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Abstract. Bulk metallic glasses (BMGs) and their composites (BMGMCs) have emerged as 
competitive materials for structural engineering applications exhibiting superior tensile strength, 
hardness along with very large elastic strain limit. However, they suffer from lack of ductility and 
subsequent low toughness due to the inherent brittleness of the glassy structure which makes them 
amenable to failure without appreciable yielding. Various mechanisms and methods have been 
proposed to counter this effect out of which, recently Additive Manufacturing has gained widespread 
attention. It is proposed that additive manufacturing can overcome these difficulties in single step due 
to inherent existence of very high cooling rate in the process which is essential for glass formation. 
This, when coupled with careful selection of alloy chemistry is proposed to be the best solution to 
fabricate near net shape parts in a single step with excellent properties. In this report, an effort has 
been made to describe one possible route to achieve this. Solidification processing employing 
carefully selected inoculants based on edge to edge matching technique along with the carefuly 
controlled inoculation procedure is proposed to reflect upon enhanced mechanical properties. It is 
hypothesized that number density, size and distribution of ductile crystalline phase would best be able 
to improve microstructure and hence properties. This is meant to be controlled by manipulating type, 
size and the amount of inoculants. The proposed methodology is claimed to bear maximum potential.    

1. Introduction  

Very recently, metallic glasses have gained widespread popularity in the scientific community as a 
completely new material exhibiting very high tensile strength, hardness, elastic strain limit and yield 
strength at relatively lower density as compared to steel and other high strength alloys [1-3]. They 
were first discovered in 1960 by Duwartz et al. [4] at Caltech. Yet, their use has not been able to get 
broad acceptance as competing engineering material owing to lack of ductility and glassy structure 
which is inherently brittle [2]. This brittleness becomes even more prominent at large length-scales 
(> 1 mm) [5-8] when auxiliary failure mechanisms (shear bands) becomes prominent [9-11]. This 
adversely limits their suitability for making large-scale machinery components. This limitation can 
be overcome by introducing plasticity in glassy matrix whilst retaining its high strength 
simultaneously [12-15]. This may be achieved by various mechanisms such as exploitation of 
intrinsic ability of glass to exhibit plasticity at very small (nano) length-scales [16, 17], introduction 
of external obstacles to shear band formation and propagation (ex-situ composites) [18, 19], self or 
external impulse assisted multiplication of shear bands [11, 20], development of ductile phases within 
the brittle glassy matrix during solidification (in-situ composites) [21-24] and transformation inside 
a ductile crystalline phase e.g. B2 – B19ˊ transformation in Zr-based systems (stress / transformation 
induced plasticity (TRIP)) [25-28]. The later approach (formation of ductile phase in brittle glass) 
takes into account the nucleation of primary (ductile) phase either during solidification in-situ [29-
35] or heat treatment of solidified glassy melt (devitrification) [36-44] and form the basis of ductile 
bulk metallic glass matrix composites (BMGMC). Although, considerable progress has been made 
towards increasing the size of “as-cast” ingot of bulk metallic glass, still, the largest possible diameter 
and length which has been produced by conventional means to date [45], is too small to be used in 
any structural engineering application. This happens because quenching effect caused by water-
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cooled walls of copper mold (also known as suction casting) is not enough to overcome critical 
cooling rate (Rc) of alloy (~ 0.067 K/s [45]) necessary to produce a uniform bulk glassy ingot of large 
size/section thickness. In addition to this, the occurrence of the bulk glassy structure is limited to 
certain specific compositions which have excellent inherent glass forming ability (GFA) [46, 47]. 
This is not observed in compositions which are strong candidates to be exploited for making large-
scale industrial structural components [26, 48-56] with relatively higher critical cooling rates (Rc)  
(10 K/s [49]). This poses a limitation to this conventional technique and urges the need of advanced 
manufacturing method which does not carry these shortcomings. Additive manufacturing (AM) has 
emerged as an answer to this problem. It is proposed as a potential solution to this problem. This 
technique is envisaged to possess potential [57, 58] to produce bulk metallic glasses [59, 60] and their 
composites in a single step across a spectrum of compositions [61-64]. It is hypothesized that it will 
achieve this by exploiting very high cooling rate available instantaneously in transient liquid melt 
pool [65-67] in an infinitely small region where laser/electron beam strikes solid (laser surface 
melting / laser solid forming) or powder (selective laser melting/laser engineered net shaping 
(LENS®)) sample. This, when combined with superior glass forming ability (GFA) of bulk metallic 
glasses, proposed to effectively and efficiently overcome dimensional limitations as virtually any part 
carrying fully glassy and composite structure can be manufactured. In addition, incipient pool 
formation [67] and its rapid cooling results in extremely versatile and beneficial properties in final 
manufactured part such as combination of high strength, hardness and toughness, controlled 
microstructure, its refinement [65-67], near dimensional accuracy, consolidation and integrity. The 
mechanism underlying this is layer – by – layer (LBL) formation, which ensures glass formation in 
each layer during solidification before proceeding to the next layer. That’s how; a large monolithic 
glassy structure is thought to be produced. This layer – by – layer formation also helps in development 
of secondary phases precipitating out of glassy matrix in a multicomponent alloy [68-70] as layer 
preceding fusion layer undergoes another heating cycle (heat treatment) below melting temperature 
(Tm) somewhere in the nose region of time – temperature – transformation (TTT) diagram [59] which 
not only assists in phase transformation [41, 43] but also helps in increase of toughness, 
homogenisation and compaction of part. This is a new, promising and growing technique of rapidly 
forming metal [71], plastic [72], ceramic or composite [73] parts by fabricating a near-net shape out 
of raw material either by powder method or wire method (classified on the basis of additives used). 
The movement of energy source (laser or electron beam) is dictated by a computer-aided design 
(CAD) geometry which is fed to a computer at the back end and controlled by computerized numerical 
control (CNC) [74, 75] system. The process has a wide range of applicability across various industrial 
sectors ranging from welding [76-81], repair [82, 83], and cladding [84-90] to full scale part 
development.  

However, there is dearth of knowledge about the exact mechanism of formation (nucleation and 
growth and/or liquid -liquid transition [91-93]) of ductile phase dendrites or spheroidal intermetallics 
in-situ during solidification of bulk metallic glass matrix composites occurring inside additive 
manufacturing liquid melt pool which is essential for further advance process improvement and 
optimisation. Solidification techniques aimed at grain refinement and tuning of the microstructure are 
proposed to be the best possible solution strategy. Some of these may include; optimal selection of 
alloy composition [94, 95], casting parameter adjustment by controlling melting current/time and 
cooling rate [96], melt adjustment by remelting [97], and controlled inoculation by the introduction 
of refractory metals in solidifying melt [98-100]. This last technique, known as inoculation, is 
proposed to bear maximum potential. However, this is not rigorously tested on additive 
manufacturing of bulk metallic glasses and their composites and no real account exist documenting 
their application. In the present study, an effort has been made to bridge this gap. First, new inoculants 
are designed based on well-established crystal matching technique known as an edge to edge 
matching [101, 102]. These new inoculants are proposed to bear a maximum potential to trigger 
nucleation of primary ductile phase prior to, or concurrently during solidification. Improvement in 
microstructure and hence ductility and toughness are proposed to be achieved by an increase in 
number density, size and distribution of ductile phase in the glassy matrix as a function of type, size 
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and amount of inoculants during solidification. This is a well established technique in foundry 
engineering [103, 104] and solidification processing [105] to improve the properties of various types 
of alloys. However, its use in additive manufacturing primarily related to bulk metallic glasses and 
their composites is still in its infancy. Second, virtually no effort has been made to improve upon the 
technique of inoculation in conventional Cu mold suction casting as well as additive manufacturing 
to understand nucleation and growth of ductile crystalline phase dendrites or spheroids in-situ during 
solidification in bulk metallic glass matrix composites. A step forward is taken in the present study 
to address this gap. Carefully designed inoculants are introduced in bulk metallic glass matrix melt 
during melting and solidification both in suction casting and additive manufacturing to study their 
combined synergic effect to refine microstructure and improve upon properties. A step forward is 
taken to bring together the strengths of different techniques and methodologies at one platform. In 
essence, an effort is made to form ductile bulk metallic glass metal matrix composites by taking 
advantage of  

a. Materials chemistry: Two types of multicomponent alloys based on superior glass forming 
abilities are selected as model systems. Their glass forming ability is used as a measure to 
manipulate composition and vice versa.  

b. Solidification processing: Liquid melt pool formation, its size, shape and geometry is studied. 
Movement of liquid in this melt pool and its role dictated by simultaneous heat and mass 
transfer and fluid dynamics is also observed. Effect of dynamics in dictating solidification 
behaviour and pattern in crucible free, small Cu crucible and engulfed liquid melt pool of 
additive manufacturing are also studied. The behaviour of inoculant free and well inoculated 
alloys is studied, compared and used as a measure of establishing a quantification criterion 
with the help of cooling curves of both types of systems under transient conditions. 

c. Additive manufacturing: Very high cooling rate inherently available in the process is used to 
(a) not only form glassy matrix but use liquid melt pool formed at very high temperature to 
trigger nucleation (liquid – solid transformation) of ductile phase in the form of dendrites or 
spheroids from within the pool “in-situ” (This is done by controlling machine parameters in 
such a way that optimized cooling rate satisfying narrow window of “quenching” bulk 
metallic glasses is achieved) but (b) to take advantage of heating (heat treatment) of preceding 
layer to trigger solid – solid transformation (devitrification) again to form ductile phase and 
achieve high toughness, ductility, homogeneity, consolidation and part integrity eliminating 
the need of post-processing or after treatment and 

d. Crystallographic matching for the design of inoculants: An advanced crystallographic 
matching technique known as an edge to edge matching [101, 102] is applied for careful 
design and selection of inoculants bearing maximum potency. It was applied based on the 
fundamental principle that an inoculant can best be able to serve as nucleation site if its crystal 
structure matches that of expected or anticipated phase. Expected phase identification is 
carried out based on the well-established phase diagram of the alloy system under 
investigation. Number density, size and distribution of ductile phase is taken as a measure to 
refine microstructure and quantify mechanical properties and it is taken as a function of type, 
size and amount of nucleates (inoculant). The volume fraction of the crystalline phase was 
aimed to be measured by ASTM 562 – 11 manual point count method applied on optical 
micrographs for its rigorous nature, accuracy and robustness. 

This article introduces the fundamental science and technology behind bulk metallic glass and their 
composites to the reader. It emphasizes on very basic inherent mechanisms which are responsible for 
formation of glassy structure in metals and alloys and highlights factors and / or variables that account 
for the combination of “high strength, hardness and elastic strain limit” and “poor ductility and 
toughness” in this very important class of materials. It also highlights and briefly narrates various 
mechanisms, manufacturing routes, techniques and strategies (in-situ and ex-situ) which may be used 
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to manufacture and prove out to be effective to overcome lack of ductility and toughness in these 
materials. A brief conclusion has been drawn how microstructure design by inoculation with the aim 
to increase number density, size and distribution of the ductile phase can help reduce brittleness and 
additive manufacturing as a technique, can serve as vital tool to intrinsically refine microstructure 
without the need of any additional steps or post processing thus serving as a bridge between 
inoculation fee or assisted microstructure design and manufacturing. 

Note: Additive manufacturing (AM) methods can also be classified on the basis of the energy source 
used (i-e laser-based or electron beam-based). 

2. Metallic Glasses (MG) and Bulk Metallic Glasses (BMG) 

Metallic glasses (MGs) [5] may be defined as disordered atomic – scale structural arrangement of 
atoms formed as a result of rapid cooling of binary or multicomponent alloy systems directly from 
their molten state to below their glass transition temperature with a large undercooling and suppressed 
kinetics of nucleation in such a way that the supercooled liquid state is retained / frozen-in [106-109]. 
This results in the formation of a “glassy structure”. The process is very much similar to 
inorganic/oxide glass formation in which large oxide molecules (such as silicates/borides / aluminates 
/sulphides and sulphates) form a regular network retained in its frozen/supercooled liquid state [110]. 
The only difference being that; metallic glasses comprise of metallic atoms rather than inorganic 
compounds. In recent times, their formation, structural arrangement and stability is described more 
elaborately by “three laws” [111] which are based on atomic size, the number of elements and heats 
of formation. Their atomic scale behaviour is also based on short-range order (SRO) [112-114] to 
medium-range order (MRO) [115-117] or long-range disorder [3] (unlike metals – well defined long-
range order) and can further be explained by other advanced theories / mechanisms (frustration [118], 
order in disorder [116, 118, 119] and confusion [120]). Important features which characterizes them 
are their amorphous structure and unique mechanical properties. Owing to the absence of dislocations, 
no plasticity is exhibited by BMGs. This results in very high yield strength and elastic strain limits as 
there is no slip plane for material to flow (by conventional deformation mechanisms). From a 
fundamental definition point of view, metallic glasses are typically different from bulk metallic 
glasses in that the former has a fully glassy (monolithic) structure for thicknesses less than 1 mm, 
whilst the latter is glassy (monolithic) is greater than 1 mm [6, 7]. To date, the largest bulk metallic 
glass made in the “as-cast” condition is 80 mm diameter and 85 mm in length [45]. There are reports 
of making large thin castings as a casing for smartphones but they are typically less than 1 mm in the 
maximum thickness [10]. Furthermore, they are characterized by special properties such as glass 
forming ability (GFA), metastability (which will be described in proceeding sections). Formation and 
stability of these alloys may be described by their ability to retain glassy state at room temperature.  
Over a period of time, this has been described in terms of three laws, considered universal for forming 
any bulk metallic glass system [111]. Any glass forming system consists of elements which must:  

1. be three in number (at minimum). (greater than 3 constituents is considered beneficial). 

2. differ in their atomic size by 12% among the three elements. (Atoms of elements with large 
size are considered to exhibit superior glass forming ability). 

3. have a negative heat of mixing amongst all three element combinations. (This ensures the 
tendency to de-mix or confuse [120] ensuring retention of the glassy structure at room 
temperature). 

This results in a new structure with a high degree of densely packed atomic configurations, which in 
turn results in a completely new atomic configuration at a local level with long-range homogeneity 
and attractive interaction. In general, bulk metallic glasses or bulk glassy alloys (BGA) are typically 
designed around alloy systems that exhibit (1) a deep eutectic, which decreases the amount of 
undercooling needed to vitrify the liquid, and (2) alloys that exhibit a large atomic size mismatch, 
which creates lattice stresses that frustrate crystallisation [111]. These were first proposed by Prof. 
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Akisha Inoue at WPI – IMR, Tohoku University, Japan [3] followed by Douglas C. Hoffmann and 
co-workers at Caltech [111] but in essence the message they give out remain same. Some of the 
important characteristics of these systems are; glass forming ability and metastability responsible for 
the evolution of the overall glassy structure. Despite their advantages and extremely high strength, 
metallic glass and their bulk counterparts suffer from following limitations; 

a. They have very poor ductility [2, 121-123]. They do not exhibit any plasticity under tension 
and exhibit little plastic behaviour under compression [124-126].  

b. They have very poor fracture toughness [13, 127-133]. This severely limits their engineering 
applications as they cannot absorb the effects of load or cannot transfer stresses safely and fail 
in a catastrophic manner [134].  

Progress has been made in recent years to overcome these problems, but still, experimental results 
and values obtained are not of considerable practical significance and have very poor reproducibility 
which renders them unsatisfactory for any practical use [135-137]. 

3. Ductile Bulk Metallic Glasses 

Owing to difficulties encountered during the use of “as-cast” bulk metallic glasses especially for 
structural applications, schemes were devised from the very early days of BMG research for the 
increase of ductility in these alloys. In the beginning, efforts were made to increase the plasticity by 
dispersing controlled porosity [138] but these efforts did not proceed far because of the non-practical 
nature of the method and other unwanted problems developed in the structure. Then, the focus was 
directed to address this problem by the basic mechanisms of plasticity and plastic deformation. For 
example, if the progression of a shear band could be hindered (just like dislocation motion hindrance 
in crystalline alloys) by impeding its motion, a substantial increase in ductility could be achieved. 
This is achieved by two fundamental mechanisms: a) increased number of shear bands increase the 
obstacles (“arrests”) to the paths of material flow. Hence, it would be difficult for the material to flow 
[139-146] and b) strain energy dissipation resulting from shear band formation at the interface 
between a crystalline phase and the amorphous matrix. One of the ways, this helped was the 
introduction of new processes of shaping/forming by controlled application of force in the presence 
of heat (thermoplastic forming) [147, 148] and in certain range where material flow under constant 
stress (super plastic forming) [149] which were tried as far as 10 years ago. Further techniques 
consisted of (1) Ex-situ introduction of second phase reinforcements (particles [19, 150, 151], flakes 
[152], fibres [153-155], ribbons [156], whiskers [157, 158]) which offer a barrier to the movement of 
shear bands along one plane and provide a pivot for their multiplication, (2) In-situ nucleation and 
growth of primary phase reinforcements in the form of equiaxed dendrites or spheroids which are 
ductile in nature thus, not only provide means to increase ductility by themselves but also offer a 
pivot for multiplication of shear bands [159, 160], (3) reducing the size of the glass to nanometre and 
ductile phase to micrometre [27], (4) making the plastic front (local plastically deformed region ahead 
and around a shear band) of shear bands to match with plane of restriction (difficult flow) in crystal 
lattice of ductile phase thus creating easy path for shear band to multiply (not yet investigated idea of 
author), and (5) heating the alloy to cause temperature induced structural change (devitrification) 
[161-165]. The drive for all these mechanisms is different. For example, it is known that shear bands 
are responsible for the catastrophic failure of bulk metallic glasses [166] and any hindrance to their 
motion by pinning or branching (three dimensional network  spread throughout the volume) would 
cause a difficulty with which they will move (along one direction at very high speed) causing abrupt 
failure. This gave rise to fundamental mechanisms of toughening [13, 167]. A similar effect could be 
achieved through the external addition to (ex-situ), or internal manipulation of (in-situ), the structure 
of the material. Of these, only devitrification was first envisaged as the dominant mechanism for 
increase in fracture toughness and hardness as early as 1979 by Robert Freed and co-workers at MIT 
[161]. It was known thermodynamically, numerically [168] and tested experimentally [169-172] 
since the early days that structurally constrained glass relaxes during heating known as 
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“devitrification” [161]. The driving force for devitrification [165, 173] came as a result of natural 
impulse as bulk metallic glass possess the natural tendency to undergo structural change [161] (solid-
state phase transformation) when subjected to a temperature similar to heat treatment for crystalline 
metallic alloys. This resulted in a new class of bulk metallic glass called ductile bulk metallic glass 
[174-182]. The research on other mechanisms was adopted with the passage of time [12] giving rise 
to more versatile materials known as ductile bulk metallic glass matrix composites.  

4. Ductile Bulk Metallic Glass Matrix Composites (BMGMCs) 

As introduced briefly in the previous section, a significant improvement in the mechanical properties 
of bulk metallic glass was reported for the first time in 2000 [12]. Ductile crystalline phase was 
successfully incorporated within the glassy matrix of Zr based alloys containing Be in the form of 
three-dimensional network. It formed in-situ during solidification thus giving birth to the “so-called” 
family of in-situ dendrite / metallic glass matrix composites. These materials are formed as a result 
of conventional solute partitioning mechanisms as observed in other metallurgical alloys resulting in 
the copious formation of a ductile phase β-(Ti-Zr-Nb) in case of Ti-based composites [12], Cu-Zr B2 
spheroid intermetallic in the case of Zr-based composites without Be [94, 98, 183-186] or transformed 
B2 (B19' martensite) in the case of Zr-Cu-Al-Co shape memory bulk metallic glass matrix composites 
(a special class of BMGMCs) [21, 185, 187-191]) predominantly (not always) in the form of three 
dimensional dendrites or spheroids emerging directly from the liquid during solidification. 
Devitrification and formation of ordered structures in these alloys can be explained by the help of 
“phase separation” or “quenched in” nuclei [192-196]. This is another very important route for the 
fabrication of these alloys. They also comprise of a family of bulk metallic glass matrix composites 
which are formed by more advanced transformation mechanisms (liquid-state phase separation) [197-
200] which have recently become observable owing to more advanced characterisation techniques 
employing container less levitated sample solidification [92, 201] and its observation under 
Synchrotron radiation [202-205] or zero and micro-gravity conditions on board international space 
station. This renders them with special properties (enhanced plasticity and compressive strength) not 
otherwise attainable by other conventional processing routes or in simple binary and ternary 
compositions. This, however, is seldom the case and is not readily observed as compared to solid-
state phase separation [197] which is the dominant mechanism in these alloys. More advanced 
mechanisms of forming these materials are by local microstructural evolution by phase separation 
right at shear bands [206]. It narrates that solid–solid phase separation occurs at the onset of the shear 
band and becomes the cause of microstructural evolution. A few notable classes of alloys that 
constitute these types of ductile composites are Ti-based BMGMCs [55, 56, 207-212], Ti-based shape 
memory BMGMC [213], Zr-Cu-Al-Ti [214, 215], Zr-Cu-Al-Ni [52], and Zr-Cu-Al-Co shape 
memory BMGMCs [51]. Each has their own mechanisms of formation and individual phases are 
formed by liquid – solid or solid – solid phase transformations. From process perspective, their 
production methods ranges from conventional melting and casting in vacuum (gravity or pressure 
assisted (suction)) [216-221], twin roll casting (TRC) [222, 223], semi – solid processing (including 
thermoplastic forming (TPF)) [60, 148, 224, 225] to modern day additive manufacturing (AM) [69, 
70, 226-231]. Their detailed discussion is beyond the scope of present work and is described 
elsewhere [59, 69, 70, 232-240] (see supporting information). 

5. Very Recent Trends and Triumphs  

Some of the modern approaches to the problem of achieving ductility and toughness are fundamental 
in nature based on basic understanding and comprehension of engineering and metallurgy. For 
example, a recent study details the size effects on the stability of shear band development and 
propagation. This interesting review [241] documents very recent developments and progresses in 
ductile bulk metallic glass matrix composites in the form of important phenomena of shear banding 
which ultimately results in increased ductility and toughness in otherwise brittle solids. As discussed 
above, the formation of stress induced transformation (TRIP) inside a ductile phase dendrite is another 
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promising way of achieving increased ductility while maintaining high strength and hardness. 
Although it is a relatively old idea, which was exploited some years ago by means of indentation and 
conventional deformations [145, 242-245], it has attracted the attention of researchers as new methods 
of forming and transformation (especially since in-situ liquid – solid transformation [28]) have 
evolved with time. The quest for obtaining a ductile BMGMC with enhanced optimal ductility with 
enough large size still continues to push boundaries of what could be achieved. In this regard, very 
recently, researchers at Yale University and IFW Dresden, Germany have made further promising 
progress in detailing what could be found elsewhere [136].  

6. Bulk Metallic Glasses by Additive Manufacturing 

Processing of BMGMCs by additive manufacturing (AM) [59, 60] is slowly, progressively, but surely 
growing as a successful technique for their production on a large-scale. Various forms of AM 
processes (selective laser sintering (SLS), selective laser melting (SLM) [61], laser engineered net 
shaping (LENS®) [246], direct laser deposition (DLD) [239, 240], electron beam melting (EBM)) 
are slowly but surely attracting the attention of scientists around the globe to exploit their potential to 
be used as large-scale industrial technique(s) for the production of BMGs. Despite the inherent 
bottlenecks in the AM processes, there have been successful reports about the production of bulk 
metallic glasses preferentially by selective laser melting (SLM) – a form of additive manufacturing 
involving complete fusion. Various types of glassy structures e.g. Al [235, 236], Zr [69, 70, 84, 87, 
88, 226, 228-230, 247], Fe [62, 238], Ti [248], and Cu [228] based BMGMCs have been successfully 
produced using selective laser melting. 

As described earlier, it is well known that incipient metal fusion, its transience, progression 
(movement) and subsequent deposition out of melt pool following metallurgical principles (solute 
partitioning, alloy diffusion and capillary action to form dendrites) follows a layer by layer (LBL) 
pattern.  In this LBL pattern, as top fusion layer traverses its path dictated by CAD geometry fed at 
back end (.stl file), a heat affected zone (HAZ) is generated preceding the tip of the laser. This HAZ 
is very much similar to HAZ observed in other fusion welding processes. The metal following it is 
usually found in the form of solidified fine equiaxed grains. This tendency is a consequence of natural 
phenomena happening in the fusion layer which results in good glassy structure (high GFA) in bulk 
metallic glasses provided melt pool temperature is high enough to cause complete melting and heat 
is rapidly quenched out of it making a monolithic glassy structure. This results in the hard-brittle 
layer. Now, as the complete path in this first layer is traversed, it is descended by few microns 
(dictated by initial alloy properties and machine parameters), and is supplied with a new layer of 
metal /alloy powder by the help of scraper/roller. The laser again starts traversing its path based on 
previously fed sliced CAD pattern. This layer again reaches melting temperature and incipient 
fusion/melting takes place at laser/metal contact point. However, this time, a unique new phenomenon 
takes place. As the layer is currently in contact with laser melts, it generates enough heat for the layer 
beneath it to reach a certain high temperature as well (usually 0.5 Tm and > Tx). This heating of the 
lower layer is enough to take the alloy back into the nose region of time – temperature–transformation 
(TTT) diagram which causes its crystallization (solid – solid transformation (devitrification)). 
Depending on the alloy chemistry and amount of time spent at a temperature above Tx (in the nose 
region of the curve), there could be (i) complete glassy structure, (ii) partial glassy structure or (iii) 
complete crystalline structure (no glass). The last is usually meant to be avoided during bulk metallic 
glass processing and the second is desirable. Some of mechanisms occurring are presented in below 
figures (Figure 1 - 4). 
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Figure 1: Schematic time – temperature – transformation diagram for bulk metallic glass matrix 
composites (indicating cooling rates) of monolithic glass formation as well as thermoplastic forming 
[59]. 

 

Figure 2: Schematic time – temperature – transformation diagram illustrating the processing method 
of BMG formers [60]. 1) Direct casting, 2) Thermoplastic forming [60]. 
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Figure 3: Actual time – temperature – transformation diagram for Zr58.5Nb2.8Ni12.8Cu15.6Al10.3 
measured on samples that were cooled form above TL (blue circles) and heated from below Tg (red 
squares) prior to isothermal measurement [60]. 

 

Figure 4: Actual time – temperature – transformation diagram for Pd43Ni10Cu27P20 processed while 
fluxing in B2O3 (squares) or absence of B2O3 (circles) [60]. 

There is, however, a very narrow window of composition and temperature during which complete 
glass formation or complete crystalline structure formation could be avoided. (a) Only alloys with 
very high glass forming ability should be selected from the composition perspective and (b) should 
be tailored to cool with sufficiently high enough cooling rate (could be calculated from exact TTT 
diagram) which should cause in-situ equiaxed ductile phase dendrite or spheroid formation during 
primary solidification in the first layer retarding the complete glassy state formation. Once, in-situ 
structure is formed, re-heating of the lower layer to a temperature in the nose region of the TTT 
diagram during devitrification does not have much effect on further crystallization (due to kinetics 
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(solute partitioning)) provided, it should not be purposefully allowed to stay there for a long time. In 
the general process, from a fundamental theoretical standpoint, 100% monolithic glassy structure, 
giving rise to a glassy matrix with fully grown in-situ crystalline dendrites does not further undergo 
transformation to another crystalline phase (as they have already transformed from their metastable 
glassy state). A powerful impulse on this could be caused by the introduction of carefully selected 
potent inoculants which are added to alloy melt during the melting stage. These may serve as active 
nuclei for the preferential heterogeneous nucleation of ductile phase dendrites during primary 
solidification ensuring the least formation of metastable glassy state which in turn reduces the 
possibility of conversion of glass to crystallites during subsequent heating of the layer (devitrification 
stage) as there is no glass (all the metastable or unstable phase have already been transformed to their 
thermodynamically stable state). No such effort has been made in the past to exploit this unique 
crystallographic feature of alloying in additive manufacturing. This forms the basis of the present 
research. Few leading groups in the world have recently produced bulk metallic glasses by additive 
manufacturing. Some of these is narrated here. Flores, K. M. et. al. [229, 230] successfully studied 
the effect of heat input on the microstructure of Zr-based BMGs manufactured via LENS®. They 
observed the formation of unique spherulites within the heat affected zones (HAZ) at high laser input 
(104 K/sec) which disappeared as laser power is reduced (Fig – 2) (supporting information). These 
spherulites bearing unique crystal morphology seem to bypass isothermal cooling microstructures, a 
phenomenon not observed previously.  The same effect was observed in their earlier studies on Cu-
based BMGs [228].  In another study, researchers [232] studied the effect of compositionally gradient 
alloy systems to manufacture BMGs and high entropy alloys (HEAs) composite layers via LENS®. 
They aimed at finding an optimized composition at which the effect of both alloy systems could be 
obtained in conjunction. Alloy systems consisting of Zr57Ti5Al10Cu20Ni8 (BMG) to CoCrFeNiCu0.5 
(HEA) (first gradient) and TiZrCuNb (BMG) to (TiZrCuNb)65Ni35 (HEA) (second gradient) were 
used and processed at 400 W, 166 mm/s and 325W, 21 and 83 mm/s respectively. Using selected area 
electron diffraction (SAED) patterns, they successfully reported the formation of the fully amorphous 
region in the first gradient and amorphous matrix/crystalline dendrite composite structure (Fig – 3) 
in the second gradient in individual melt pools (supporting information). Increasing the speed caused 
a slight variation in morphology and composition. Their results were consistent with their earlier 
investigations [231, 249]. However, the effect of reduced power and/or increased speed is needed to 
validate the glass forming ability of these systems. Zhang, Y, et. al. [70], investigated the effect of 
laser melting in the form of surface remelting and solid forming on well-known Zr55Cu30Al10Ni5 
hypoeutectic system. They observed that despite the repeated melting of the alloy, four times on its 
surface (LSM) during a single trace, there was no effect on its glassy state. However, during laser 
solid forming (LSF), distinct crystallization was observed in the HAZ between adjacent traces and 
subsequent layers after the first two layers. A series of phase evolution was observed in the deposited 
microstructure as it moved from molten pool to HAZ in these microstructures, NiZr2 type 
nanocrystals and equiaxed dendrites form from rapid solidification during laser surface melting 
(LSM) whilst Cu10Zr7 type dendrites form as a result of crystallization of pre-existed nuclei in the 
already deposited amorphous substrate. This paved the way for better understanding and application 
of LSM and LSF in terms of GFA and crystallization. Another group at the University of Western 
Australia led by Prof. T. B Sercombe developed Al-based BMGs by SLM [234-236]. They showed 
that an empirical laser power exists (120W) at which the width and smoothness of the scan track are 
optimal, i.e. defects (cracks (parallel, perpendicular and at 45o to scan track) and pores) at the edge 
of the trace are almost eliminated. Crystallization, preferred orientation and melt pool depth was 
observed to have a direct relationship with laser power whilst pool width was observed to have an 
inverse relationship. Four distinct regions of scan track (fully crystalline (~100 nm), partially 
crystalline (~500 nm), boundary between the amorphous bulk metallic glass and bigger crystals and 
edge of HAZ (no crystal)) were identified. They further studied preferred orientation and found it to 
be a major effect of devitrification (both by very high laser power (pressure wave) and temperature 
(oxidation)) as measured by EDS. A few more notable studies have been reported very recently by 
leading research groups around the globe in which Fe68.3C6.9Si2.5B6.7P8.7Cr2.3Mo2.5Al2.1 (at.%) [238], 
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Fe-Cr-Mo-W-C-Mn-Si-B [250], other Fe-based BMGs [62, 251, 252], Ti–24Nb–4Zr–8Sn [253], 
other Ti-based BMGs [254], Al85Nd8Ni5Co2 [237], Al-based BMGs [255-258], Zr-based BMGs [69, 
70, 84, 259, 260], and biomaterials and implants [261, 262] have been processed by selective laser 
sintering/selective laser melting (SLS/SLM). The interested reader is referred to cited literature.  

7. Research Opportunities 

In the present research, an effort has been made to microstructurally control and tune the properties 
of Zr-based BMGs by controlling the number density (dc) of a ductile primary phase CuZr-B2 
spheroidal intermetallic, its grain size and dispersion within the bulk alloy by conventional and 
additive manufacturing routes. This novel idea stems from the fact that the inoculation of an otherwise 
passive melt can cause precipitation of certain specific phases prior to another microstructure in a 
solidifying alloy. This effectively can be used for the evolution of preferred phases and thereby can 
be used to affect the properties of the alloy. It is envisaged that the careful selection of potent 
inoculants which can best serve as sites for preferential nucleation of ductile phase only can best be 
used to increase their number density and dispersion within the bulk of the alloy. It has been 
previously reported that the three-dimensional arrangement of  the network of ductile phase equiaxed 
dendrites or spheroids in bulk alloy can effectively serve as a source of the impediment of shear band 
motion and can serve as a junction for their multiplication [12, 263]. Further, there are methods by 
which only high potency inoculants whose crystal structure matches that of the crystal structure of 
the precipitating phase can be selected preferentially as compared to other inoculants. This is known 
as “edge-to-edge” matching (E2EM) [101, 102, 264, 265]. Selection of nucleates by this method and 
then controlled inoculation by them employing careful casting process and controlling its conditions 
can serve as an effective means for increasing the number density, size and distribution of ductile 
phase dendrites or spheroids within the bulk. This fact is successfully exploited in the present 
research. Following research opportunities are sought after; 

1. Production of series of samples by  

a. Conventional vacuum arc melting and suction casting and  

b. Additive manufacturing  

carrying varying percentages of inoculants. These samples are sought after to study the effect of 
cooling rate and inoculation or microstructure refinement.  

2. Their detailed characterization by employing optical and scanning electron microscopy and 
qualitative as well as quantitative microstructure analysis of both optical and electron 
micrographs.  

3. Quantitative microscopy by ASTM method 562-11 on optical micrographs. 

4. Indentation hardness and drawing of a correlation between hardness and tensile strength. 

5. Toughness measurement employing three-point bend test.  

6. Development of correlation of crack length with fracture toughness.  

7. Detailed tensile testing aimed at not only the measurement of yield strength and tensile strength 
but also toughness by measuring the area under the stress strain curve.  

The studies are meant to increase the toughness of otherwise brittle alloys. These studies are proposed 
to be the first step of the manufacturing of glassy composites by additive manufacturing. 

8. Conclusion  

Nucleation and growth phenomena in single component (pure metals), binary and multicomponent 
alloys are rather well understood. Classical nucleation theory provides many answers to the behaviour 
of these melts. Bulk metallic glass and their composites are relatively new class of materials which 
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have recently emerged on the surface of science and technology and gained attention due to their 
unique properties. Traditionally, they were produced using conventional methods (Cu mould suction 
casting and twin roll casting) in which their metastable phase (glass) and any in-situ ductile 
precipitates (stable phase) are nucleated based on their ability to surpass the activation energy barrier. 
In addition, these processes impart very high cooling rate to castings which is essential for retention 
of supercooled liquid (glass) at room temperature explained by the phenomena of confusion, ordering, 
frustration and vitrification. Very recently, with the advent and popularity of additive manufacturing, 
interest has sparked to exploit the inherent and fundamental advantages present in this unique process 
to produce bulk metallic glasses and their composites. Additive manufacturing techniques are useful 
in achieving this objective as the very high cooling rate in fusion liquid melt pool is already present 
inherently to assist the formation of a glassy structure which is suppression of “kinetics” and 
prolonging of undercooling (“thermodynamics”) two main phenomena responsible for any phase 
transformation. However, in-situ nucleation of primary phase equiaxed dendrites or spheroids during 
solidification and then microstructural evolution (solute diffusion and capillary assisted) is not well 
understood till date. A huge gap exists in literature as to how the ductility and toughness of these 
materials can be improved. Solidification techniques aimed at improvement of microstructure and 
grain refinement are proposed to be the best possible answers. Inoculation, which is a well-established 
foundry technique is proposed to be exploited as potential bottleneck removal. A step by step method 
is described aimed at the design of new nucleates by understanding the basic crystal structure and 
chemistry of evolving ductile phase. Edge to edge matching method is proposed as a solution strategy. 
These inoculants are introduced carefully during melting and subsequent solidification in both 
conventional Cu mold suction casting and additive manufacturing process. Careful control of 
processing conditions along with a certain specific amount (percentage) of inoculants is proposed to 
enhance the mechanical properties. Microstructural quantification is done by detailed qualitative and 
quantitative optical and electron microscopy along with hardness measurement. Tensile testing and 
measurement of toughness are also aimed at by measuring the area under the curve. It is hypothesized 
that this methodology (solidification processing) will serve as best possible solution to improve the 
long standing debate about ductility and toughness of bulk metallic glasses and their composites 
manufactured either by Cu mold suction casting or modern additive manufacturing.  

Supporting Information 

1. General limitations / Research gap 

Although various efforts have been made and success stories have been reported which aim at finally 
achieving increased ductility to a certain extent, still, in most cases, brittle intermetallic form and 
deteriorate overall mechanical properties. Despite advances and triumphs, there are still a number of 
unresolved issues from processing (chemistry, physics, metallurgy and engineering (tooling, 
machinery)), structural (phase identification and their behaviour), properties (mechanical, physical 
and functional) viewpoint which limits their application, further use in more advanced applications, 
commercialization and large-scale production. For example, as described earlier, despite being able 
to be produced in bulk form, still, the largest ingot casted as the bulk metallic glass is just 80 mm in 
diameter and 85 mm in length [45]. Liquidmetal Technologies® has been able to produce various 
types of shapes in “cast” form but these are formed by adopting very expensive tooling and are very 
thin in their profiles [60]. There are very few successful efforts to make parts with tensile strength 
greater than 980 MPa in Al-based BMGs [266]. Despite its advantages, twin roll casting remains a 
novice technique for manufacturing of BMGs of all types. Only Ti-based BMGs could be produced 
with ease because of their increased fluidity. Zr-based BMGs still has the biggest limitation for large-
scale production as these are viscous and their transformations are sluggish because of suppressed 
kinetics. There is very little effort on the functional use of BMGs [267]. Reproducibility of these 
alloys is another outstanding debate and contradictions exist about their behaviour from laboratory to 
laboratory. The effect of microstructural control parameters and their tuning with a variety of 
materials and physical parameters is not known. Lastly, additive manufacturing [83, 268], though 
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promising technique and presently being named as “future” has serious drawbacks (microstructure, 
modelling, metallurgy, mechanical properties, anisotropy) for the use of Al- [63], Fe- [57, 71, 238, 
269], Ti- [254, 262] and Zr-based [69, 70, 87, 226, 229, 230] bulk metallic glasses and their 
composites.    

Figure 5: (a) SEM backscattered electron image of in-situ composite microstructure (x 200) (b) shear 
band pattern array from failed surface showing their crossing dendrites [12]. 

 

 

Figure 6: Cross-sectional backscattered SEM images of laser-deposited layers on the amorphous 
substrates processed at a laser power of 150 W. (a) and (b) Microstructures obtained at a laser travel 
speed of 14.8 mm/s. The featureless melt zone is shown in (a) surrounded by a crystalline heat 
affected zone (HAZ), and the isolated spherulites of the heat affected zone (HAZ) are shown in (b). 
(c) Increasing the laser travel speed to 21.2 mm/s reduced the formation of the HAZ to only a few 
isolated spherulites [229]. 
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Figure 7: (a) TEM BF image of the laser surface melted region processed with a laser power of 325 
W and a travel speed of 83 mm/s and (b) TEM BF image with the corresponding electron diffraction 
pattern of the crystalline dendrite (lower left inset) and amorphous matrix (upper right inset) [232]. 
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