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carefully selected inoculants based on edge to edge
controlled inoculation procedure is proposed to reﬂect
hypothesized that number density, size and dist
to improve microstructure and hence properties.
size and the amount of inoculants. The proposed

crystalline phase would best be able
to be controlled by manipulating type,
y 1s claimed to bear maximum potential.

1. Introduction

Very recently, metallic glas spread popularity in the scientific community as a
tensile strength, hardness, elastic strain limit and yield
as cogfipared to steel and other high strength alloys [1-3]. They

z et al. [4] at Caltech. Yet, their use has not been able to get

intrinsic as of glass to exhibit plasticity at very small (nano) length-scales [16, 17], introduction
of external o8@Cles to shear band formation and propagation (ex-situ composites) [18, 19], self or
external impufse 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 — B19’ 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 (R¢) 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 hypothe51z detiagt it Wi
achieve this by exploiting very high cooling rate available instantaneously in trang
pool [65-67] in an infinitely small region where laser/electron beam strikes
melting / laser solid forming) or powder (selective laser melting/laser eng

glasses, proposed to effectively and efficiently overcome dimensional li
carrying fully glassy and composite structure can be manufactur

manufactured part such as combination of high strength, ess, controlled
microstructure, its refinement [65-67], near dimensional ac
mechanism underlying this is layer — by — layer (LBL) fg i res glass formation in
each layer during solidification before proceeding to t . how; a large monolithic
glassy structure is thought to be produced. This layer — tion also helps in development
of secondary phases precipitating out of glassy matrix icgmponent alloy [68-70] as layer
preceding fusion layer undergoes another heatgg ent) below melting temperature
(Tm) somewhere in the nose region of time — terig e — transformation (TTT) diagram [59] which
not only assists in phase transformation [4 also helps in increase of toughness,
homogenisation and compaction of p is 1 ew, promising and growing technique of rapidly

The movement of energy squf®y (% ®on beam) is dictated by a computer-aided design
he back end and controlled by computerized numerical
control (CNC) [74, 75] 3 as a wide range of applicability across various industrial

sectors ranging froy

growth angd i id gansition [91-93]) of ductile phase dendrites or spheroidal intermetallics
of bulk metallic glass matrix composites occurring inside additive

ation techniques aimed at grain refinement and tuning of the microstructure are
proposed td e best possible solution strategy. Some of these may include; optimal selection of
alloy compospfon [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



Advanced Materials Research Vol. 1155 3

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 onggs

manipulate composition and vice versa.

b. Solidification processing: Liquid melt pool formation, its g

Movement of liquid in this melt pool and its role di i s heat and mass
transfer and fluid dynamics is also observed. Effe in dictating solidification
behaviour and pattern in crucible free, small Cy#Cruci ed liquid melt pool of

alloys is studied, compared and used as a mea
with the help of cooling curves of both types of

c. Additive manufacturing: Very high coo g maherently available in the process is used to
(a) not only form glassy matrix but use , pool formed at very high temperature to
trigger nucleation (liquid — sola tion) of ductile phase in the form of dendrites or

spheroids from within the J b71s done by controlling machine parameters in
such a way that optimpQt ate g
metallic glasses is achg ¢ advantage of heating (heat treatment) of preceding

amation (devitrification) again to form ductile phase and

for the design of inoculants: An advanced crystallographic
ywn as an edge to edge matching [101, 102] is applied for careful

pased on the well-established phase diagram of the alloy system under
ron. Number density, size and distribution of ductile phase is taken as a measure to
icrostructure 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)

of formation. Their atomic scale behaviour is also ba
medium-range order (MRO) [115-117] or long-range digder [3] (u ike metals — well deﬁned long-

range order) and can further be explained by other advand mechanisms (frustration [118],

order in disorder [116, 118, 119] and confusio ) @M features which characterizes them
are their amorphous structure and unique mecha ics. Owing to the absence of dislocations

no plasticity is exhibited by BMGs. This results i S yield strength and elastic strain limits as
there is no slip plane for materia pnventional deformation mechanisms). From a
fundamental definition point of es are typically different from bulk metallic
glasses in that the former has Olithic) structure for thicknesses less than 1 mm

whilst the latter is glassy (13 greater than 1 mm [6, 7]. To date, the largest bulk metallic
glass made in the “as-ca diameter and 85 mm in length [45]. There are reports
of making large thin ¢ , ing fOr smartphones but they are typically less than 1 mm in the

maximum thickne i e, they are characterized by special properties such as glass
forming ability which will be described in proceeding sections). Formation and
stability of th: described by their ability to retain glassy state at room temperature
Over a peri een described in terms of three laws, considered universal for forming
any bul m [111]. Any glass forming system consists of elements which must

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, exp#rimenta
and values obtained are not of considerable practical significance and have very #Sgeproduc
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” b
structural applications, schemes were devised from the very
increase of ductility in these alloys. In the beginning, efforts increése the plasticity by
dispersing controlled porosity [138] but these efforts did
nature of the method and other unwanted problems de
directed to address this problem by the basic mechani

in crystalline alloys) by impeding its motion,
This is achieved by two fundamental mechanis@ mcreased number of shear bands increase the
obstacles (“arrests”) to the paths of material flowg < vould be difficult for the material to flow
[139-146] and b) strain energy dissjag@on resufng from shear band formation at the interface

¢ o Py controlled application of force in the presence
of heat (thermoplastic formi 3 certain range where material flow under constant
? ere trled as far as 10 years ago. Further techmques

lattice of S@ile phase thus creating easy path for shear band to multiply (not yet investigated idea of
author), and eating the alloy to cause temperature induced structural change (devitrification)
[161-165]. Th& 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 crystalling

“phase separation” or “quenched in” nuclei [192-196].
fabrication of these alloys. They also comprise of a fa
which are formed by more advanced transformation med
200] which have recently become observable
employing container less levitated sample !
Synchrotron radiation [202-205] or zero and mi
station. This renders them with special g i

etallic glass matrix composites
d-state phase separation) [197-
ced characterisation techniques
, 201] and its observation under
onditions on board international space

state phase separation [197] i ant mechanism in these alloys. More advanced
mechanisms of forming t e by local microstructural evolution by phase separation

right at shear bands [20 d—solid phase separation occurs at the onset of the shear
band and becomes tlae icrosfructural evolution. A few notable classes of alloys that
constitute these typ ites are Ti-based BMGMC:s [55, 56, 207-212], Ti-based shape
memory BMG) I-Ti [214, 215], Zr-Cu-Al-N1 [52], and Zr-Cu-Al-Co shape

has thelr own mechanisms of formation and individual phases are

21], twin roll casting (TRC) [222, 223], semi — solid processing (including
(TPF)) [60, 148, 224, 225] to modern day additive manufacturing (AM) [69,
heir detailed discussion is beyond the scope of present work and is described

elsewhere [59P09, 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

Processmg of BMGMCs by addltlve manufacturmg (AM) [59, 60] 1s slowly, progress'

processes (selective laser sintering (SLS), selective laser melting (SLM) [61
shaping (LENS®) [246], direct laser deposition (DLD) [239, 240], electrog

metallic glasses preferentially by selective laser melting (SLM) € manufacturing
involving complete fusion. Various types of glassy structures €. r[69, 70, 84, 87,

produced using selective laser melting.

As described earlier, it is well known that incipie , its transience, progression
etallurgical principles (solute
partitioning, alloy diffusion and capillary acti follows a layer by layer (LBL)

pattern. In this LBL pattern, as top fusion laye T as its path dictated by CAD geometry fed at

1s very much 51m11ar to HAZ observegg on welding processes. The metal following it is
usually found in the form of solidi 1 pains. This tendency is a consequence of natural

5 bich results in good glassy structure (high GFA) in bulk
1s high enough to cause complete melting and heat
gelithic glassy structure. This results in the hard-brittle

(dictated by initial 3
metal /alloy powg raper/roller. The laser again starts traversing its path based on
1 . This layer again reaches melting temperature and incipient

Per/metal contact point. However, this time, a unique new phenomenon

Dependlng O alloy chemistry and amount of time spent at a temperature above Tx (in the nose
region of the €urve), 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).



8 Advanced Materials and Technologies lll

BN

Supercooled
liquid

Temperature

¥

. R _ YTPF

a c
Rsuu cryst
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of BMG formers [60]. 1) Direct casting, 2) Thermoplastic forming [60].
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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-sifu 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
thermodynamlcally stable state) No such effort has been made in the past to exploj 8

observed the formation of unique spherulites within the heat affected zong
(10* K/sec) which disappeared as laser power is reduced (Fig — 2)
spherulites bearing unique crystal morphology seem to bypass iso

based BMGs [228]. In another study, researchers [232] studi complositionally gradient
ite layers via LENS®.
They aimed at finding an optimized composition at w alloy systems could be
obtained in conjunction. Alloy systems consisting of 1 Nis (BMG) to CoCrFeNiCuo.s
(HEA) (first gradient) and TiZrCuNb (BMG) to (TiZ )esNi3g/(HEA) (second gradient) were
used and processed at 400 W, 166 mm/s and 3 i
electron diffraction (SAED) patterns, they succd@s eported the formation of the fully amorphous
region in the first gradient and amorphous matr .
in the second gradient in individual mgliss borting information). Increasing the speed caused
a slight variation in morphology gt itiorf T heir results were consistent with their earlier
investigations [231, 249]. Howe atect of refluced power and/or increased speed is needed to

; C ®is. Zhang, Y, et. al. [70], investigated the effect of
laser melting in the form ; g and solid forming on well-known ZrssCuzoAlioNis
hypoeutectic system. T,
surface (LSM) duri 291 there was no effect on its glassy state. However, during laser

: i terms of GFA and crystallization. Another group at the University of Western
Australia led Prof. T. B Sercombe developed Al-based BMGs by SLM [234-236]. They showed
that an empiri€al laser power exists (120W) at which the width and smoothness of the scan track are
optimal, 1.e. defects (cracks (parallel, perpendicular and at 45° 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 Fesg 3Cs.9S12.5B6.7Ps.7Cr23Mo02.5AL.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], AlgsNdgNisCoaz [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 agotherwise
passive melt can cause precipitation of certain specific phases prior to another micgy@Strer ina

be used to affect the properties of the alloy. It is envisaged that the care
inoculants which can best serve as sites for preferential nucleation of ducti

which only high potency inoculants whose crystal structure of theXrystal structure of
the precipitating phase can be selected preferentially as cq ulants. This is known

then controlled inoculation by them employing careful and controlling its conditions
can serve as an effective means for increasing the nu ize and distribution of ductile
phase dendrites or spheroids within the bul i sfully exploited in the present
research. Following research opportunities are

1. Production of series of samples by
a. Conventional vacuum arc, tion casting and
b. Additive manufacturi

carrying varying percenta s. These samples are sought after to study the effect of
cooling rate and inoculatj
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. Detailedtensile 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



12 Advanced Materials and Technologies lll

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
1nherently to assist the formatlon of a glassy structure Wthh is suppressmn of “kias

chemistry of evolving ductile phase. Edge to edge matching
These inoculants are introduced carefully during meltj
conventional Cu mold suction casting and additive
processing conditions along with a certain specific amdit (percentaffe) of inoculants is proposed to
i ion iggflone by detailed qualitative and
quantitative optical and electron microscopy 1 easurement. Tensile testing and

bilk metallic glasses and their composites
godern additive manufacturing.

Supporting Information

1. General limitatj

which limits their application, further use in more advanced applications,
¥large-scale production. For example, as described earlier, despite being able

diameter and m 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.

(110)

20 40 60 80100
:

Figure 5: (a) SEM backscattered electron image of in-sil composite gricrostructure (x 200) (b) shear
band pattern array from failed surface showing their crd@ing dendrig#s [12].

(a)
Melt zone

..........

S Wama

Substrate

Substrate 200 pm

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].



14

Advanced Materials and Technologies lll

References

[1]
2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

Telford, M., The case for bulk metallic glass. Ma

Schuh, C.A., T.C. Hufnagel, and U. Ramamurt i ehavior of amorphous alloys.
Acta Materialia, 2007. 55(12): p. 4067-4

Klement, W., R.H. Willens, g ) 2z, Non-crystalline Structure in Solidified Gold-
Silicon Alloys. Nature, 196

Chen, H.S., Thermod ;
Acta Metallurgica, T PEPS-1511.

Drehman, A.J., . Purnbull, Bulk formation of a metallic glass: Pd40Ni40P20.
Applied Physs (8): p. 716-717.

.QJ-and E. Ma, Atomic-level structure and structure—property relationship in metallic
geress in Materials Science, 2011. 56(4): p. 379-473.

Qiao, J4 H. Jia, and P.K. Liaw, Metallic glass matrix composites. Materials Science and
Engineering: R: Reports, 2016. 100: p. 1-69.

Trexler, M.M. and N.N. Thadhani, Mechanical properties of bulk metallic glasses. Progress in
Materials Science, 2010. 55(8): p. 759-839.

Hays, C.C., C.P. Kim, and W.L. Johnson, Microstructure Controlled Shear Band Pattern
Formation and Enhanced Plasticity of Bulk Metallic Glasses Containing \textit{in situ} Formed
Ductile Phase Dendrite Dispersions. Physical Review Letters, 2000. 84(13): p. 2901-2904.

Hofmann, D.C., et al., Designing metallic glass matrix composites with high toughness and
tensile ductility. Nature, 2008. 451(7182): p. 1085-1089.



Advanced Materials Research Vol. 1155 15

[14] Hofmann, D.C., Shape Memory Bulk Metallic Glass Composites. Science, 2010. 329(5997): p.
1294-1295.

[15] Wu, Y., et al., Designing Bulk Metallic Glass Composites with Enhanced Formability and
Plasticity. Journal of Materials Science & Technology, 2014. 30(6): p. 566-575.

[16] Guo, H,, et al., Tensile ductility and necking of metallic glass. Nat Mater, 2007. 6(10): p. 735-
739.

[17] Jang, D. and J.R. Greer, Transition from a strong-yet-brittle to a stronger-and-ductile state by
size reduction of metallic glasses. Nat Mater, 2010. 9(3): p. 215-219.

[18] Choi—Yim, H., Synthesis and Characterization of Bulk Metallic Glass Matrix
1998, California Institute of Technology.

[19] Choi-Yim, H., et al., Processing, microstructure and properties of ducti}d
reinforced Zr57Nb5AI10Cul5.4N112.6 bulk metallic glass composites.
50(10): p. 2737-2745.

[20] Lee, M.L., Y. Li, and C.A. Schuh, Effect of a controlled volume
tensile and compressive ductility in La-based metallic glass m
2004. 52(14): p. 4121-4131.

[21] Pauly, S., et al., Transformation-mediated ductility in. etallic glasses. Nat
Mater, 2010. 9(6): p. 473-477.

[22] Wu, Y., et al.,, Bulk Metallic Glass Compo
Hardening and Ductility. Advanced Materials, 2

[23] Song, K.K.,etal., Triple yielding and de
composites. Acta Materialia, 2012. 60(1

[24] Wu, D.Y., et al., Glass-forming ability, the ty of B2 CuZr phase, and crystallization
kinetics for rapidly solidified . Journal of Alloys and Compounds, 2016. 664:
p. 99-108.

[25] Kim, C.P., et al., Reali
utilization of deform,
p. 304-307.

[26] g of, Co and Al addition on martensitic transformation and

ductility in a bulk metallic glass composite by the
rtensitic transformation. Scripta Materialia, 2011. 65(4):

[27] i . . Liu, A strategy for designing bulk metallic glass composites with
[28] g ., et al., Microstructural Control via Copious Nucleation Manipulated by In Situ

[29] Pekarskaya, E., C.P. Kim, and W.L. Johnson, In situ transmission electron microscopy studies
of shear bands in a bulk metallic glass based composite. Journal of Materials Research, 2001.
16(09): p. 2513-2518.

[30] Zhang, Q., Haifeng Zhang, Zhengwang Zhu, Zhuangqi Hu, Formation of High Strength In-situ
Bulk Metallic Glass Composite with Enhanced Plasticity in Cu50Zr47:5Ti2:5 Alloy. Materials
Transactions, 2005. 46(3): p. 730 - 733.

[31] Zhu, Z., et al., Ta-particulate reinforced Zr-based bulk metallic glass matrix composite with
tensile plasticity. Scripta Materialia, 2010. 62(5): p. 278-281.



16 Advanced Materials and Technologies lll

[32] Fan, C.,R.T. Ott, and T.C. Hufnagel, Metallic glass matrix composite with precipitated ductile
reinforcement. Applied Physics Letters, 2002. 81(6): p. 1020-1022.

[33] Hu, X., et al., Glass forming ability and in-situ composite formation in Pd-based bulk metallic
glasses. Acta Materialia, 2003. 51(2): p. 561-572.

[34] Cheng, J.-L., et al., Innovative approach to the design of low-cost Zr-based BMG composites
with good glass formation. Scientific Reports, 2013. 3: p. 2097.

[35] Wu, F.F,, et al., Effect of annealing on the mechanical properties and fracture mechanisms of a
${\mathrm{Zr}} {56.2} {\mathrm{Ti}} {13.8} {\mathrm{Nb}} {5.0}
{\mathrm{Cu}} {6.9} {\mathrm{Ni}} {5.6} {\mathrm{Be}} {12.5}$ bulk-metallic-glass
composite. Physical Review B, 2007. 75(13): p. 134201.

[36] Chen, H.S., Ductile-brittle transition in metallic glasses. Materials Sciencg
1976. 26(1): p. 79-82.

[37] Antonione, C., et al., Phase separation in multicomponent amorpho
Crystalline Solids, 1998. 232-234: p. 127-132.

[38] Fan, C.,C. Li, and A. Inoue, Nanocrystal composites in Zr—Nb i ses. Journal
of Non-Crystalline Solids, 2000. 270(1-3): p. 28-33.

[39] Fan, C. and A. Inoue, Ductility of bulk nanocrystalline i d metdllic glasses at room
temperature. Applied Physics Letters, 2000. 77(1):

[40] Basu, J., et al., Microstructure and mechanical pfperties of apartfally crystallized La-based
bulk metallic glass. Philosophical Magazine, 200

[41] Fan, C., et al., Properties of as-cast ang
Journal of Non-Crystalline Solids, 2006.

[42] Bdpss I elastic modulus of a Cu36Zr48AI8Ag8

[43] . . i , Btates and Strength in Bulk Metallic Glass, in

[44] i aictallic Glasses by Severe Plastic Deformation. Metals,

[45] s biggest glassy alloy ever made. Intermetallics, 2012. 30: p.

[46] and T. Matsuda, Preparation of Bulk Glassy

[47] B, Schwarz, and J.I. Archuleta, Bulk glass formation in the Pd-Ni—P system. Applied

[48] Inoue, A., T. Zhang, and T. Masumoto, Zr&ndash; Al&ndash;Ni Amorphous Alloys with High
Glass Transition Temperature and Significant Supercooled Liquid Region. Materials
Transactions, JIM, 1990. 31(3): p. 177-183.

[49] Peker, A. and W.L. Johnson, A  highly processable metallic glass:
Zr41.2Ti13.8Cul2.5Ni110.0Be22.5. Applied Physics Letters, 1993. 63(17): p. 2342-2344.

[50] Tan,J., et al., Study of mechanical property and crystallization of a ZrCoAl bulk metallic glass.
Intermetallics, 2011. 19(4): p. 567-571.



Advanced Materials Research Vol. 1155 17

[51] Biffi, C.A., A. Figini Albisetti, and A. Tuissi. CuZr based shape memory alloys: effect of Cr
and Co on the martensitic transformation. in Materials Science Forum. 2013. Trans Tech Publ.

[52] Cheng, J.L. and G. Chen, Glass formation of Zr—-Cu—Ni—Al bulk metallic glasses correlated
with L — Zr2Cu + ZrCu pseudo binary eutectic reaction. Journal of Alloys and Compounds,
2013. 577: p. 451-455.

[53] Chen, G., et al., Enhanced plasticity in a Zr-based bulk metallic glass composite with in situ
formed intermetallic phases. Applied Physics Letters, 2009. 95(8): p. 081908.

[54] Jeon, C.,etal., Effects of Effective Dendrite Size on Tensile Deformation Behavior in Ti-Based
Dendrite-Containing Amorphous Matrix Composites Modified from Ti-6Al-4V Alloy.
Metallurgical and Materials Transactions A, 2015. 46(1): p. 235-250.

[55] Chu, M.Y., et al., Quasi-static and dynamic deformation behaviors of 3
metallic glass matrix composite. Journal of Alloys and Compounds, 201

[56] Wang, Y.S., et al., The role of the interface in a Ti-based metallic gl

[57] Gibson, I., W.D. Rosen, and B. Stucker, Development of Addj

2010, Springer US: Boston, MA. p. 36-58.

[58] Spears, T.G. and S.A. Gold, In-process sensing j} i Iting (SLM) additive
manufacturing. Integrating Materials and Manufagluri i 016. 5(1): p. 1-25.

[59] Pauly, S., et al., Processing metallic glasses by s i elting. Materials Today, 2013.
16(1-2): p. 37-41.

[60] Schroers, J., Processing of Bulk Metallid dvanced Materials, 2010. 22(14): p. 1566-
1597.

[61] Li, X.P., et al., Selective lag Zr-based bulk metallic glasses: Processing,

microstructure and mechanig 4@ ials & Design, 2016. 112: p. 217-226.

[62] Zheng, B., et al., Proce : : ¥t Fe-Based Metallic Glass Components via Laser-
Engineered Net ShapdBo. ical and Materials Transactions A, 2009. 40(5): p. 1235-
1245.

[63] Olakanmi, E .F. e, and K.W. Dalgarno, A review on selective laser

[66] Yap,C.Y.,etal, Review of selective laser melting: Materials and applications. Applied Physics
Reviews, 2015. 2(4): p. 041101.

[67] Romano, J., et al., Temperature distribution and melt geometry in laser and electron-beam
melting processes — A comparison among common materials. Additive Manufacturing, 2015.
& p. I-11.

[68] Sun, H. and K.M. Flores, Microstructural Analysis of a Laser-Processed Zr-Based Bulk
Metallic Glass. Metallurgical and Materials Transactions A, 2010. 41(7): p. 1752-1757.



18 Advanced Materials and Technologies lll

[69] Yang, G., et al., Laser solid forming Zr-based bulk metallic glass. Intermetallics, 2012. 22: p.
110-115.

[70] Zhang, Y., et al., Microstructural analysis of Zr55Cu30A110Ni5 bulk metallic glasses by laser
surface remelting and laser solid forming. Intermetallics, 2015. 66: p. 22-30.

[71] Frazier, W.E., Metal Additive Manufacturing: A Review. Journal of Materials Engineering and
Performance, 2014. 23(6): p. 1917-1928.

[72] Wong, K.V. and A. Hernandez, A Review of Additive Manufacturing. ISRN Mechanical
Engineering, 2012. 2012: p. 10.

[73] Travitzky, N., et al., Additive Manufacturing of Ceramic-Based Materials.
Engineering Materials, 2014. 16(6): p. 729-754.

[74] Baufeld, B., E. Brandl, and O. van der Biest, Wire based additive g
Comparison of microstructure and mechanical properties of Ti-6Al1-4V

by laser-beam deposition and shaped metal deposition. Journal
Technology, 2011. 211(6): p. 1146-1158.

[75] Chen, Y., C. Zhou, and J. Lao, A layerless additive manuf; ed on CNC
accumulation. Rapid Prototyping Journal, 2011. 17(3): p.

[76] Kawahito, Y., et al., High-power fiber laser weldin i icatioh to metallic glass
Zr55A110N15Cu30. Materials Science and Enginee#g: . 3): p. 105-109.

[77] Kim, J.H., et al., Pulsed Nd:YAG laser weldinof Cu54Ni 118 bulk metallic glass.
Materials Science and Engineering: A, 2007. 449

[78] Li, B., et al., Laser welding of Zr45
Compounds, 2006. 413(1-2): p. 118-121

[79] i 139012Be20 bulk metallic glass. Materials

[80] g YAG laser and a liquid cooling device to

tial welding temperature and welding parameters on the

[81] Wang, H.-S., et
izati 1 spot welded Zr-based bulk metallic glass. Materials Chemistry

[82] f, I g dditive Manufacturing of IN100 Superalloy Through Scanning Laser

[83] W.J., et al., The metallurgy and processing science of metal additive manufacturing.

[84] Harooni, A., et al., Processing window development for laser cladding of zirconium on

zirconium alloy. Journal of Materials Processing Technology, 2016. 230: p. 263-271.

[85] Wu, X. and Y. Hong, Fe-based thick amorphous-alloy coating by laser cladding. Surface and
Coatings Technology, 2001. 141(2-3): p. 141-144.

[86] Wu, X., B. Xu, and Y. Hong, Synthesis of thick Ni66Cr5Mo4Zr6P15B4 amorphous alloy
coating and large glass-forming ability by laser cladding. Materials Letters, 2002. 56(5): p. 838-
841.



Advanced Materials Research Vol. 1155 19

[87] Yue, T.M. and Y.P. Su, Laser cladding of SiC reinforced Zr65A17.5Ni10Cul7.5 amorphous
coating on magnesium substrate. Applied Surface Science, 2008. 255(5, Part 1): p. 1692-1698.

[88] Yue, T.M., Y.P. Su, and H.O. Yang, Laser cladding of Zr65A17.5Ni10Cul7.5 amorphous alloy
on magnesium. Materials Letters, 2007. 61(1): p. 209-212.

[89] Zhang, P., et al., Synthesis of Fe—Ni—-B—Si—Nb amorphous and crystalline composite coatings
by laser cladding and remelting. Surface and Coatings Technology, 2011. 206(6): p. 1229-1236.

[90] Zhu, Q., et al., Synthesis of Fe-based amorphous composite coatings with low purity materials
by laser cladding. Applied Surface Science, 2007. 253(17): p. 7060-7064.

[91] Lan, S., et al., Structural crossover in a supercooled metallic liquid and the link to 3
liquid phase transition. Applied Physics Letters, 2016. 108(21): p. 211907.

[92] Zu, F.-Q., Temperature-Induced Liquid-Liquid Transition in Metallic Me)#
on the New Physical Phenomenon. Metals, 2015. 5(1): p. 395.

[93] Wei, S., et al., Liquid-liquid transition in a strong bulk metallig i d. Nat
Commun, 2013. 4.

[94] Song, K.K., et al., Strategy for pinpointing the formation of
shape memory alloys. Acta Materialia, 2011. 59(17): p. 6

[95] Wu, Y., et al., Formation of Cu—Zr—Al bulk metalli
properties. Acta Materialia, 2011. 59(8): p. 2928-

[96] Song, K.K., et al., Thermal stability and mechani
glass and its composites. Materials Science and
711-718.

[97] Liu, Z., et al., Pronounced ductility in (§/

s with improved tensile

properties pf Cud6Zr46Ag8 bulk metallic
hoeering: K, 2013. 559(Supplement C): p.

bulk metallic glass composites with
[98] Liu, Z., et al., Microstructurg , mprovement of mechanical properties in CuZr-

[99] Song, K.K., et al., Efft ¢S on the microstructure and mechanical properties of
Materials Science and Engineering: A, 2013.

.-X. Zhang. Edge-to-edge matching-a new approach to the morphology and
aphy of precipitates. in Materials Forum. 1999.

[103] Taylor, A.F., Foundry engineering. 1959: Wiley.

[104] Heine, R.W., C.R. Loper, and P.C. Rosenthal, Principles of Metal Casting. 1955: McGraw-Hill.
[105] Flemings, M.C., Solidification Processing. 1974: McGraw-Hill.

[106] Greer, A.L., Metallic Glasses. Science, 1995. 267(5206): p. 1947-1953.

[107] Glintherodt, H.J., Metallic glasses, in Festkorperprobleme 17: Plenary Lectures of the Divisions
“Semiconductor Physics” “Metal Physics” “Low Temperature Physics” “Thermodynamics and
Statistical Physics” “Crystallography” “Magnetism” “Surface Physics” of the German Physical
Society Miinster, March 7-12, 1977, J. Treusch, Editor. 1977, Springer Berlin Heidelberg:
Berlin, Heidelberg. p. 25-53.



20 Advanced Materials and Technologies lll

[108] Inoue, A., High Strength Bulk Amorphous Alloys with Low Critical Cooling Rates
(<I>Overview</I>). Materials Transactions, JIM, 1995. 36(7): p. 866-875.

[109] Johnson, W.L., Bulk Glass-Forming Metallic Alloys: Science and Technology. MRS Bulletin,
1999. 24(10): p. 42-56.

[110] Matthieu, M., Relaxation and physical aging in network glasses: a review. Reports on Progress
in Physics, 2016. 79(6): p. 066504.

[111] Hofmann, D.C. and W.L. Johnson. Improving Ductility in Nanostructured Materials and
Metallic Glasses:“Three Laws”. in Materials Science Forum. 2010. Trans Tech Publ.

[112] Shi, Y. and M.L. Falk, Does metallic glass have a backbone? The role of percolating
order in strength and failure. Scripta Materialia, 2006. 54(3): p. 381-386.

[113] Mattern, N., et al., Short-range order of Cu—Zr metallic glasses. Jouyd
Compounds, 2009. 485(1-2): p. 163-169.

[114] Jiang, M.Q. and L.H. Dai, Short-range-order effects on intrinsic pl
Philosophical Magazine Letters, 2010. 90(4): p. 269-277.

Nature, 2006. 439(7075): p. 419-425.

[117] Cheng, Y.Q., E. Ma, and H.W. Sheng, Atomifl evel Strugture in Multicomponent Bulk
Metallic Glass. Physical Review Letters, 2009. 1

[118] Nelson, D.R., Order, frustration, and de{{@imain li glasses. Physical Review B, 1983.
28(10): p. 5515-5535.

[126] Chen, H.S., Plastic flow in metallic glasses under compression. Scripta Metallurgica, 1973.
7(9): p. 931-935.

[127] Flores, K.M. and R.H. Dauskardt, Fracture and deformation of bulk metallic glasses and their
composites. Intermetallics, 2004. 12(7-9): p. 1025-1029.

[128] Lowhaphandu, P. and J.J. Lewandowski, Fracture toughness and notched toughness of bulk
amorphous alloy: Zr-Ti-Ni-Cu-Be. Scripta Materialia, 1998. 38(12): p. 1811-1817.

[129] Lowhaphandu, P., et al., Deformation and fracture toughness of a bulk amorphous Zr-Ti—Ni—
Cu—Be alloy. Intermetallics, 2000. 8(5-6): p. 487-492.



Advanced Materials Research Vol. 1155 21

[130] Conner, R.D., et al., Fracture toughness determination for a beryllium-bearing bulk metallic
glass. Scripta Materialia, 1997. 37(9): p. 1373-1378.

[131] Gilbert, C.J., R.O. Ritchie, and W.L. Johnson, Fracture toughness and fatigue-crack
propagation in a Zr-Ti—Ni—Cu—Be bulk metallic glass. Applied Physics Letters, 1997. 71(4): p.
476-478.

[132] Xu, J., U. Ramamurty, and E. Ma, The fracture toughness of bulk metallic glasses. JOM, 2010.
62(4): p. 10-18.

[133] Kimura, H. and T. Masumoto, Fracture toughness of amorphous metals. Scripta Metallurgica,
1975.9(3): p. 211-221.

[134] Chen, M., Mechanical Behavior of Metallic Glasses: Microscopic Understangsf®
and Ductility. Annual Review of Materials Research, 2008. 38(1): p. 445-4G4

[136] Sarac, B. and J. Schroers, Designing tensile ductility 1
Communications, 2013. 4: p. 2158.

[137] Ritchie, R.O., The conflicts between strength and toughn

822.
[138] Wada, T., A. Inoue, and A.L. Greer, Enhanceme, re plasticity in a bulk
metallic glass by finely dispersed porosity. Appli 2005. 86(25): p. 251907.
[139] Donovan, P.E. and W.M. Stobbs, Shear band inte rystals in partially crystallised

[140] Leng, Y. and T.H. Courtney, Multiple shol
Journal of Materials Science, 1991. 26(3): §

[143] Spaepen, F.,
glasses. Actz

mechlanism for steady state inhomogeneous flow in metallic
725(4): p. 407-415.

[144] Steif, P. and ‘J.W. Hutchinson, Strain localization in amorphous metals. Acta
- p. 447-455.
[145]F al changes and stress state effects during inhomogeneous flow of metallic
§ Piterialia, 2006. 54(3): p. 327-332.
[146] Dol .E. and W.M. Stobbs, The structure of shear bands in metallic glasses. Acta

it 1981. 29(8): p. 1419-1436.

[147]Li, N., “W. Chen, and L. Liu, Thermoplastic Micro-Forming of Bulk Metallic Glasses: A
Review. JOM, 2016. 68(4): p. 1246-1261.

[148] Sarac, B., et al., Three-Dimensional Shell Fabrication Using Blow Molding of Bulk Metallic
Glass. Journal of Microelectromechanical Systems, 2011. 20(1): p. 28-36.

[149] Schroers, J., The superplastic forming of bulk metallic glasses. JOM, 2005. 57(5): p. 35-39.

[150] Dandliker, R.B., R.D. Conner, and W.L. Johnson, Melt infiltration casting of bulk metallic-
glass matrix composites. Journal of Materials Research, 1998. 13(10): p. 2896-2901.



22 Advanced Materials and Technologies lll

[151]Jiang, Y. and K. Qiu, Computational micromechanics analysis of toughening mechanisms of
particle-reinforced bulk metallic glass composites. Materials & Design (1980-2015), 2015. 65:
p. 410-416.

[152] Sun, Y.F., et al., Formation, thermal stability and deformation behavior of graphite-flakes
reinforced Cu-based bulk metallic glass matrix composites. Materials Science and Engineering:
A, 2006. 435-436: p. 132-138.

[153] Conner, R.D., R.B. Dandliker, and W.L. Johnson, Mechanical properties of tungsten and steel
fiber reinforced Zr41.25Ti113.75Cul2.5N110Be22.5 metallic glass matrix composites. Acta
Materialia, 1998. 46(17): p. 6089-6102.

[154] Lee, K., et al., Direct observation of microfracture process in metallic-cop

Science and Engineering: A, 2010. 527(4-5): p. 941-946.

[155] Wadhwa, P., J. Heinrich, and R. Busch, Processing of
Zr41.2Ti13.8Cul2.5Ni10.0Be22.5 bulk metallic glass composite
56(1): p. 73-76.

[156] Cytron, S.J., A metallic glass-metal matrix composite. Jo lence Letters,
1982. 1(5): p. 211-213.

[157] Deng, S.T., et al., Metallic glass fiber-reinforce etallic glass. Scripta
Materialia, 2011. 64(1): p. 85-88.

[158] Wang, Z., et al., Microstructure and mechanical i tallic glass fiber-reinforced Al

[161] Freed, R.L. and J.B. Vang€ cfmmaitacts of devitrification on the mechanical properties
) C ransactions A, 1979. 10(11): p. 1621-1626.

[162] Akhtar, D. and R of thermal relaxation on diffusion in a metallic glass.
Scripta Metall

[163] Liu, C., and D. Cr@Po, Mechanical Relaxation of Metallic Glasses: An Overview of
Experi agremd gheoretical Models. Metals, 2015. 5(2): p. 1073.

[164] Qiag . ane . Pghletier, Dynamic Mechanical Relaxation in Bulk Metallic Glasses: A
R @ aterials Science & Technology, 2014. 30(6): p. 523-545.

[166] Greer, 3., Y.Q. Cheng, and E. Ma, Shear bands in metallic glasses. Materials Science and
Engineering: R: Reports, 2013. 74(4): p. 71-132.

[167] Gludovatz, B., et al., Size-dependent fracture toughness of bulk metallic glasses. Acta
Materialia, 2014. 70: p. 198-207.

[168] Ogata, S., et al., Atomistic simulation of shear localization in Cu—Zr bulk metallic glass.
Intermetallics, 2006. 14(8-9): p. 1033-1037.

[169] Packard, C.E. and C.A. Schuh, Initiation of shear bands near a stress concentration in metallic
glass. Acta Materialia, 2007. 55(16): p. 5348-5358.



Advanced Materials Research Vol. 1155 23

[170] Pampillo, C.A., Localized shear deformation in a glassy metal. Scripta Metallurgica, 1972.
6(10): p. 915-917.

[171] Zhou, M., A.J. Rosakis, and G. Ravichandran, On the growth of shear bands and failure-mode
transition in prenotched plates: A comparison of singly and doubly notched specimens.
International Journal of Plasticity, 1998. 14(4): p. 435-451.

[172] Pan, D., et al., Experimental characterization of shear transformation zones for plastic flow of
bulk metallic glasses. Proceedings of the National Academy of Sciences, 2008. 105(39): p.
14769-14772.

[173] Tsao, S.S. and F. Spaepen, Structural relaxation of a metallic glass near equilibrium. Acta
Metallurgica, 1985. 33(5): p. 881-889.

[174] Das, J., et al., ""Work-Hardenable" Ductile Bulk Metallic Glass. Physical Rey 05.
94(20): p. 205501.

[175] Schroers, J. and W.L. Johnson, Ductile Bulk Metallic Glass. Physi i 004.
93(25): p. 255506.

[176] Jiang, W.H., et al., Ductility of a Zr-based bulk-metallic
geometries. Materials Letters, 2006. 60(29-30): p. 3537-3

[177] Das, J., et al., Plasticity in bulk metallic glasses investi i rain distribution. Physical
Review B, 2007. 76(9): p. 092203.

[178] Chen, L.Y., et al., New Class of Plastic Bulk M i . Physfcal Review Letters, 2008.
100(7): p. 075501.

[179] Abdeljawad, F., M. Fontus, and M. Hgataj ulk metallic glass composites:
Microstructural effects. Applied Physics

3: p. 1096.

[181] Lu, X.L., et al., Gradient (4 nt Indug¥d Uniform Tensile Ductility in Metallic Glass
Scientific Reports, 201

[182] Yao, K.F., et al., S allic glass. Applied Physics Letters, 2006. 88(12): p.
122106.

Zr-based Bulk Metallic Glass Composite with Enhanced
of Materials Science & Technology, 2014. 30(6): p. 590-594.

cture evolution and mechanical properties of Cu46Zr47Al17 bulk

[185] L1% _ icrostructure and Compressive Properties of <I>In-Situ</[> Martensite CuZr
ejnforced ZrCuNiAl Metallic Glass Matrix Composite. MATERIALS

[186] Liu, Z.Q., et al., Microstructural percolation assisted breakthrough of trade-off between strength
and ductility in CuZr-based metallic glass composites. Scientific Reports, 2014. 4: p. 4167.

[187] Schryvers, D., et al., Unit cell determination in CuZr martensite by electron microscopy and X-
ray diffraction. Scripta Materialia, 1997. 36(10): p. 1119-1125.

[188] Seo, J.W. and D. Schryvers, TEM investigation of the microstructure and defects of CuZr
martensite. Part I: Morphology and twin systems. Acta Materialia, 1998. 46(4): p. 1165-1175.

[189] Seo, J.W. and D. Schryvers, TEM investigation of the microstructure and defects of CuZr
martensite. Part II: Planar defects. Acta Materialia, 1998. 46(4): p. 1177-1183.



24 Advanced Materials and Technologies lll

[190] Song, K., Synthesis, microstructure, and deformation mechanisms of CuZr-based bulk metallic
glass composites. 2013.

[191] Song, K.K., et al., Correlation between the microstructures and the deformation mechanisms of
CuZr-based bulk metallic glass composites. AIP Advances, 2013. 3(1): p. 012116.

[192] Kim, D.H., et al., Phase separation in metallic glasses. Progress in Materials Science, 2013.
58(8): p. 1103-1172.

[193] Sun, L., et al., Phase Separation and Microstructure Evolution of Zr48Cu36Ag8AI8 Bulk
Metallic Glass in the Supercooled Liquid Region. Rare Metal Materials and Engineering, 2016.
45(3): p. 567-570.

[194] Antonowicz, J., et al., Early stages of phase separation and nanocrystallizationg
metallic glasses studied using SAXS/WAXS and HRTEM methods. Revig
Materials Science, 2008. 18(5): p. 454-458.

[195] Park, B.J., et al., Phase Separating Bulk Metallic Glass: A Hierarchg
Review Letters, 2006. 96(24): p. 245503.

[196] Kelton, K.F., A new model for nucleation in bulk metallic
Letters, 1998. 77(6): p. 337-344.

[197] Chang, H.J., et al., Synthesis of metallic glass composj 1 e separation phenomena.
Acta Materialia, 2010. 58(7): p. 2483-2491.

[198] Kiindig, A.A., et al., In situ formed two-phase metMlic glass with surface fractal microstructure.
Acta Materialia, 2004. 52(8): p. 2441-2448.

[199] Oh, J.C., et al., Phase separation in Cu4 etallic glass. Scripta Materialia,
2005. 53(2): p. 165-169.

using electrostatic levit . " ce and Engineering: R: Reports, 2014. 76: p. 1-53.

[202] Guo, G.-Q., et al., ptron Radiation Techniques Be Applied for Detecting
? Metals, 2015. 5(4): p. 2048.

ctural Features in Metallic Glass via Synchrotron Radiation
imulations. Metals, 2015. 5(4): p. 2093.

ptural modifications of swift-ion-bombarded metallic glasses studied
gynchrotron radiation. Acta Materialia, 2014. 80: p. 309-316.

, n Ti-based amorphous alloy composites containing ductile dendrites. Acta
013. 61(13): p. 5008-5017.

[206] Y1, J., etdl., Glass-Forming Ability and Crystallization Behavior of AI86Ni19La5S Metallic Glass
with Si Addition Advanced Engineering Materials, 2016. 18(6): p. 972-977.

[207] Huang, Y.J., J. Shen, and J.F. Sun, Bulk metallic glasses: Smaller is softer. Applied Physics
Letters, 2007. 90(8): p. 081919.

[208] Oh, Y.S., et al., Microstructure and tensile properties of high-strength high-ductility Ti-based
amorphous matrix composites containing ductile dendrites. Acta Materialia, 2011. 59(19): p.
7277-7286.



Advanced Materials Research Vol. 1155 25

[209] Kim, K.B., et al, Heterogeneous distribution of shear strains in deformed
T166.1Cu8Ni4.8Sn7.2Nb13.9 nanostructure-dendrite composite. physica status solidi (a), 2005.
202(13): p. 2405-2412.

[210] He, G., et al., Novel Ti-base nanostructure-dendrite composite with enhanced plasticity. Nat
Mater, 2003. 2(1): p. 33-37.

[211] Wang, Y., et al., Investigation of the microcrack evolution in a Ti-based bulk metallic glass
matrix composite. Progress in Natural Science: Materials International, 2014. 24(2): p. 121-
127.

[212] Zhang, T., et al., Dendrite size dependence of tensile plasticity of in situ Ti-based metallic glass
matrix composites. Journal of Alloys and Compounds, 2014. 583: p. 593-597.

72-75.
[216] Inoue, A. and T. Zhang, Fabrication of Bulky Zr-Base

B>55</SUB>AI<SUB>
10</SUB>Ni<SUB>5</SUB>Cu<SUB>30</SU@A Alloy of 3 mm in Diameter by a Suction
Casting Method. Materials Transactions, JIM, 19 : 85-187.

[218] Lou, H.B., et al., 73 mm-diameter bulk SS@lmagclass rod by copper mould casting. Applied

Physics Letters, 2011. 99(5): p. 051910.
[219] Qiao, J.W., et al., Synthesis o ic Zr-b&ed bulk metallic glass matrix composites by the
copper-mould suction cas fman solidification. Journal of Alloys and

[220] Wall, J.J., et al., p/syction-casting machine for the manufacture of bulk-
metallic-glass ma i entific Instruments, 2006. 77(3): p. 033902.

methods and properties of engineering glassy alloys and
s, 2015. 58: p. 20-30.

[225] KhalifaJH.E., Bulk metallic glasses and their composites : composition optimization, thermal
stability, and microstructural tunability. 2009.

[226] Chen, B., et al., Improvement in mechanical properties of a Zr-based bulk metallic glass by
laser surface treatment. Journal of Alloys and Compounds, 2010. 504: p. S45-S47.

[227] Santos, E.C., et al., Rapid manufacturing of metal components by laser forming. International
Journal of Machine Tools and Manufacture, 2006. 46(12—13): p. 1459-1468.

[228] Sun, H. and K.M. Flores, Laser deposition of a Cu-based metallic glass powder on a Zr-based
glass substrate. Journal of Materials Research, 2008. 23(10): p. 2692-2703.



26 Advanced Materials and Technologies lll

[229] Sun, H. and K. Flores, Microstructural analysis of a laser-processed Zr-based bulk metallic
glass. Metallurgical and Materials Transactions A, 2010. 41(7): p. 1752-1757.

[230] Sun, H. and K.M. Flores, Spherulitic crystallization mechanism of a Zr-based bulk metallic
glass during laser processing. Intermetallics, 2013. 43: p. 53-59.

[231] Welk, B.A., et al.,, Phase Selection in a Laser Surface Melted Zr-Cu-Ni-Al-Nb Alloy.
Metallurgical and Materials Transactions B, 2014. 45(2): p. 547-554.

[232] Welk, B.A., M.A. Gibson, and H.L. Fraser, A Combinatorial Approach to the Investigation of
Metal Systems that Form Both Bulk Metallic Glasses and High Entropy Alloys. JOM, 2016.
68(3): p. 1021-1026.

[233] Borkar, T., et al., A combinatorial assessment of AlxCrCuFeNi2 (0 &lt; x &lg
concentrated alloys: Microstructure, microhardness, and magnetic properticg
2016. 116: p. 63-76.

[234]Li, X.P., et al., The role of a low-energy—density re-scan i
AI85Ni15Y6Co2Fe2 bulk metallic glass composites via selectiv
Design, 2014. 63: p. 407-411.

[235] Li, X.P., et al., Selective laser melting of an AI86Ni16Y4.5 . ss: Processing,
microstructure evolution and mechanical properties. i i
2014. 606: p. 370-379.

[236] Li, X.P., et al., Effect of substrate temperature
substrate during selective laser melting of Al1-Ni
(1980-2015), 2015. 65: p. 1-6.

nd between support and
llic glass. Materials & Design

i lia avior, prO@@¢ parameter optimization and control. Additive Manufacturing,
[241] Yang, Y. af T. Lig$Size effect on stability of shear-band propagation in bulk metallic

. alk, Stress-induced structural transformation and shear banding during
dentation of a metallic glass. Acta Materialia, 2007. 55(13): p. 4317-4324.

{. and M. Atzmon, Mechanically-assisted nanocrystallization and defects in
amorphdus alloys: A high-resolution transmission electron microscopy study. Scripta
Materialia, 2006. 54(3): p. 333-336.

[244] Dodd, B. and Y. Bai, Adiabatic Shear Localization: Frontiers and Advances. 2012: Elsevier.

[245] Jiang, W.H., F.E. Pinkerton, and M. Atzmon, Deformation-induced nanocrystallization: A
comparison of two amorphous Al-based alloys. Journal of Materials Research, 2005. 20(03): p.
696-702.

[246] Smugeresky, J., et al., Laser engineered net shaping(LENS) process: optimization of surface
finish and microstructural properties. Advances in Powder Metallurgy and Particulate
Materials--1997., 1997. 3: p. 21.



Advanced Materials Research Vol. 1155 27

[247] Wang, H.-S., H.-G. Chen, and J.S.-C. Jang, Microstructure evolution in Nd:YAG laser-welded
(Zr53Cu30Ni9AI18)Si0.5 bulk metallic glass alloy. Journal of Alloys and Compounds, 2010.
495(1): p. 224-228.

[248] Vandenbroucke, B. and J.P. Kruth, Selective laser melting of biocompatible metals for rapid
manufacturing of medical parts. Rapid Prototyping Journal, 2007. 13(4): p. 196-203.

[249] Cunliffe, A., et al., Glass formation in a high entropy alloy system by design. Intermetallics,
2012. 23: p. 204-207.

[250] Balla, V.K. and A. Bandyopadhyay, Laser processing of Fe-based bulk amorphous alloy.
Surface and Coatings Technology, 2010. 205(7): p. 2661-2667.

[251] Basu, A., et al., Laser surface coating of Fe-Cr-Mo-Y-B-C bulk metallic glass g
AISI 4140 steel. Surface and Coatings Technology, 2008. 202(12): p. 2623,

[252] Matthews, D.T.A., et al., Laser engineered surfaces from glass
precursors: Microstructure and wear. Surface and Coatings Tech

on

1833-1843.

[253] Zhang, L.C., et al., Manufacture by selective laser meltin i avior of a
biomedical Ti—24Nb—4Zr—8Sn alloy. Scripta Materialia, 2

[254] Dutta, B. and F.H. Froes, Chapter 1 - The Additive itanium Alloys, in

[255] Yan, M., et al., The influence of topological st
metallic glasses. Scripta Materialia, 2011. 65(9):

[256] Mu, J., et al., Synthesis and Properties of,
Materials, 2009. 11(7): p. 530-532.

acturing Technologies: Rapid Prototyping to Direct Digital Manufacturing.
inger US: Boston, MA. p. 400-414.

[263] Hays, XC., C.P. Kim, and W.L. Johnson, Improved mechanical behavior of bulk metallic
glasses containing in situ formed ductile phase dendrite dispersions. Materials Science and
Engineering: A, 2001. 304-306: p. 650-655.

[264] Zhang, M. X. and P.M. Kelly, Edge-to-edge matching and its applications: Part I. Application
to the simple HCP/BCC system. Acta Materialia, 2005. 53(4): p. 1073-1084.

[265] Zhang, M.X. and P.M. Kelly, Edge-to-edge matching model for predicting orientation
relationships and habit planes—the improvements. Scripta Materialia, 2005. 52(10): p. 963-
968.



28 Advanced Materials and Technologies lll

[266] Akihisa, I, et al., Aluminum-Based Amorphous Alloys with Tensile Strength above 980 MPa
(100 kg/mm?2). Japanese Journal of Applied Physics, 1988. 27(4A): p. L479.

[267] Inoue, A., Bulk amorphous and nanocrystalline alloys with high functional properties. Materials
Science and Engineering: A, 2001. 304-306: p. 1-10.

[268] Qian, M., Metal Powder for Additive Manufacturing. JOM, 2015. 67(3): p. 536-537.

[269] Kruth, J.P., et al., Selective laser melting of iron-based powder. Journal of Materials Processing
Technology, 2004. 149(1-3): p. 616-622.




