to melt and sometimes evaporate an alloy of metallic powder
within a very short time (103-102 s) [205, 206]. Thus, a small pool of the molten alloy is
formed and quickly solidifies at an extremely fast cooling of 10° - 108 K/s, when an incomplete
melting or evaporation is successfully averted [207, 208]. The cooling rates of an alloy might
vary at different PBF-LB/M processing parameters while the input energy maintained constant
[206]. The cooling rates in PBF-LB/M processes are mostly higher when compared to that of
conventional casting, especially for obtaining amorphous alloys. During PBF-LB/M of BMGs,
in every scan, a very small volume of metal powder is melted and quenched rapidly at
extremely high cooling rate (>10* K/s) far higher than that of conventional glass formation (10
- 10* K/s) [209], thereby resulting in a fully amorphous structure. The subsequent rapid
solidification of the metal melts produces various microstructure of the PBF-LB/M processed
parts. Thus, the physical, mechanical and chemical properties of such alloys can be tailored to
achieve a specific function. The metal-laser interaction coupled with melting and subsequent
solidification resulted to heat affected zone (HAZ), a zone, where partial crystallization
occurred. High oxygen content enlarges the HAZ in the BMG matrix and hence, more
crystallization [210]. Despite the rapid cooling involved in the PBF-LB/M processes, a wide
range of cooling rates is normally observed. Therefore, BMG requires proper thermal stability
to maintain the thermal cycling [211]. In a microstructural study of Al-Cu alloy to determine
the cooling rate of an individual melt track during PBF-LB/M, it was found that the cooling
rate decrease towards the boundary from the central part of the melt track [212]. In another
study using different metallic alloys, the cooling rates show similar trends, whereby it reduces

from the centre of the molten metal to its boundaries [207, 213].
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3.2 Thermal history

The layer-by-layer deposition mechanism of PBF-LB/M bestowed its unique thermal
history, which resulted in a particular solidification behaviour [188, 214]. Therefore,
monitoring the special temperature during PBF-LB/M is quite challenging. The PBF-LB/M
process is highly dynamic, whereby the material is molten and repeatedly solidified during the
process. This necessitates the need for an in-situ temperature monitoring of PBF-LB/M
processes. Over the past years, various studies on AM processes monitoring and control were
reported and revealed that, thermocouples, pyrometers and displacement sensors were the most
used devices [78, 215-219]. Most of the published articles concerned on the melt-pool
temperature monitoring during the PBF-LB/M processes. Thermocouples and spectrum of
embedded optical sensors were employed by Kousiatza and Karalekas [220] and developed an
in-situ real-time monitoring system to monitor the temperature and strain profiles of the PBF-
LB/M processes. The findings confirmed an accurate system for the measurement of the
residual strains and temperature variations. Another study by Rao, et al. [221] who developed
a sensor-based process monitoring system using thermocouples, infrared temperature sensor
and accelerometers to identify and detect the failure modes in PBF-LB/M processes, through
evidence theory and Bayesian Dirichlet mixture [222]. The system was found to have an
accuracy of about 85 %. Vallabh and Zhao [223] used single camera two wavelength imaging
pyrometer to monitor and measure the melt pool temperature during PBF-LB/M process. The
system was confirmed to accurately monitor the molten pool temperature as well as its

variations at high framerates for 50 layers.

To deeply understand the thermal history and temperature evolution during PBF-LB/M, the
thermal field in a glass-forming alloys is simulated using finite element method (FEM) by
several researchers [224-227]. In a study to calculate the historical temperature evolution and

its distribution, the melt pool of the Zr-based BMG was found to solidify at a high rate of about
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10* K/s and monolithic glasses were observed [228]. However, it is found that the temperature
in the HAZ exceeded that of crystallisation. At this instance, crystals may precipitate or not in
the HAZ, depending on the duration of such elevated temperature. Based on the simulation,
the duration at which such high temperature to remain in crystallisation temperature can be
almost 5 mins and hence, only nanocrystals are observed [229]. Thermal history can affect the
mechanical properties of the BMGs due to the possible formation of heterogeneities within the
alloy [230]. A model of BMG, which predicts the thermal history during PBF-LB/M at every
simulation stage is reported by Lindwall, et al. [231]. Finite element BMG simulation through
PBF-LB/M AM showing the 3D contour plot temperature field and phase model prediction of

the crystalline fraction is depicted in Figure 8.

Figure 8: Finite element BMG simulation through PBF-LB/M AM showing (a) 3D contour
plot temperature field at one second after deposition of the 50" layer (b) phase model prediction

of the crystalline fraction [231]

3.3 The thermal stresses and temperature gradients

In a layer-based manufacturing processes like PBF-LB/M, the material deposition involved
temperature gradients between the adjacent layers resulted in thermal stresses [232, 233]. A
steep temperature gradient is developed as a result of rapid cooling of the top layer and

subsequent slow heat conduction by the layer beneath it. When the top layer is heated, it will
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attempt to expand, but the neighbouring materials will inhibit the expansion, thereby resulting
in compressive strains (elastic and plastic) (Figure 9a). This phenomenon will continue until
the yield strength of the material is reached. Thus, rapid solidification, due extremely fast
cooling coupled with expansion constraints from the adjacent solidified layers, developed
tensile stress at the bottom layers (Figure 9b). Normally, thermal stresses resulted in
inaccuracies and distortions, which may lead to mechanical failure of the BMG part by
cracking. For instance, when the next powder is scanned or heated, the thermal stresses are
partially relieved and accumulated in the successive layers. This induces the crack formation
(Figure 9c), which in most cases propagate from the pores, especially when low laser energy
(LE), also referred to as energy density is used in processing the BMG part [234, 235].
Remelting and chessboard scanning strategy effectively eliminates the micro-cracks of the
PBF-LB/M fabricated Fe-based BMG [236]. Another study by Li, et al. [237] confirmed that,
remelting of the BMG layer by employing high power initial scan and re-melt using low power
relieved the residual stresses, and hence crack is inhibited. The nature of the thermal stresses
formed can be controlled by optimizing various PBF-LB/M process parameters such as
scanning strategy, LE, layer thickness and laser power. Depending on the scan strategy and
part geometry used, time-varying processing temperatures can induce other types of internal
stresses within the PBF-LB/M processed part. Normally, vectors parallel to each other are used
to scan the cross-sections of the part during PBF-LB/M process. A short scan vector length
occurs when the area is small, leading to a high temperature due to little cool down time [238].
However, for a large area, the successive tracks require more time to cool the entire area,
because the laser beam travel much longer and hence, resulted in a low temperature. This

reduces the density of the material due to worse wettings conditions.
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Figure 9: Schematic illustration of the thermal stress behaviour (a) mechanism of temperature
gradients (b) position of cracks in PBF-LB/M processed part (c) microstructure of the 3D

printed part indicating residual stress-induced crack [238, 239]

3.4 PBF-LB/M process parameters

Processing of BMGs through PBF-LB/M is influenced by several parameters. These
include scan speed (v), laser power (P), scan spacing (s), layer thickness (t), and scanning
pattern (Sp) [188]. These parameters affect the input energy, which in turn strongly affects the
microstructure and the heat distribution of the processed BMG. The input energy is determined

by the LE, which is related by P, v, s, t in equation 1 [240]:

LE = P W)
~ v (mm/s) xs (mm) x t (mm)

(1)

The LE-value strongly influence the amorphous nature and hence, the properties of the final
BMG components. Thus, the quality of the biomedical BMG component is highly affected.
Therefore, proper selection and optimisation of the parameters for processing BMG
components through PBF-LB/M is expected to solve these problems [241, 242]. Although

scanning pattern (scanning strategy) is taken care in the PBF-LB/M parameter optimization by
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some authors [243, 244], other important factors like laser diameter, laser corners and surface
offsets and the gas flow directions are not covered, which might directly or indirectly affect the

microstructure of BMG parts [245].

3.4.1 Influence of PBF-LB/M parameters on pores formation

The bone-matched controllable or designed porosities produced through PBF-LB/M are
beneficial to biomedical implants. Generally, porous implants have lower E than the fully dense
alloy with the same composition. An implant with low E close to that of human bone have less
stress-shielding effect and enhanced long-term in-vivo life span [246]. Additionally, porous
implants promote biological tissue ingrowth and adhesion into the porous structure, thereby
enhancing the in-vivo stability of the implant [247]. PBF-LB/M allows controlled pores design
and fabrication of the implant to match natural bone structure. On the other hand, some
unintended or undesigned pores might be formed within the PBF-LB/M BMG part, especially
if the parameters are not properly controlled or optimized. Thus, fatigue cracks are initiated
from these pores (pore-mediated microcracks), thereby degrading the mechanical properties
and long-term performance of the implants [248, 249]. In PBF-LB/M, the LE plays a greater
role in the pore formation. This implies that the lower the power, the lower the LE and hence,
less porosities are formed. Lower or insufficient energy produces highly amorphous, but there
is high tendency of incomplete powder melting, which might result in the formation of highly
porous BMG part. When the LE-value is too high, melts instability (balling) occurred [194],
and the melts vaporizes [250]. Hence, the BMG parts becomes less dense. To reduce balling,
modest LE-value is used, but resulted in an interlayer and large open pores, due to inadequate
inter-layers filling and partial re-melting. Xing, et al. [251] applied LE with value higher than
20.83 J/mm? and found no interlayer or open pores, except small size metallurgical pores,
which occurred due to escaping gas evaporation. Another PBF-LB/M parameter that plays vital

role in the pore formation is the scanning strategy. Unmodified scanning strategy can
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significantly affect the relative density [252], and pores distribution [253]. Incomplete powder
melting is also observed when there is an inconsistent scan speed and too thick layer thickness,
which resulted in the pore formation [254, 255]. Laser power also plays a key role in the pore
formation, low power resulted in the formation of large and irregular porosities, due to
incomplete melting of the powder particles. The pores decreases by increasing the power due
to more melting of the metal powder [242, 256]. Qiu, et al. [257] studied the role of melt flow
on the surface structure and porosity during PBF-LB/M of Ti-based implant and found that,
high laser speed and power increases the pore formation. Additionally, unstable flow and
powder thickness were reported to have strong influence on the pore formation. A similar study
by Read, et al. [258] revealed that, the laser power, scan speed and the interaction of scan speed
and spacing have a strong influence on the PBF-LB/M processed part. The fabricated specimen
was found to have superior strength and elongation behaviour compared to that of as-cast.
Nematollahi, et al. [259] investigated the influence of PBF-LB/M process parameters on the
fabrication of NiTiHf alloy. The result demonstrated that, low volumetric LE and high scanning
speed prevent or significantly decrease the undesigned pore formation. In another study, low
LE was found to facilitate the lack of grains fusion and poor powder bed spreading in the
subsequent layers, which resulted in a highly porous BMG part [260]. During PBF-LB/M,
oxygen is mostly absorbed by the powders. Thus, most AMed BMG parts contained oxygen
contamination. However, the oxygen content depends on the alloy reactivity. For instance, Fe-
based are less susceptible when compared to Zr-based BMG. Oxygen contributed to the
formation of HAZ and hence, more crystallization in PBF-LB/M processed BMGs [211, 261].
High oxygen content was reported to not only degrades the toughness and ductility, but also
increases the porosity of the PBF-LB/M processed BMG [262]. Various 3D printed scaffolds
and implants with designed and controlled interconnected network of pores are presented in

Figure 10.
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Figure 10: Variety of additively manufactured scaffolds and implants with designed and
controlled interconnected network of pores developed through different unit cells (a)
cylindrical lattice structure [263] (b) cubical lattice structure [264] (c) acetabular hip cup [263]
(d) acetabular reconstruction custom implant containing flanges, solid plate, and an acetabular
cup with screw holes for fixation [265] (e) hip stem implant [266] (f) mandibular prosthesis
scaffold [267]

3.4.2 Influence of PBF-LB/M process parameters on microstructure and crystallisation

To control the properties of the 3D printed BMG parts, it is crucial to understand the
mechanisms of macrostructural evolution in amorphous alloys during PBF-LB/M. The
microstructure and the phase formation of the BMGs processed through PBF-LB/M can
efficiently be tailored if the PBF-LB/M processing parameters are properly designed and
controlled. Thus, a novel BMGs with desirable properties for specific functions can be
fabricated. The initial search of PBF-LB/M process parameters to fabricate FeCrMoCB BMG

resulted in extreme fragility, pronounced cracking and subsequent failure of the BMGs
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specimens (Figure 11) [196]. Despite improvement in the optimisation of PBF-LB/M
parameters for processing of BMGs, the formation of crystalline phases still persists, especially
when high LE is used [268]. A fully amorphous BMG with less microstructural defects is
formed when lower LE is used, while higher energy resulted in serious crystallization [106].
The effect of LE on structural evolution is investigated by Ouyang, et al. [269], and found that,
crystallisation within the microstructure is induced by high LE while the amorphous phase
volume fraction is reduced. The effect of the LE, laser power and laser speed on the amorphous

formation during PBF-LB/M of Fe-based BMG is presented in Figure 12 [270].
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Figure 11: Photograph of the FeCrMoCB BMG specimens processed during initial parameters

selection
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Figure 12: Influence of process parameters on amorphous contents of the Fe-based BMG
processed through PBF-LB/M process (a) A map relating scanning speed, laser power and

amorphous contents (b) LE verses amorphous contents

Another parameter, which has very strong influence on the microstructure, porosities and
crystallization of the BMGs fabricated via PBF-LB/M techniques is the scanning strategy [240,
271, 272]. To improve the defect distribution and decrease the porosities, unidirectional
scanning strategy rotated in the adjacent layers by a specific degree is employed. To investigate
the defect formation, normally a single melting (unidirectional scanning vectors) is used [253].
The powder is fused from the outer to the central part of the processed BMG component
through off-set strategy. A chessboard also called island strategy is employed to relieve the
thermal stresses and modify the microstructure of the fabricated BMG parts [271, 273]. Double
melting (re-melting) scanning strategy played a significant role in modifying the thermal
history, microstructure and the amorphisation, without compromising the relative density
[274]. A study conducted by Zrodowski, et al. [275] and Nam, et al. [276] revealed a poor
amorphisation during preliminary laser melting, while the glass-forming of Fe-based alloy
significantly increased during the re-melting. Thus, it can be concluded that, scanning strategy
is the powerful tool for modifying the microstructure, size and the defect distribution and

manipulating the material properties.
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3.4.3 Influence of process parameters on balling formation during PBF-LB/M of BMG

Balling is a particular defect, which occurred during PBF-LB/M by inability to wet the
previous layer due surface tension. It reduces the quality of the final PBF-LB/M processed
parts by frustrating the formation of continuous melt lines and resulted in rough, and spheroidal
bead surfaces [277]. Additionally, balling may result in severe cases by aggravating in the
successive layers, thereby causing power to jam the coating mechanism. Other disadvantages
of balling formation on the PBF-LB/M processed part include formation of highly rough
surface, pores between the discontinuous metallic balls, which hinder the movement of paving
roller, especially when the balling is severe [278]. To reduce balling effect during PBF-LB/M,
low scanning speed, high power or modest LE should be used [250, 279]. Moreover,
maintaining oxygen levels at 0.1 % or employing re-melting strategy significantly suppress the

balling formation [279].

3.5 Laser powder-bed fusion of biomedical BMGs

The materials to be used for the repair or replacement of hard tissues such as bone are
expected to be completely non-toxic, highly biocompatible and possess bone-match
mechanical behaviours. In recent years, there is rising interest in the use of BMGs as
biomaterials (biomedical BMGs), especially for the repair/replacement of bones due to their

unique properties [65, 165, 280, 281]:

e Extreme hardness, high-strength and resistance to wear; thus, it is foreseen as an
excellent biomaterial for load-bearing areas.

e Superior corrosion resistance: thus, it does not easily release ions to the body fluid and
less prone to pitting corrosion after implantation.

e Good biocompatibility and osteointegration, especially when toxic elements-free BMG
is synthesised, and its surface tailored to allow sufficient tissue adhesion.
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e Exceptional thermoplastic formability: thus, it allows fabrication of different shapes

and structures.

However, the processability of biomedical BMGs is challenging through conventional
techniques, due to its high brittleness and hence, unable to form large BMG size beyond 50
mm, despite the presence of high glass-forming and toxic elements (Ni and Be) in the alloy.
PBF-LB/M is a size limitless novel technique, which is expected to solve these problems.
Based on the available literature, the PBF-LB/M of biomedical BMGs so far reported include
three different BMGs, which are based on Zr, Fe and Ti. These systems of BMGs are mainly
used for the synthesis of bone implants and scaffolds due to their outstanding functional,
physical, mechanical and biomedical behaviours. Various bioactive, biocompatible and
complex BMG parts with geometries exceeding the critical casting size were produced through
PBF-LB/M [134, 202, 282]. Based on the current literature, the use of PBF-LB/M to fabricate

biomedical BMGs have so far recorded the following success.

e The lasers in PBF-LB/M have sufficient energy to melt biomedical BMGs that are of
Zr-, Fe- and Ti-based [126, 139].

e The cooling rate of PBF-LB/M is sufficient to produce fully amorphous BMGs, even
with poor glass forming alloys [134].

e BMGs components with a wide range of geometries and larger sizes than those
produced via pre-existing conventional techniques can easily be manufactured through
PBF-LB/M technique [283, 284].

e PBF-LB/M can be used to combine two different phases (crystalline and amorphous)
within a single component, which is proven to enhance the fracture toughness and

ductility of the biomedical BMG [40, 285].
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e Unlike conventional BMG processing techniques, various alloy compositions can be
formed through PBF-LB/M processes, even those with low GFA. However, severe
crystallization maybe observed (Table 2) [275].

Table 2 BMGs fabrication through PBF-LB/M processes of some low GFA alloys which

cannot be achieved via conventional techniques

BMGs Remarks Refs.

Fe71Si1oB11CeCr2 Despite high crystallisation, the amorphous structure is restored by Point-  [275]
Random rescanning strategy. Proper parameters optimisation is proposed to

reduce the crystallisation

AlgsNisY15C0;La15 Severe crystallisation occurred in both HAZ and the edge of the melt pool [136]
due to thermal fluctuation at high laser power. Selecting appropriate laser

power is expected to reduce the crystallization

AlgsNisYs5C0zLa15 Severe crystallisation observed due to poor heat transfer from the supportto  [286]
the substrate which resulted in decrease in the actual cooling rate. High
substrate temperature is expected to reduce the crystallization

Ti6AI4V (Ti64) Partially crystallised with MG nanobands and -grans [287]

(Tio.e5Zr0.35)90CU10 Crystalline phases presence in the HAZ. Alloy composition need to be [234]

optimised to achieve improved mechanical properties and size.

3.6 PBF-LB/M of biomedical BMG systems

Several systems of biomedical BMGs with different elemental compositions were
processed through PBF-LB/M techniques [133, 288]. In this paper, the authors focused on
BMGs systems processed through PBF-LB/M, specifically for biomedical applications, herein
referred to as biomedical BMGs. Figure 13 shows the articles breakdown published from 2012
to date on biomedical BMGs processed through PBF-LB/M techniques. It could be seen that
PBF-LB/M of Zr-based BMGs were the most published articles. Out of 308 published articles,
it accounts for about 60 %, while the remaining 40 % shared to Fe-based BMGs with 37.39%
and Ti-based BMGs with only 2.61 %. Figure 14 displayed some PBF-LB/M processed

biomedical Zr-based BMG.
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Figure 13: Articles published on PBF-LB/M of biomedical BMGs. The data is based on
research publications on Zr-, Fe- and Ti-based BMGs in Google Scholar database. The
keywords used are; Zr-, Fe-, Ti-based, BMG, laser, additive manufacturing

(a) : (b)

Figure 14: Zr-based BMG 3D printed implants fabricated by PBF-LB/M process (a) acetabular

cup with corresponding pores topology (b) femoral components [289]

3.6.1 Processability of Zr-based biomedical BMGs through PBF-LB/M

PBF-LB/M is proven as a viable candidate for processing Zr-based BMGs with mechanical

and biomedical behaviours comparable to BMGs processed through conventional techniques.
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The advantage of PBF-LB/M in processing BMGs over the conventional techniques is that, its
process parameters or strategies can be tailored to suit a specific property or functional
requirement. For instance, scanning a layer twice reduces the composition segregation, thereby
enhancing the amorphous fraction of the BMG [236]. A fully dense
Zrs25Cu17.9Ni14.6Al10Tis BMG scaffold was fabricated and found that, the laser power has
major influence in achieving dense BMG. Additionally, the porosities could be decreased with
the increase in the scanning energy [290]. However, some mechanical properties must be
compromised. Some Zr-based BMGs processed through PBF-LB/M were reviewed and

presented in Table 3.

Table 3 Critical review of some biomedical Zr-based BMGs processed through PBF-LB/M

Chemical composition (%) Outcomes Limitations Ref.
Zrs574Nig2Cuss 4 TagAlro BMG was 3D printed with enhanced  Ta added do not melt due [291]
toughness and plasticity due to Ta to extreme melting
addition with >90% amorphous. No Temperature (Tm =
microcracks 2995¢C)
Zr525CU17.9Ni146Al10Tis BMG produced with good wear and Prematurely failed [292]
corrosion resistance plastically due to residual
pores. Require proper
parameters optimization
Zrs593CU288Nb1 5 Al1g s Fully amorphous BMG developed Inherent porosities in the [255]
printed part
Un-molten powder
presence in printed BMG
Zrs93Cuggg Nb1s Alyga Fully amorphous and cracks-free Cannot cast to for 0.5 mm  [198]
BMG was produced from alloy with parts, oxygen contents
low GFA deteriorate GFA. Low
toughness due to porosities
Zrs93Cuzgs Nbys Aligs BMG produced has lower fracture BMGs smaller than as-cast  [293]

toughness than the as-cast
samples. Fully amorphous and

cracks-free
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Zrs5Al1oNisCusg In the 1stand 2™ layers, fully Partially crystallised at [107]
amorphous is formed. Partial HAZ
crystallisation start after 2" layer.
Zrs525Ti5Cu17.9Ni146Al10 Large scale, complex and fully dense  High LE resulted in high [106]
crack-free Zr-based BMG formed. cooling rate deteriorate the
chemical heterogeneity of
the melt pool and hence
severe crystallisation
Zrs5CusoAliNis Crack-free Zr-based BMG with Partially crystallised [229]
significant structural heterogeneities,  with nanocrystals in the
fully amorphous in molten pool HAZ.
Zr525CU17.9Ni146Al10Tis Fully amorphous scaffold was High porosities obtained [290]
produced reduces the plastic strain.
High LE used
compromised the
vitrification
Zr60.14CUg2 31F€4 85Al9 7AQ3 Fully amorphous Zr-based BMG BMG fabricated smaller [133]
produced have good than critical casting size
biocompatibility and cell
proliferation comparable to the
commercial Ti6AI4V implant
Zrsg5CU156Ni12.8Al103Nb2 g Zr-based metallic glass forming Crystalline in the HAZ [294]
powder successfully deposited on formed due to residual
both amorphous and crystalline heating of the unmelted
substrates of the same nominal substrate below the melt
composition zone and incomplete
heating.
Zrs535TisAl1oNi146CU17.9 Nearly fully dense BMG with micro-  Partially crystallised, [125]
hardness, tensile strength and flexural  though not highly
strength comparable to the as-cast crystalline and mechanical
BMG parts. properties not deeply
affected
Zrs525CU17.9Ni146Al10Tis Viscous flow of the specimens Porous and partially [295]
fabricated by LAM is like that of crystallised
copper mould casted BMG.
Zr593CU288Al104Nb1 5 The LAM processed BMG shows Formation of nanocrystals ~ [296]

outstanding mechanical properties
like high hardness, wear resistance,

and compressive and flexural strength

in the HAZ due
insufficient cooling rate to

bypass crystallisation.
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3.6.2 Processability Fe-based biomedical BMGs through PBF-LB/M

The use of Fe-based BMGs as biomedical material is extensively studied due to their
excellent properties such as high strength, high hardness and considerably low cost [104, 297].
Aside high GFA of Fe-based BMGs, they have reasonable biocompatibility, excellent
corrosion and wear resistance [298, 299]. Several research focusing on PBF-LB/M of Fe-based

BMGs were reported, which were critically reviewed and summarised in Table 4.

Table 4 Critical review of some biomedical Fe-based BMGs processed through PBF-LB/M

Chemical composition (%)  Outcomes Limitations Ref.
FessCrasMo16B2Co Fully amorphous BMG with Some part of the processed [300]
size larger than critical casting specimen experienced low
size and enhanced mechanical temperature (Tg)
properties is produced
Fesa35Criga7 BMG with near fully Partially crystallised. Lower LE [234]
amorphous formed unable to fully melt powder
resulting in pores and cracks
from thermal stress Low hardness
Fe7sM04P10C75B25Si2 Highly complex BMG scaffold  Partially crystallised, cracks, [255]
produced rough and porous BMG
developed
Fess.3Ce.05i25B6.7Ps7Cr2.3 Fully amorphous BMG Partial melting of powders and [241]
Moz Al 1 produced with identical highly porous microstructures
crystallisation and intrinsic due to insufficient LE. Only few
magnetic behaviour to that of SLM parameters studied
initial BMG powder.
Fe437C073Cr147M0126Ciss The propagation of micro- Partial crystallisation, numerous  [301]
Bs3Y19 cracks from the micro pores due  pores and micro-cracks
to thermal stresses developed
during SLM of F-based BMG is
ascertained.
Fe437C073Cr147M0126C1s5 The volume of amorphous Partially crystallised and cracks [270]

Bs3Y1g

fraction reduced, and
crystallisation induced due to
high LE used.

formed due to high LE. Low LE
might be better but susceptible to
porosities and unmelted powder
in the BMG
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Fe71Si10B11CsCr2 First melting resulted in poor Partial crystallisation, highly [275]
glass formation when SLM of optimised scanning strategy may
Fe-based BMG. Novel scanning  avert this problem
strategy (second melting)

enhanced the glass formation

Fe737Si11B11C2Cra.28 The voids generated due to Partial crystallisation, highly [276]
partial melting of powders were  optimised scanning strategy may
effectively filled when scanned  avert this problem
twice and enhanced reflow of

melt pool

3.6.3 Processability Ti-based biomedical BMGs through PBF-LB/M

For decades, the use Ti and its alloys in the biomedical field is being reported [302]. Their
outstanding mechanical properties like high strength, good corrosion and wear resistance, coupled with
commendable biomedical behaviour such as good biocompatibility and osteointegration, lead to their
widespread acceptability as biomedical materials, especially for the repair or replacement of hard tissues
[159]. Considering the unique properties of amorphous alloys, Ti-based BMGs are expected to
outweigh its crystalline counterpart in terms of mechanical and biomedical characteristics. Therefore,
its applicability as biomaterials and processability is exploited by many authors [20, 303]. The pre-
existing BMG fabrication techniques could not produce sufficient size for the industrial applications,
especially when toxic elements (Ni and Be), which are proven to have high GFA are removed from the
alloy. Till date, 50 mm is the highest geometrical size achieved by these techniques [304]. Optimizing

the alloy composition and the emergence of PBF-LB/M is expected to overcome this limitation. The

Ti-based BMG processed through PBF-LB/M were critically analysed and summarized in Table 5.

Table 5 Critical review of some biomedical Ti-based BMGs processed through PBF-LB/M

Chemical composition Outcomes Limitations Ref.
(%)
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Tis7CussZrrsFezsSn; Fully amorphous BMG with Compared to as-cast rods, the [135]
Si1Ag good thermal stability, high fabricated Ti-based BMG failed
compressive strength and high prematurely

density achieved.

(Tio.65Zr0.35)90CU10 Compared to BMGs processed  Crystalline phases presence in the  [234]
by conventional techniques, the  HAZ. Alloy composition need to
SLM processed BMG have be optimized to achieve
finer and coarse microstructure  improved mechanical properties
and size.
Ti6Al4V (Ti64) Crack-free and near-full dense  Partially crystallised with MG [287]
Ti-based BMG composite nano-bands and B-grans

formed. Addition of MG
densified SLM processed Ti64
alloy

3.7 Modelling and simulation of PBF-LB/M for fabricating BMGs

Recently, various researches were published on simulation of PBF-LB/M processes and
analysing the laser-material relationship, crystallisation, pores, heat variation and cracks
behaviour [305]. Panwisawas, et al. [306] studied the particle distribution and the thermal fluid
flow during PBF-LB/M of Ti alloy using simulated and experimental approaches. The model
developed for the thermal fluid flow revealed an irregular-shaped single laser scanned tracks
when scanning speed and the powder layer thickness are increased. In a similar study, increase
in laser speed was found to transform the shape of the pores from near-spherical to elongated
shape. According to computational fluid dynamics, pore-shape change occurred due to change
in pattern in the melt pool [307]. Gurtler, et al. [308] developed the model simulation of laser
beam melting (LBM), which described the melting, solidification and wetting phenomena
during LBM. The model revealed the fundamental properties of the LBM. The crystallisation
behaviour in the HAZ during PBF-LB/M of BMGs was studied through molecular dynamics
(MD) simulation [309]. It was found that the relaxation time between the glass transition and

maximum heating temperatures determine the crystallisation rate. At first heating and cooling
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processes, crystallisation occurred, and the rate of crystallisation is inconsistent at various
temperature rates (Figure 15). To ease computational difficulties during modelling and MD
simulation of the PBF-LB/M processes in determining the crystallisation behaviour, Lindwall,
et al. [310] and Lindwall, et al. [231] developed a simplified simulation approaches with about
0.2 % less time and about 1,000 fold efficiency rise. It is revealed that crystallisation occurs at

the solidified melt pool under the heat source (lower layers of the heating layer).

A 2.5><1011K/S
1 R
= 510" 'K/S =
0- 12 Y . :
o 5x10 " °K/S ot
%8. 4 End of the crystallization
= p—
_g 60 4 7 -
 f A L]
F- - >
5 — A ~ )
2 401 Heating | | W - Unfinished i
< process " : 1
e
% A Cooling
© 204 2 ‘ process
A
[ RS W S ——" y—" T [0 ~
el San i TG TMAX
0 T T

T T T T T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1400 1200 1000 800 600 400 200 0

Temperature/K

Figure 15: Hlustration of crystallisation behaviour first heating and cooling process at various

rates of temperature for the different crystal bonds

4. Mechanical properties of BMGs

The amorphous nature of BMGs bestowed its unique mechanical, physical and biomedical
behaviours. For this reason, there has been a widespread quest for its applications in various
fields, especially in the biomedical field. Thus, with recent growing interest in BMGs, it is
anticipated that biomedical BMGs will soon dominate the currently used crystalline
biomaterials, especially if the substantial geometrical size is achieved. Unlike crystalline solids,
BMGs have no translational long-range order, grain boundaries and dislocation-mediated
crystallographic slip or plastic deformation. Therefore, the whole atoms move when the load
is applied, leading to elastic deformation. Hence, BMGs can withstand a very high load without

failure. Thus, BMGs have unique physical and mechanical properties such as high strength and
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hardness, high elasticity, excellent resistance to corrosion and wear. This exceptional property
of BMGs makes them potential candidate for biomaterials, especially for the
repair/replacement of hard tissues. Table 6 compares the mechanical properties of the
commercial vit 105 BMG, cortical bone and the most commonly used crystalline biomaterials.

Table 6 Mechanical properties of the commercial vit 105 BMG, cortical bone and the
crystalline biomaterials [311, 312]

Property 316L SS Co-Cr-Mo Ti-6Al-4V Vit 105 Cortical
BMG bone
Elastic Modulus (GPa) 193-210 210-255 101-129 90 3-50
Density (g/cmd) 7.9 8.3 4.4 5.9 0.7-1.85
Tensile strain to Failure (%) 12-40 8-28 8-15 <1 2
Tensile yield strength (MPa) 690-690 450-1030 760-1050 1,900 130-150
Toughness (MPa/m 100 - 65-92 55-60 3.2-8.0
Elastic limit (%) 0.34 0.81 0.67 2.0-2.2 1
Fatigue limit at 107 cycles (MPa) 200-800 207-970 598-816 910 20-60
Vickers Hardness (Kg/mm?) 365 345-390 320 590 63-75

4.1 Strength, Modulus of Elasticity and Plasticity of AMed BMGs

The E of 70-95 GPa and the elastic limit of 2 % of the biomedical BMGs are comparably
closer to that of the human bone (10-30 GPa and 1 %, respectively) than the crystalline
biomaterials [313]. High elastic limit of the BMGs implies that, they can uniquely flex to elastic
with the bending of human bones and therefore, the stresses are more uniformly distributed
than the crystalline biomaterials. This resulted in faster healing rates by reducing the effect of
stress concentration and minimising the stress shielding effect. Moreover, the BMGs-based
screws implant can be made with a very thin shank and deep threads, thereby allowing a better
holding power to the fractured human bones. Unlike conventional 316L stainless steel,
biomedical BMG-based stents need a lower cross-section of the strut (only one third), with a

very much higher deflection (up to five times) [314]. With tensile yield strength of 1,900 MPa,
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commercial vit 105 Zr-based BMG is almost twice and threefold that of Ti-6Al-4V and 316L

SS, respectively [315, 316].

The processing approaches of BMGs played very vital role in its final mechanical
properties. For instance, unintentional micro-porosities are hard to ignore on the additively
manufactured BMG parts [139]. This resulted in an interconnected micro-cracks, which
significantly degrades the strength of the BMG parts, especially under loading condition [139].
However, in most instances, the strength and plasticity of the AMed BMGs resemble or are
even higher than those conventionally manufactured (casted). Zhang, et al. [133] fabricated a
Ni-free Zr-based biomedical BMGs through PBF-LB/M technique. All the 3D printed
specimens were found to have higher yield strength of about 1700 MPa and lower E (79 GPa)
than the as-cast BMGs, with values 1557 MPa and 84 GPa, respectively. Another study
revealed a slightly lower value of yield strength (1504 MPa) and E in the AMed parts compared
to as-cast counterpart [228]. Like BMGs produced through conventional methods, PBF-LB/M
processed BMGs are brittle, most of them exhibit little or no plasticity. To enhance the strength
and plasticity of the PBF-LB/M processed BMGs, researchers proposed chemical alloying,
which resulted in the formation of the second phase [287, 317]. Li, et al. [289] introduces Cu
and Cu-Ni alloy as a second phase to suppress the micro-cracks, which normally formed during
the fabrication of BMGs. This not only significantly rise the strength, but also the plasticity of

the PBF-LB/M processed BMGs [228].

4.2 Fracture toughness of AMed BMGs

BMGs are generally referred to as quasi-brittle materials, which are tougher than native
(oxide) glasses. The fracture toughness of BMGs is not fully understood. It varies between the
BMGs types, depending on the alloy combination, processing technique and the type of test

used [318, 319]. The toughness of some BMGs is comparable to that of Ti-alloys while some
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are highly brittle like that of silicate glasses [318]. The stress-strain curve comparing the PBF-

LB/M processed and as-cast BMGs is depicted in Figure 16a.

The heating involved during PBF-LB/M process resulted in the formation of a brittle
intermetallic layer in the HAZ, which makes the AMed BMGs more brittle than the as-cast
counterparts [174]. Several approaches to improve the AMed BMGs were proposed. The most
common is by introducing a tough phase into the BMG matrix to form a BMG composite [289,
291]. Another approach is by careful control of the defects such as micro porosities and
crystallization fractions during PBF-LB/M of BMGs (Figure 16b). This resulted in the micro-
pores induced shear banding, which retards the crack propagation and hence, improves the

fracture toughness and plasticity of the PBF-LB/M processed BMGs [320].
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Figure 16: PBF-LB/M processed BMGs (a) compressive stress-strain curve and the plane of
fracture compared with the as-cast BMGs (b) fracture toughness at different crystallization

fractions and porosities [291, 320]

4.3 Bio-mechanical Behaviour of BMGs

Recently, BMGs were specially developed for biomedical use. This is due to their proven
outstanding properties like high strength, relatively low modulus of elasticity, good

biocompatibility, high resistance to failure and good corrosion resistance when compared with
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the currently used crystalline metallic alloys, like Ti6Al4V. The wear behaviour of 3D printed
BMG observed in simulated body fluid at 37° revealed a higher resistance to wear than the
Ti6AI4AV alloy (Figure 17a). Several in-vitro studies aimed to evaluate the feasibility of
BMGs as potential biomaterials were reported [133, 321]. Although not yet at a commercial
level, various biomedical BMG devices and implants were designed and fabricated. An in-vitro
biocompatibility investigation on PBF-LB/M processed BMG was carried out and the results
compared to that of as-cast BMG and Ti6AIl4V alloy. The MG63 cells seeded in 96 well-plates
revealed a higher proliferation and hence, better growth profile on the 3D printed BMG than
the Ti6Al4V alloy as shown in Figure 17b. When compared with 316L stainless steel, various
types of 3D printed Fe-based BMGs seeded in SAOS2 cells shows much higher cells viability
(Figure 17¢) [321]. This confirmed the good biocompatibility and biosafety of the 3D printed
BMGs compared to crystalline alloys. The A375 cells cultured on 3D printed BMG are densely
distributed and better spread on the 3D printed BMG than the crystalline Ti6al4V (Figure 18a-
c) [133]. The adhesion test conducted using MC3T3-E1 cells on AMed Zr-based BMG
(AMLOY ZR01), as-cast Zr-based BMG (AMLOQOY ZR01) and Ti-6Al-4V substrates shows a
dense layer on the surface of each material after Day 7. This confirmed the support of osteoblast
cells growth and adhesion of 3D printed BMG comparable to that of commercial grade Ti-alloy

(Figure 19).

Zhang, et al. [133] compared the biocorrosion resistance of the PBF-LB/M processed
BMG, as-cast BMG and the commonly used Ti6Al4V implants through electrochemical
potentiodynamic polarization measurements in a simulated body fluid. The 3D printed BMG
was revealed to have lower passive densities in the passivation region as depicted in Figure 20.
This shows that, PBF-LB/M processed BMG have better corrosion properties than the as-cast

BMG and crystalline Ti6Al4V alloy.
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Figure 17: (a) Wear rate of 3D printed BMG and Ti6Al4V alloy observed at 37° in a simulated
body fluid (b) Cytotoxicity test of 3D printed BMG and Ti6Al4V alloy using MG63 cell
showing the level of absorbance for 1 — 5 days (c) cells viability of three different types of 3D
printed Fe-based BMGs compared to 316L stainless steel cultured in SAOS2 cells media for
2, 3and 5 days [133, 321].

Plastic (Control group) 3D'pr_inted BMG

Figure 18: Cells morphology showing the cells distribution and density of (a) control group (b)
3D printed BMG and (c) Ti6Al4V alloy seeded for 24 hours.
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Figure 19: SEM micrographs showing the MC3T3-E1 cells adhesion and proliferation on 3D
printed Zr-based BMG (AMLQY ZR01), as-cast Zr-based BMG (AMLOY ZR01), Ti-6Al-4V
alloy and control substrate surfaces, seeded for Day 1, 3 and 7 [322].
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Figure 20: Electrochemical polarization curves of PBF-LB/M processed BMG specimens at
37°C in simulated body fluids compared to as-cast BMG and Ti6Al4V alloy [133].
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5. Current challenges and future research perspectives

Nowadays, AM played a significant role in fabricating complex geometries, cost effective
and patient-specific implants. Among the AM processes, PBF-LB/M has the greatest potentials
in processing biomedical BMG implants. Unlike conventional BMG processing techniques,
which were well established, PBF-LB/M of biomedical BMGs is still at its infant stage. There
are numerous challenges that need to be addressed before the PBF-LB/M processed BMG
implants fulfil the clinical requirements and meet the widespread acceptability. The most
common challenges are partial crystallisation, which alters the initial properties of the BMGs,
undesigned pores formation, which degrades the BMGs quality and microcracks, which
propagated from the pores and lead to subsequent implant failure. To further satisfy various
clinical requirements, future research on PBF-LB/M of BMGs should focus on optimising the
process parameters, post-processing of PBF-LB/M processed BMG components, PBF-LB/M
of BMG composite, developing biocompatible alloys with high GFA and control of residual

stresses. The current challenges and future research trends are illustrated in Figure 21.
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Figure 21: Hlustration of current challenges and future research directions for PBF-LB/M of
biomedical BMGs

5.1 Overcoming partial crystallisation

PBF-LB/M AM processes is characterized by complex thermal history, which resulted in
accumulation of residual stresses and formation of crystalline phases in the HAZ during the
BMGs processing [323, 324]. Thus, crystallization remained the critical and obvious challenge
of BMG processed through PBF-LB/M approach. Thermal cycling coupled with long thermal
exposure is the main cause of crystallization during 3D printing BMGs [196]. Pacheco, et al.
[211] compared the thermal stability and crystallization of the as-cast and PBF-LB/M
processed BMGs. The crystallization kinetics in the as-cast BMGs differs to that of PBF-LB/M
processed due to structural relaxation molten pool and nano-crystals formation in the molten
pool and HAZ, respectively. Aside the difference observed in the crystallization sequences, the

crystallization of PBF-LB/M processed BMG occurred at lower temperature of about 440 °C
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than the as-cast BMG, which occurred at 480 °C. Furthermore, the width of the supercooled
liquid region of PBF-LB/M processed BMG specimens was found to be smaller than that of
as-cast. Thus, it is quite difficult to bypass the formation of nanocrystals in the HAZ and partial
crystallization phenomena in the BMG systems processed through PBF-LB/M and other AM

processes [270, 310].

Partial crystallisation of BMGs resulted in properties deterioration of the 3D printed BMG
components. Therefore, it cannot efficiently perform the required function [325]. There are
various factors that contributed to the formation of partial crystallisation during PBF-LB/M of
BMGs. As presented in Tables 3 to 5, most of the BMGs produced through PBF-LB/M partially
crystallised. The major factors contributing to the crystalline phase formation during PBF-
LB/M include: (i) lower LE or low power insufficient enough to melt the MG powder [234,
325] (ii) slow cooling rate, which is not fast enough to bypass crystallisation [269] (iii) poor
material quality of the raw materials containing impurities, which has different or higher
melting temperature than the MG powders [234] (iv) uncontrol heat treatment, which resulted
in the formation of crystalline phases in the HAZ [228] and (iv) single scans strategy, which
could not be able to melt the powder completely [275, 276]. Ouyang, et al. [269] investigated
the factors that control the amorphous to crystalline phase transformation of two different 3D
printed BMGs, and revealed the formation of higher amorphous phase in the BMG with low
GFA (ZrAg) than those with high GFA (Zr55). Proper selection of finer MG powder and/or
optimizing PBF-LB/M process parameters are expected to significantly reduce the problem of
crystalline phase formation and hence, facilitate the amorphous formation during PBF-LB/M
[241, 242]. The microstructure of the PBF-LB/M processed Fe-based BMG indicating the

partial crystallisation and formation of nanocrystals is presented in Figure 22.
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Figure 22: HRTEM micrographs showing microstructure of the partially crystallized Fe-based

BMG processed PBF-LB/M indicating the amorphous and nanocrystals phases [289]

5.2 Overcoming cracks and strategic control of porosities

Microcracks formation is another strong issue, which need to be avoided during PBF-LB/M
of BMGs. Most AMed BMG parts contained microcracks as presented in Tables 3 to 5.
Microcracks and undesigned pores are defects formed in the 3D printed BMG implants, which
significantly degrades its mechanical and biomedical behaviours [303, 326-328]. The presence
of microcracks in the implants exposed them to a high corrosion rate and fretting damage. Low
LE or low laser power may induce the formation of microcracks in the BMG parts due to
inability to melt the powder sufficiently. Thus, resulted in a high porous structure and
subsequent premature failure of the implants [136, 329].The formation of these microcracks
during PBF-LB/M process is strongly attributed to thermal stresses, which accumulated due to
high heat and fast cooling involved [330, 331]. The microstructural evolution and mechanism
for the formation of microcracks in the Fe-based BMG processed through PBF-LB/M was
studied by Ouyang, et al. [229]. It is revealed that cracks originated from the thermal stresses
concentrated around the defects. These great challenges can be minimised or completely solved
by optimising the PBF-LB/M process parameters/scanning strategy and/or employ a proper

post-processing technique. Formation of micropores during PBF-LB/M process of BMGs
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cannot be avoided due to high laser heat involved in the process. Porosities are needed in an
implant for the sufficient tissue adhesion and growth. However, if not properly designed or
controlled, it resulted in an interconnected or pores-induced microcracks, which degrades the
mechanical properties of the AMed BMG part and resulted in its subsequent failure. A strategic
defects control can enhance not only the strength, but also the plasticity and toughness of the

PBF-LB/M processed BMG parts [319].

5.3 Optimising PBF-LB/M process parameters

Most of the BMGs processed through PBF-LB/M are not fully amorphous and contain
some defects such as microcracks and porosities as seen in Tables 3 to 5. These defects are
mostly related to inappropriate setting of the PBF-LB/M process parameters used in processing
the BMGs. There is great challenge in down-selecting the parameters that best suit the
fabrication of defect-free and fully amorphous BMGs. This is because, to achieve a specific
requirement or property, other properties must be compromised. For instance, to fully melt the
MGs powder, high LE has to be employed, but it resulted in an unstable melts pool [194] and
the formation of less dense BMG. However, when the energy is too low, the powders will not
be fully melted and hence, the formation of numerous pores and microcracks. Therefore, the
optimum parameters must be set to accurately process BMGs through 3D printing with the
required quality. To date, only two articles investigated the influence of PBF-LB/M process
parameters on the processability of Zr- and Ti-based BMGs [241, 242]. These articles
considered few parameters including scanning strategy, laser power and scanning speed. Yet,
parameters like heat transfer, reflection, phase transformation, absorption and solid/liquid
interface, which might have an influence on the laser radiation behaviour, are not considered
[332]. Therefore, to fabricate BMGs with required accuracies and properties comparable to
those produced through conventional methods, all factors should be given due consideration,

for optimising the PBF-LB/M process parameters during biomedical BMGs processing.
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5.4 Advancing the BMG size

Despite that, PBF-LB/M processes were able to fabricate larger BMGs size than those
produced through conventional techniques, the size is still insufficient for the industrialisation
and biomedical applications [196, 202, 300]. Moreover, during any attempt to fabricate much
bigger BMG size through PBF-LB/M, a partial crystallisation occurred [183]. Therefore, to
address the current challenges and satisfy the future requirement for the fabrication of
biomedical BMG devices through PBF-LB/M techniques, there is a need for the future studies
to focus more on: (i) improving the proven biomedical alloys GFA (ii) optimizing the PBF-
LB/M process parameters for achieving larger BMGs without compromising the amorphous
structure of the biomedical BMGs and (iii) explore on more biocompatible elements with high

GFA.

5.5 Post-processing of PBF-LB/M processed BMG part

It is quite challenging to fabricate biomedical BMGs components through PBF-LB/M with
high precision and satisfactory surface quality without compromising certain materials
properties, product performance or manufacturing efficiency. Apart from highly rough surface
produced during PBF-LB/M, most of the BMG parts contained some defects such as
microcracks, undesigned porosities, unmelted powders and crystalline HAZ (Tables 3 to 5)
[333]. This seriously affects the properties, quality and the performance of the final products.
Several post-processing approaches such as (i) heat treatment, which reduce thermal stresses
that accumulated during PBF-LB/M and enhance the microstructural defects; (ii) surface
coating, which enhance tissues adhesion and block the release of toxic elements into the
surrounding tissues; and (iii) grinding or polishing, which removes the partially melt particles
after the PBF-LB/M of the BMG part and tailor the fabricated BMG surface roughness to match

the human bone structure. Post-processing of PBF-LB/M processed BMG implant is expected
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to play a vital role in upgrading the BMG implant quality, accuracy and performance in the
host body [334, 335]. Moreover, surface modification was revealed to enhance the mechanical,
physical and biological behaviours of the BMG implants without compromising its amorphous
nature [336]. Therefore, exploring on proper techniques for the surface treatment of biomedical
BMGs will play a significant role in the future research directions. The most critical challenge
is selecting the best surface modification methods, which will not destroy the amorphous nature
of the BMGs. On the other hand, employing PBF-LB/M techniques to modify or coat the

surface of biomedical BMGs might be a good future research direction.

5.6 PBF-LB/M of BMG composite

Despite the extremely high hardness and strength of BMGs, they are characterised with a
very low fracture toughness with no or very little plasticity. This is a serious challenge of all
BMG systems, which might lead to BMG implant failure, especially when subjected to loading
condition [236]. Although efforts have been devoted to enhancing the plasticity and the
toughness of the BMGs by reinforcing in-situ second ductile crystalline phase through PBF-
LB/M techniques to form BMG composites, the problems of cracks formation, porosities and
incomplete powder melting still persist [289, 291, 337, 338]. Therefore, future studies that will
focus on fabricating ductile BMGs composites with fully amorphous structure and maintaining
the mechanical and biomedical behaviours of biomedical BMGs will be of great interest.
Additionally, optimizing the ductility and the fracture toughness by controlling the second

phase may enhance the processability of biomedical BMG composite through PBF-LB/M.

6. Summary and conclusion
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The emergence of laser powder-bed fusion (PBF-LB/M) processes in fabricating bulk
metallic glasses (BMGSs), particularly for the fabrication of biomedical BMG components has
recently witnessed an enormous acceptance. This may relate to its capability to fabricate record
large, complex and customer-tailored BMG parts with properties comparable to those
processed through conventional techniques. Figure 23 shows a research trend on the PBF-
LB/M of Zr-, Fe- and Ti-based BMGs from 2012 to 2022. A sharp progressive rise in
publications on PBF-LB/M of BMGs was noticed since the last 10 years with highest
publications in 2022. This further confirmed the widespread acceptability of PBF-LB/M
techniques for the fabrication of biomedical BMG parts. Among the biomedical BMG systems
processed through PBF-LB/M, Zr-based is the most studied, which account for the 60 % of the
recently published articles. The major focus of the current researches is on investigating the
processability and fabrication of record-size BMG parts by varying PBF-LB/M process
parameters like scan speed, laser power, scan spacing, layer thickness and scanning strategy.
Laser energy, laser power and scanning strategy were found to have the strongest influence on
the amorphous structure, pores and micro-cracks formation. Some researchers also studied the
glass forming ability (GFA) of various alloy compositions and revealed that, even alloys with

low GFA can be processed through PBF-LB/M.

51



60

50

40 4

Number of publications

10 H

0 | ' | ' | ' | ! | ! | ' I ' | ' | ! | ! |

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Years

Figure 23: PBF-LB/M of BMGs, a statistical summary of published articles in the last 10 years
based on Google Scholar database. The keywords used for the searching include laser, additive

manufacturing, bulk metallic glass

Currently there are numerous challenges which need to be addressed before PBF-LB/M
techniques accepted by the industries and production of commercial BMG implants. The major
challenge is partial crystallisation, which degrades the inherent biomechanical and biomedical
behaviours of BMGs. Other challenges are the formation of undesigned pores and microcracks,
which are mostly observed in the final biomedical BMG components. Although, these
challenges were improved by varying some PBF-LB/M process parameters, there still a long
way to go and this improvement was achieved at the expense of other critical biomedical BMG
requirements or properties. The PBF-LB/M process parameters optimisation, post-processing
of the PBF-LB/M fabricated components and enhancing BMGs plasticity by developing novel
BMGs composites, are proposed to be the best route for addressing the current limitations of

PBF-LB/M techniques in fabricating BMGs. Despite these challenges, PBF-LB/M outweighed
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the currently used conventional BMG fabrication techniques due to their capability to fabricate
larger BMG geometries, technologically complex and customized BMG parts. The future
research trends are expected to gain more attention towards overcoming these challenges and

advancing the BMG size to an industrial and clinical grade biomaterial.
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