ABSTRACT
MAHBOOBA, ZAYNAB MUNTHER. Additive Manufacturing of Bulk Metallic Glass.
(Under the Direction of Dr. Ola Harrysson and Dr. Victoria Miller).
A metallic glass is a solid metallic material with a disordered, amorphous, atomic
structure. Iron-based metallic glass alloys have roused significant technological interest
driven by their desirable combination of mechanical, magnetic and chemical properties
which often outperform those of crystalline metals. Despite exhibiting exceptional materials
properties, metallic glass alloys have a limited industrial relevance due to the inadequate
dimensions and geometries achievable using current manufacturing techniques. An
advanced manufacturing technique, additive manufacturing, holds the potential to enable the
production of large-scale bulk metallic glass components with complex and intricate
geometries, unmatched by the current processing techniques. This work examines the use of
laser and electron powder bed fusion additive manufacturing to produce Fe-based bulk
metallic glass. One additively manufactured specimen exceeded its critical casting thickness
by a factor of 15 or more in all dimensions, and maintained full amorphicity; however, the
alloy exhibited a significant propensity to crack during additive manufacturing regardless of
process development efforts. Seeking out more crack resistant Fe-based alloys, a novel alloy
design methodology and eight unique chemistries with predicted high additive processability
and glass forming ability were produced within this work. Although the first round of alloy
design did not yield amorphous material, the work highlighted the importance of intrinsic
materials properties relating to the additive manufacturability of Fe-based metallic glass and
the usefulness of integrated computational materials engineering as a time and cost saving
method for novel alloy design for additive manufacturing.
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CHAPTER 1: INTRODUCTION TO METALLIC GLASS AND ADDITIVE
MANUFACTURING
This chapter provides a brief introduction to metallic glass compositions, properties,
applicability and manufacturing. In addition, this chapter introduces additive manufacturing
(AM) and describes five different AM processes.
Introduction to Metallic Glass
Metallic glass first came to prominence in 1959 when Duwez and coworkers
demonstrated that amorphous Au75Si25 (at. %) could be obtained through rapid solidification
from the liquid state (Jun et al., 1960). During rapid solidification, atoms do not have
sufficient time or energy to arrange for crystal nucleation. Amorphous metallic material was
recognized before 1959 (Buckel, 1954). Buckel produced thin films of condensed glassy
metallic material in 1954. The significance of Duwez’s work was the development of the
melt spinning technique that allowed for the production of comparatively large quantities of
metallic glass (Jun et al., 1960). Turnbull and coworkers also made a crucial contribution to
the discipline; they observed a distinct glass transition temperature (Tg) in rapidly quenched
metallic liquid, similar to non-metallic glasses like silicates, polymers and ceramic glass
(Chen and Turnbull, 1968). At temperatures below Tg the material is frozen into a solid, and
if the material has an amorphous, non-crystalline atomic structure, it can be correctly termed
a metallic glass. Metallic glass is less brittle than conventional oxide glass, and has the same
opaque, gray and shiny appearance of traditional metals (Telford, 2004).
The technological significance and fundamental interest regarding the formation,
structure and properties of metallic glass motivated the surge of academic and industrial
research on metallic glass in the late 1970s and 1980s. Some commercial applications have

1

been established since then and constant discoveries offer novel opportunities for commercial
application (Greer, 1995).
Glass-forming Compositions
During cooling of a metal, crystallization becomes thermodynamically possible only
when the temperature falls below the liquidus temperature (Tl), and vitrification becomes
kinetically possible once the temperature of the uncrystallized melt drops below Tg.
Naturally, glass formation is favored if the temperature difference between Tl and Tg is
minimized. The reduced glass transition temperature, Trg = Tg/Tl, is therefore a useful
measure of the glass forming ability (GFA) of metallic alloys (Turnbull, 1969). Since Tg is
not strongly compositional dependent, alloy compositions with a high Trg, that favor glass
formation, are due to a depression in Tl (typically deep eutectic compositions) (Greer, 1995).
Turnbull suggested that compositions with Trg ≥ 2/3 form stable liquids and have high GFA
(Turnbull, 1969); this “rule of thumb” contributed to the development of bulk sized metallic
glass (Johnson, 2002).
Alloy compositions with exceptional GFA are castable into dimensions larger than 1
mm; these alloys are termed bulk metallic glasses (BMGs). The first BMG was prepared by
Chen in 1974 (Chen, 1974). A PdCuSi alloy was produced into a 1 mm thick section by
suction casting. Later, Turnbull prepared a centimeter sized PdNiP alloy using an oxide
fluxing method to purify the melt and prevent heterogeneous nucleation during solidification
(Drehman et al., 1998; Kui et al., 1998). Bulk sized metallic glass was successfully produced
using Pd, however, commercialization of these BMGs was improbable owing to the high cost
of Pd. In the 1980s, Inoue designed several low critical cooling rate, multicomponent BMGs
using common, lower cost, metallic elements (Inoue, 2000; Inoue et al., 1989). Inoue
2

summarized the compositional requirements for bulk glass formation and outlined the
following rules for alloy design (Inoue, 2000): (1) the alloy system should be
multicomponent, comprising of more than three elements. Increasing the number of
constituent elements increases the complexity and size of the unit cell, so crystallization is
less energetically favorable. (2) The three main constituent elements should have atomic
radius mismatches larger than 12%. The atomic size mismatch increases the atomic packing
density in the liquid, so a large volumetric change is a requisite for crystallization (Chen and
Turnbull, 1969). (3) Lastly, there should be negative heats of mixing between the three main
constituent elements; this increases the energy barrier at the solid/liquid interface and reduces
the nucleation rate (Trexler and Thadhani, 2010).
Overall, the GFA of a metallic alloy is improved when the liquid is stabilized
compared to the competing crystalline phases (Chen and Turnbull, 1969). Alloy
compositions satisfying all three of Inoue's rules and those chosen with Trg≥ 2/3 should have
sluggish crystallization kinetics, and favor glass formation. These rules have successfully
guided the development of new BMG compositions, however, in practice it is still
challenging and time-consuming to navigate a multicomponent composition space to uncover
the best glass-forming compositions (H. Wang et al., 2007).
Properties
The physical and chemical properties of materials are dependent on atomic
interactions. For example, the mechanical response of crystalline metals is understood in
terms of crystalline defects, and the magnetic properties are explained in terms of the local
symmetry of a magnetic species (Hasegawa, 1983). The long- and short-range order that
allow for these explanations is missing from the structure of metallic glass. The atomic
3

arrangement of metallic glass is somewhat understood, but there is no clear translation from
the conventional representation of materials properties to the materials properties of metallic
glass (Hasegawa, 1983). The disordered structure and metastable state of metallic glass
impart unusual structural properties and unconventional deformation mechanisms (Eckert et
al., 2007; Schuh et al., 2007).
The mechanical properties of crystalline metals are dictated by dislocation-mediated
crystallographic slip (Greer, 1995; Telford, 2004). In metallic glass, the homogeneous
structure and the absence of crystalline defects lends to superior strength (closer to the
theoretical limit) and high hardness (Inoue, 2000). The tensile fracture strength of metallic
glass is double that of crystalline metals; this mechanical improvement is a reflection of the
major differences in the deformation and fracture mechanisms between amorphous and
crystalline metals (Wang et al., 2004). Crystalline metals exhibit plastic deformation after
yielding and therefore demonstrate high fracture toughness and impact resistance. Metallic
glass does not exhibit homogeneous plastic deformation; instead, deformation is highly
localized into shear bands. Owing to the absence of a work hardening mechanism (i.e.
dislocations), plastic flow via shear band propagation leads to work softening. The work
softening behavior results in catastrophic, brittle failure during loading (Greer, 1995). The
origin of shear bands is not fully understood; however, it is of general consensus that shear
banding is a result of local heating or local structural change (Greer, 2009). Lund and Schuh
provide a summary of small-scale events that can occur during macroscopic yield and failure
of metallic glass (Lund and Schuh, 2004), and Schuh et al. reviewed the deformation of
metallic glass in detail (Schuh et al., 2007).
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The structural homogeneity and the absence of grain boundaries leads to excellent
corrosion, oxidation, and wear resistance in metallic glass (Anantharaman, 1984; Ashby and
Greer, 2006; Greer, 1995; Telford, 2004). In addition, metallic glass alloys containing a
ferrous transition metal (Fe, Co, or Ni) as the main constituent are highly valued for their soft
magnetic properties (Telford, 2004). The homogeneous microstructure, free of crystalline
defects, allows for magnetocrystalline isotropy and results in low hysteresis losses and low
coercively (Ashby and Greer, 2006; Liebermann, c1993.; Telford, 2004).
The novel material properties that originate from the amorphous structure of metallic
glass are diminished if devitrification takes place. For certain applications and alloys, partial
crystallization can improve select properties. For example, a dispersion of crystals in a
ferromagnetic glass can pin domain boundaries and reduce hysteretic losses at high
frequency (DeCristofaro et al., 1982). Also, partial crystallization of certain phases can
improve plasticity (Fan and Inoue, 2000).
Applicability
The unique properties of metallic glass alloys have inspired their use in a variety of
applications. Metallic glass has desirable properties for use in structural applications as highstrength aircraft frames, rotating equipment and automobile parts (Johnson, 2002). In
addition, metallic glass parts offer improved performance over crystalline metal when
applied in prosthetics, surgical implants, pace maker casings and other medical applications
due to their exceptional wear and corrosion resistance, and high strength-to weigh ratio
(Telford, 2004; Wang et al., 2004).
Metallic glass is very hard, so it is attractive for use in the tooling and cutting
industry. Due to the lack of grain structure, metallic glass blades can be sharpened to a much
5

finer edge than a crystalline metal blade (Ashby and Greer, 2006); this means that high
quality tooling and cutting devices, such as scalpels, can be produced without the high cost of
diamond cutting blades. Furthermore, the high hardness and homogeneous structure of
metallic glass allow the opportunity for atomic scale features to be etched into the surface;
this is useful for information storage (Ashby and Greer, 2006). Metallic glass can be
polished to a stunning reflective finish; this, along with their sheer novelty, makes metallic
glass alloys a popular material for luxury items like rings, watch casings, phone casings and
glasses frames (Ashby and Greer, 2006).
Metallic glass is an ideal material for springs due to its ability to efficiently store and
transfer elastic energy (Ashby and Greer, 2006; Johnson, 2002). The sporting equipment
industry has also taken advantage of the high elastic limit of metallic glass. Sporting
equipment where energy transfer largely dictates performance, such as baseball bats, tennis
racquet frames and golf clubs, have been produced using metallic glass. In one example, a
golf club head coated in a metallic glass was twice as hard as and four times more elastic
than a titanium driver. The metallic glass coated club can transfer 99% of the initial impact
energy to the golf ball compared with only a 70% transfer using a titanium golf club
(Telford, 2004).
The low coercivity and high permeability of Fe-based metallic glass is desirable for
magnetic applications such as transformer cores, magnetic read heads, magnetic shielding
and other magnetic applications (Ashby and Greer, 2006; Greer, 1995). Metallic glass also
holds potential for application in microelectromechanical systems. As an example, metallic
glass Al3Ti hinges rotate mirrors in digital light processing technology (i.e. projectors). The
metallic glass hinges have been tested to 1012 cycles without fatigue failure (Tregilgas,
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2004). The challenge with applying metallic glasses is to develop alloys with a desirable set
of properties while maintaining suitable processability and manufacturability, and a low cost
(Johnson, 2002).
Manufacturing
Vitrification of glass-forming alloys occurs when the liquid cools below the Tg with a
sufficiently high rate of solidification, typically on the order of 105–108 K/s (Anantharaman,
1984; Greer, 1995; Telford, 2004). To achieve the required solidification rates, metallic
glass manufacturing techniques typically apply a thin layer of liquid to a large, thermally
conductive substrate (Chen, 1980). For example, casting into bulk-sized copper molds is a
popular BMG manufacturing technique to produce simple geometries such as rods or plates
(Greer, 2009; Inoue and Takeuchi, 2011; Telford, 2004). During melt spinning, a widely
used metallic glass processing technique, a molten stream of material is cast onto a cooled,
rotating drum to achieve solidification rates of 105-106 K/s and produce ribbon-shaped
material (Chen, 1980; Greer, 1995). Pulsed laser quenching can achieve even higher cooling
rates of 1014 K/s (Greer, 1995). This process involves the rapid laser melting of a surface
layer (~100nm) atop a large, cooled substrate.
Atomization provides quench rates similar to those found in melt spinning, however,
the material is not cooled through contact with a substrate. During atomization, a jet of
molten material is ejected from an orifice and through a coolant to produce metallic glass
wire, or the liquid is broken into droplets to form a powder (Greer, 1995). Certain alloys
might require quench rates unattainable using liquid quenching (Chen, 1980). These
compositions are made amorphous using atomic condensation, such as evaporation or
sputtering (Chen, 1980; Greer, 1995). For compositions that require clean conditions to
7

avoid crystallization, techniques such as containerless solidification in freefall or
encapsulation of the liquid alloy in another liquid are used to achieve extreme cleanliness
(Greer, 1995). Metallic glass is also manufactured using methods other than rapid
solidification such as chemical methods, irradiation, mechanical methods and reactions
(Greer, 1995); examples of these techniques are listed in Table 1.

Table 1. Production methods for metallic glass. Recreated from (Greer, 1995).

Method
Rapid liquid cooling
Melt-spinning, planar flow casting
Atomization
Wire formation in water
As a surface treatment
Scanned laser or electron beam
Pulsed laser beam
Undercooling of clean liquids
Emulsion technique
Fluxing
Solidification in free fall
Physical vapor deposition
Evaporation
Sputtering
Chemical methods
Electroless deposition
Electrodeposition
Precipitation
Hydrogenation
Irradiation
By light or heavy ions
By electrons or neutrons
Ion implantation or mixing
Mechanical methods
Grinding
Mechanical alloying
Reactions
Solid-state reaction of elements
Decomposition of crystalline solid solution
8
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Current manufacturing methods impose a significant geometric restraint on metallic
glass. The production methods listed in Table 1 only provide the opportunity to produce thin
films, foils, ribbons, wires, powder, plates, rods or other simple geometries. However,
certain strong glass-forming BMGs are producible into more complex shapes using
thermoplastic forming (extrusion or blow molding) (Inoue and Takeuchi, 2011; Schroers,
2010). When heated to temperatures between Tg and the crystallization temperatfure, Tx,
metallic glass exhibits a considerable decrease in viscosity, allowing for thermoplastic
forming (Schroers, 2010). Since the time window for thermoplastic forming is small and
dependent on the thermal stability of the alloy, only strong glass-forming BMGs can feasibly
be thermoplastic formed. The best glass-forming alloys often contain toxic (e.g. Be) or
expensive elements (Pt, Pd, Au), limiting the viability of large-scale commercialization
(Inoue and Takeuchi, 2011).
Furthermore, the solidification rates required to obtain an amorphous microstructure
impose a dimensional constraint on BMGs called the critical casting thickness (tc) (Johnson,
2002; Wang et al., 2004). Typical tc values are a couple of millimieters, and only the best
glass-forming alloys are able to be cast into thicknesses greater than 1 cm (Ashby and Greer,
2006; Inoue, 2000; Wang et al., 2004). Recently, researchers have investigated the use of
additive manufacturing to produce metallic glass. The complex geometries allowable by AM
are unmatched by current BMG production techniques. In addition, the layerwise
manufacturing process enables the production of BMGs thicker than tc, if the local cooling
rate per layer is higher than the critical cooling rate.
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Introduction to Additive Manufacturing
Additive manufacturing is defined by ASTM F2792 as the process of joining
materials to make objects from 3D model data, layer upon layer, unlike subtractive
manufacturing methodologies. The layer-by-layer process removes many geometric
limitations present in traditional manufacturing methods. Complex structural designs
allowable by AM inspire the production of lightweight, high-strength structures for the
aerospace, medical and automotive industries. In practice, AM is performed using the
following steps:
1. A 3D computer aided design (CAD) file is generated of the part to be built.
2. The CAD file is converted into a standard tessellation language (.STL) file, which
closely approximates the geometry using triangles.
3. The .STL file is sliced into layers to be read by the 3D printer; orientation and scaling
are chosen in the AM software.
4. Layers are consolidated using thermal energy, light, or binder.
5. The completed part can be subject to post processing steps.
Additive manufacturing processes are separated into 7 categories: binder jetting,
directed energy deposition, material extrusion, material jetting, powder bed fusion, sheet
lamination and vat photopolymerization. Recently, researchers have attempted to produce
metallic glass using powder bed fusion, directed energy deposition, sheet lamination,
material jetting and material extrusion; these AM processes are briefly described in the
following subsections.

10

Powder Bed Fusion
Powder bed fusion (PBF) is an AM technology in which layers of powder are fused
together by a laser or electron energy source at locations specified by a computer
model. After melting is complete a new powder layer is applied using a roller or blade
mechanism, and the process is repeated until part completion (King et al., 2015). Laser
powder bed fusion (LPBF) is typically completed at room temperature under an inert
atmosphere (Ar or N). The rapid heating and cooling cycles in LPBF result in large residual
stresses, so laser-fabrication is typically followed by a stress relief heat treatment.
Contrastingly, during electron beam PBF, or electron beam melting (EBM), a controlled
vacuum system provides a pressure of 10-5 mbar to maintain a clean, oxygen-free
atmosphere. Electron beam melting is performed at high temperatures, typically between
700ºC and 900ºC. The elevated build temperature reduces the thermal gradient between a
newly spread layer and previously melted layers, and thereby minimizes residual stress
accumulation. Annealing takes place during fabrication, so a post-build heat treatment is not
required.
Directed Energy Deposition
Directed energy deposition (DED) is an AM technology in which powder or wire is
supplied to the focus of a laser beam and subsequently melted onto a build surface. Unlike
PBF, material is only supplied to the portion of the geometry that is being added at that time.
After a layer is completed, the deposition nozzle moves up vertically to begin building the
next layer. Inert gas is used to locally shield the melt pool, or is pumped into a hermitically
sealed build chamber. Directed energy deposition is used to produce metal AM parts;
however, it is singular to other AM processes in that it is also used to coat or repair
11

previously existing parts. In addition, the use of multiple material feed nozzles allows the
opportunity to create functionally graded materials using DED.
Sheet Lamination
Sheet lamination is an AM technology in which sheets of material are bound together,
usually using an adhesive or ultrasonic welding. After each layer adhesion, excess material
is cut or machined away. Unlike in most AM processes, the subtracted, unused material
cannot be easily reused. Despite this disadvantage, sheet lamination provides several
advantages over powder-based AM processing. Firstly, sheets of material are less sensitive
to oxidation than powder due to a dramatic decrease in the surface area to volume ratio. This
reduces safety measures required to handle the material, and is particularly useful during the
processing of reactive metals. Additionally, the feedstock material does not contain trapped
gas defects that cause micro-pores in powder-based AM parts, so achieving full density is
easier. Finally, sheets of material have a higher thermal conductivity than powder, so higher
heating and cooling rates are achievable.
Material Jetting
Material jetting is an AM technique that is similar to two-dimensional inkjet printing.
Complex, three-dimensional parts are produced by depositing droplets of material from a
thermal or piezoelectric actuated print head onto a build substrate. Droplets of material can
be supplied on demand or continuously during material jetting. After a layer of material is
deposited, it cools and hardens or is cured by an ultraviolet light. Commercial material
jetting equipment typically supports the production of only polymer and wax materials;
however, recently a metal material jetting machine was commercialized.
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Material Extrusion
Material extrusion is an AM technology in which a filament is extruded continuously
through a heated nozzle and deposited onto a substrate. This AM technique is the most wellknown and prominently used AM process since it is utilized in most low-cost, hobbyist
printers. Material extrusion is most commonly used to process ABS plastics and other
polymers, however can feasibly process any material that is producible into a wire.
Components fabricated using material extrusion typically have poor strength along the build
axis and their resolution is limited by the radius of the extrusion nozzle.
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CHAPTER 2: LITERATURE REVIEW OF ADDITIVE MANUFACTURING OF
METALLIC GLASS
Additive manufacturing processes are separated into 7 categories: binder jetting,
directed energy deposition, material extrusion, material jetting, powder bed fusion, sheet
lamination and vat photopolymerization. Thus far, researchers have attempted to produce
metallic glass using powder bed fusion (laser and electron beam), directed energy deposition,
sheet lamination, material jetting and material extrusion. The application of these processes
to metallic glass production is described in this chapter.
Laser Powder Bed Fusion
In 2005, Fischer et al. published the first report referring to the use of AM to process
metallic glass (Fischer et al., 2005). In their work, a Pt57.3Cu14.7Ni5.3P22.7 (at. %) powder bed
was scanned with average laser power ranging from 200 mW to 1 W. Although the cooling
rate was sufficient to attain an amorphous microstructure, samples melted with an average
laser power of 1 W were heavily crystallized because the powder bed temperature exceeded
the Tx. Reducing the average laser power eliminated crystallization; however, powder
particles were only superficially connected, so density was poor. Since Fischer's publication,
several others have attempted to fabricate metallic glass using LPBF.
The microstructure and density of LPBF-fabricated metallic glass is largely dictated
by the laser power, laser scanning speed, spot size, hatch distance (distance between the
center of two adjacent scans), scanning strategy, layer thickness, and build plate temperature.
Some of these parameters can be combined to calculate the energy density, or energy input,
per unit area during laser melting (Equation 1).
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Equation 1. Energy input per unit area where P is power, v is scanning speed, t is layer thickness
and h is hatch spacing.

𝐼𝐼 =

𝑃𝑃
𝑣𝑣ℎ𝑡𝑡

The heat input per area is a useful variable during parameter optimization, however, its value
is not transferable between alloy compositions since Equation 1 does not account for material
properties such as thermal conductivity and reflectivity, or powder size. Pauly et al.
observed that a higher energy input improved the density but opposed vitrification of a Zrbased metallic glass, Zr52.5Cu17.9Ni14.6Al10Ti5 (Pauly et al., 2017). Zrodowski et al. revealed
similar results; they reported that samples melted with I = 50 J/mm3 and with I = 59 J/mm3
were denser, but less amorphous than those melted with I = 25 J/mm3 (Żrodowski et al.,
2016). Several researchers reported higher energy input leading to crystallization (Jung et
al., 2015; Li et al., 2014a, 2016; Lu et al., 2019; Pauly et al., 2017; Żrodowski et al., 2016).
At lower energy input, incomplete melting of the powder particles results in an increase in
porosity (Fischer et al., 2005; Nong et al., 2019; Pauly et al., 2017). Increasing the energy
input improves the solid density, but if the energy input is too large the “balling effect” can
produce porosity (Pauly et al., 2017). A goal of parameter development is to find an energy
input range that can fully melt the powder, but also does not cause crystallization or balling.
Even with an optimized energy input, poor density can result from non-ideal hatch spacing or
scanning patterns. In addition, porosity is an inherent defect in gas atomized (GA) powder
and since the porosity is not annihilated during LPBF, it is inherited in LPBF components.
Lu et al. suggest that porosity is even more prominent in LPBF-fabricated metallic glass due
to the high liquid viscosity as compared to crystalline metals (Lu et al., 2019).
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Jung et al. optimized laser processing parameters for a
Fe68.3C6.9Si2.5B6.7P8.7Cr2.3Mo2.5Al2.1 (at. %) glass-forming alloy; they produced a 6 mm x 2
mm cylinder that was > 99% dense and fully amorphous by x-ray diffraction (XRD)
inspection (Jung et al., 2015). While some researchers were able to achieve a near maximum
density, others were unable to optimize density during parameter development. Cracking is
also a source of poor density in LPBF-fabricated parts (Hofmann et al., 2018; Mahbooba et
al., 2018; Pauly et al., 2013). A photograph of a laser-fabricated scaffold by Pauly et al.
reveals a high density of cracks in the as-built structure (Pauly et al., 2013). The high heating
and cooling rates during laser melting, and the subsequent thermal expansion and contraction
cause cracking, especially in materials with limited toughness like metallic glass. Cracking
in any material occurs when the applied stress exceeds the fracture strength of that material.
According to finite element method (FEM) simulations by Xing et al., the maximum thermal
stress generated during LPBF does not exceed the typical fracture strength of strong, Febased metallic glass (Xing et al., 2018). Therefore, the thermal stress alone cannot cause
cracking during LPBF; instead, defects like pores cause local stress concentrations that
induce cracking and deteriorate mechanical properties (Bordeenithikasem et al., 2018b; Lu et
al., 2019; Ouyang et al., 2017; Xing et al., 2018). Li et al. produced single line scans of an
Al-based glass-forming alloy (Li et al., 2014b). Cracking occurred in the line scans that were
melted with a higher laser power because the temperature gradient between the melt and the
previously melted layers was larger, so the temperature gradient, and therefore the thermal
stress, was more extreme. At lower laser power, the material was very porous as a result of
unmelted powder (Li et al., 2014b). Jung et al. reported similar issues when they developed
processing parameters for a Fe-based glass-forming alloy. Laser power and scanning speed
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were systematically varied while using a layer thickness of 75 µm, a hatch spacing of 110
µm, and a hatch style scanning pattern with a 90-degree rotation. Slow scanning speed and
high power input favored the formation of dense, non-porous samples. Samples fabricated
with a scanning speed of 1500 mm/s and power greater than 300 W exhibited densities larger
than 99%. Despite the high density, cracks were still prominent in the laser-fabricated
samples (Jung et al., 2015).
Cracking and porosity impact the material properties of metallic glass. In one
example, Lu et al. observed micro-scale porosity positioned at the molten pool boundaries of
a 97% dense Cu50Zr43Al7 component; the presence of porosity reduced the compressive
strength of the LPBF material (Lu et al., 2019). Ouyang et al. fabricated a 83% amorphous
Zr55Cu30Ni5Al10 (at. %) cylinder with only 0.12% volume fraction of porosity (Ouyang et al.,
2017). The calculated stress concentration around the spherical pores (1.4 GPa) was high
enough to trigger micro-cracking, but micro-cracks were infrequently observed. The
presence of 0.12% porosity did, however, result in lower Young’s modulus and plasticity
during compression testing as compared to a cast reference sample. In work by Jung et al.,
the Fe68.3C6.9Si2.5B6.7P8.7Cr2.3Mo2.5Al2.1 (at. %) virgin powder and AM component exhibited
some differences in the initial part of their M-H magnetic hysteresis loop (Jung et al., 2015).
Jung et al. suggest that the cracks and pores observed in the AM microstructure, and not in
the virgin powder, delayed the materials magnetic response to the applied magnetic field. In
addition, the thermal stresses inherent to LPBF could introduce a magnetic anisotropy in the
material (Cullity and Graham, c2009.), influencing the material’s extrinsic magnetic
properties (Jung et al., 2015).
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Even with optimized process parameters, complete density is likely unattainable in
LPBF even for crystalline metals. In addition, the low build temperature and rapid heating
and solidification rates result in thermal stress that can cause cracking or distortion. Typical
post processing of LPBF-fabricated crystalline metals therefore typically involves a stress
relief and densifying heat treatment. During heat treatment of metallic glass, the heating and
cooling rates must be sufficient to avoid crystallization, and the annealing temperature cannot
be larger than Tx. Substantial control over time-at-temperature is needed to avoid
devitrification during heat treatment of metallic glass. Therefore, post-build heat treatment
of bulk-sized components, like those produced via AM, is impracticable since it would be
nearly impossible to uniformly relieve stress and avoid devitrification in the thick and poor
thermally conductive material. Instead, researchers attempted to alter processing parameters
and introduce novel scanning strategies in an attempt to reduce thermal stress in-situ.
Prashanth et al. used a heated substrate (400ºC) to successfully avoid cracking during LPBF
of an 8 mm tall Al85Nd8Ni5Co2 (at. %) cylinder; however, the component was heavily
crystallized (Prashanth et al., 2015). Li et al. attempted an in-situ stress relief using a laser
re-scanning method on an Al-based BMG composite material (Li et al., 2014a). Their stress
relief treatment used two scanning stages. First, a layer was melted with a high energy input
to achieve high density. Then, a low energy scan was used to relieve stress. The low energy
re-scan rapidly increased the temperature of the material to the supercooled liquid region,
where atomic motion is increased and stress is reduced by viscous flow, and then rapidly
cooled the material to T < Tg. Stress is also reduced due to the lower temperature gradient
resulting from the lower heat input. The metallic glass composites that were treated with rescanning were crack free and showed no new crystalline phase formation. In control samples
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that were fabricated without the stress relief re-scan treatment, large cracks extended from
the bottom to the center of the sample. Using the stress relief re-scan treatment, a crack-free
gear with a 25 mm diameter and a 10 mm thickness was fabricated from the metallic glass
composite.
In addition to layer re-scanning, a variety of novel melting and scanning strategies
were used to optimize the microstructure of LPBF-fabricated metallic glass. Zrodowski et al.
studied the influence of a pulse-random (P-R) remelt strategy on the microstructure of
Fe71Si10B11C6Cr2 (at. %) (Żrodowski et al., 2019, 2016). Each layer was first melted with a
checkerboard scanning strategy. After initial melting, each layer was re-melted using the PR scanning strategy which utilized random pulses, at least 1 mm apart, to melt the surface.
Samples that were re-melted using the P-R strategy were four times more amorphous than
samples melted only using the checkerboard melt strategy (Żrodowski et al., 2016). The P-R
re-melted samples also exhibited an increase in relative density and reduction in magnetic
coercively (Żrodowski et al., 2019). The single melt checkerboard strategy in the control
samples produced crystalline melt pools 30-60 μm deep and 80-120 μm wide. The P-R
melting step produced amorphous melt pools with a much deeper dimension (100-200 μm
deep and 30-60 μm wide). The considerable difference in melt pool aspect ratio between the
two melt strategies is a result of the transition from conduction melting to keyhole
melting. A difference in crystallinity is due to the variation in laser exposure time. The
checkerboard melting had a longer exposure time (500 μs or 1000 μs) than the P-R melt
strategy (20 μs). Both pulse durations may have provided cooling rates sufficient for
vitrification; however, a thermal model demonstrated that only a short pulse duration during
P-R remelting achieved a heating rate larger than the critical heating rate to avoid
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devitrification. Overall, the P-R strategy restored the amorphous structure after initial
melting and reduced stress accumulation to allow for the LPBF of crack-free material.
In addition to optimizing density and reducing thermal stress, crystallization of the
glass-forming alloys was a major challenge during LPBF. Ouyang et al. suggested that
crystallization during LPBF occurred during reheating, since their FEM modeling indicated
that the cooling rate in the melt pool, heat affected zone (HAZ), and beyond the HAZ were
all sufficient for amorphization (Ouyang et al., 2017). Similarly, Lu et al. suggest that
thermal annealing during LPBF allows for atomic rearrangement (Lu et al., 2019). Yang et
al. used pulsed laser surface melting and LPBF to examine the crystallization behavior of
Zr55Al10Ni5Cu30 (at. %) (Yang et al., 2012). Laser surface melting was performed on
Zr55Al10Ni5Cu30 amorphous substrates. The surface was melted using 1, 6, 12 and 20 laser
pulses at a single point. Cross sectional analysis of the melt pools melted with 1 and 6 pulses
were featureless; this is indicative of a fully-amorphous structure. As the pulse number
increased to 12 and 20 times, the HAZ, the area surrounding the melt zone, contained
spherulite clusters. Similar results were collected during LPBF of Zr55Al10Ni5Cu30. One, 2,
4, and 7 layer deposits were produced, and the deposits with 1 and 2 layers show no
difference in microstructure, both are fully amorphous. As the deposit thickness increased to
4 and 7 layers, dendritic features were observed in the HAZ. These results imply that the
accumulation of heat and structural relaxation during the melting of subsequent layers
influences the final microstructure.
Likewise, the build substrate temperature influences the microstructure of LPBF
metallic glass. Li et al. investigated the effect of substrate temperature on the interface bond
between the substrate and a laser melted Al86Ni6Co4.5La1.5 (at. %) glass-forming alloy (X. P.
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Li et al., 2015). A 100 μm layer was melted onto two aluminum substrates (120 W, 750
mm/s): one at room temperature (25ºC) and one heated to 250ºC. A thermal model
characterizing the heat distribution within the melt pool and build substrate was created to
supplement experimental data. At room temperature, a distinct interfacial gap was
observable between the metallic glass and the build substrate. Although the powder was
fully melted, the surface layer of the aluminum substrate did not melt. When the build plate
was heated to 250ºC, the powder and build substrate were melted together and strongly
bonded. In addition, at 250ºC a sub-circular region 50 μm deep exists between the metallic
glass and the build substrate. Similarly, the thermal model illustrates that at 250ºC a larger
volume of material is heated to temperatures greater than the melting temperature of
aluminum. The model was also used to predict the cooling rate at the center of the melt pool
for the room temperature and 250ºC build substrate temperatures at 3.6 x 103 K/s and 3.5 x
103 K/s, respectively. Cooling rate at both substrate temperatures is larger than the critical
cooling rate for the Al86Ni6Co4.5La1.5 (at. %) alloy; however, the model is based off the
assumption that heat can be readily transferred into the substrate. Experimental results
showed that at room temperature, the small melt volume caused a gap to form between the
substrate and material that hindered heat transfer to the substrate. This caused a reduced
cooling rate and subsequent crystallization. The strong bond between the metallic glass and
the aluminum substrate at 250ºC enhanced heat transfer through the build substrate, and
allowed for full vitrification of the Al-based metallic glass. Work by Li et al. demonstrates
the critical role build substrate temperature plays in the final microstructure of LPBF
processed metallic glass (X. P. Li et al., 2015).
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Optimizing process parameters to achieve full density and amorphicity was the focus
of LPBF research. Due to the complex thermal history during LPBF and the metastable
nature of metallic glass, devitrification of material during LPBF was commonly reported,
even when sufficient cooling rates were predicted. In addition, stress induced cracking was a
common struggle during parameter development, especially in brittle Fe-based metallic glass
(Hofmann et al., 2018; Mahbooba et al., 2018; Nong et al., 2019; Żrodowski et al., 2019).
Despite these challenges, researchers utilized LPBF to attain BMG dimensions significantly
larger than the critical casting thickness (Lin et al., 2019; Mahbooba et al., 2018), and to
fabricate complex geometries such as scaffolds (Pauly et al., 2017, 2013; Yang et al., 2018),
gears (Li et al., 2016; Nong et al., 2019), and an acetabular cup (Zhang et al., 2019), that are
not achievable using traditional manufacturing.
Electron Beam Melting
Electron beam melting is commonly associated with the production of electrically
conductive materials and high processing temperatures, both unattractive for metallic glass
production. Regardless, EBM is a feasible processing technique for metallic glass. Electron
beam melting offers a considerably higher level of control over processing parameters than
any other AM technique; this includes a complex thermal model that adjusts heat input over
time. The high level of control is facilitated through a large number of variable parameters,
many of which are not independent. Subsequently, material development is significantly
more laborious for EBM than for a laser-based system. For this reason, researchers have
mostly shied away from using EBM to process metallic glasses, and only two articles were
published on the topic. In addition to the complex processing parameters, production in a
stock EBM machine requires more than 10 liters of powder, even for the fabrication of small
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components. This is a result of the powder feeder design in commercially available EBM
equipment. Due to the high cost of EBM quality powder, producing large powder batches
for new alloy development is impractical. To circumvent this challenge, Koptyug et al. used
specially designed small powder containers and a smaller build tank that required much less
powder in order to process a metallic glass using EBM (Koptyug et al., 2013).
During electron beam/powder bed interaction, powder particles become
electrostatically charged and repel one another if the charge is not dissipated quickly. If the
repulsive forces overcome the force of gravity then the powder particles electrostatically
repel and form a cloud of metal powder, a process known as “smoking”. Smoking typically
results in a build failure. Poor electrical conductivity and non-ideal powder size,
morphology, and chemistry are chief contributors to smoking. Electron beam melting of low
conductivity materials, like metallic glass, is achieved by preheating the powder bed with the
electron beam before melting each layer. This preheating step anchors the powder particles
together; its main purpose is to provide better thermal and electrical conductivity during
melting. Retaining the spherical powder morphology after preheat sintering is imperative
since the successful recovery of non-melted powder makes the EBM process cost-effective
(Drescher and Seitz, 2015; Koptyug et al., 2013). In 2015, Dresher and Seitz optimized the
EBM preheat parameters for a glass-forming alloy with nominal composition Zr70Cu24Al4Nb2
(at. %) (Drescher and Seitz, 2015). During preheat parameter development, focus offset and
layer thickness were held constant at 80 mA and 125 μm, while beam scanning speed and
current were varied. A parameter set using a beam speed of 8 m/s and a beam current of 22
mA did not densify the powder bed at all. In opposition, beam parameters of 12 m/s and 32
mA over-sintered the powder particles, and eliminated the original particle morphology.
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After further parameter development, a 5 mm tall sintered cake was produced that contained
sufficient density for EBM processing. Drescher and Seitz, and Koptyug et al. report that
minute changes from the ideal processing parameters resulted in over or under-sintered
powder (Drescher and Seitz, 2015; Koptyug et al., 2013). Koptyug et al. developed a preheat
processing space for an Fe-based glass-forming alloy on a stainless-steel build substrate
through systematic variation of beam current, beam speed and focus offset (Koptyug et al.,
2013). During preheating, trapped gas (Drescher and Seitz, 2015; Koptyug et al., 2013) and
water vapor (Koptyug et al., 2013) were released from the powder particles. In the work by
Koptyug et al., powder near the working area was stained brown suggesting that hydroxides
were present on the powder surface (Koptyug et al., 2013). Similarly, Dresher and Seitz
noted that the EBM process became more volatile (likely to smoke) with increased powder
reuse, even when using identical processing parameters (Drescher and Seitz, 2015). This is
possibly a result of powder oxidation, but oxygen analysis was not reported.
Electron beam melting is a heated process, so during the processing of conventional
metals the build substrate is preheated >>100ºC. Dresher and Seitz did not use a heated build
substrate during preheat parameter development of Zr70Cu24Al4Nb2 (Drescher and Seitz,
2015). Build plate heating facilitates in-situ stress relief, and its absence during the melting
stage will likely result in stress induced delamination or distortion. Build plate temperature
was not mentioned by Koptyung et al..
In addition to the preheat parameters, Koptyug et al. also developed melting
parameters for their Fe-based glass-forming alloy. During melting, the build temperature
was kept within the narrow window between the “firework” zone (ejected white-hot powder
resulting from a low preheat temperature) and the Tg, “firework” zone (350-400ºC) < build
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temperature (420-470ºC) < Tg (500-600ºC). Since the build temperature stabilizes near the
preheat sinter temperature during EBM, metallic glass compositions with a low Tg, and a
smaller temperature gap between Tg and Tl would be problematic, or impossible, to process
using EBM due to the requirement to sinter and melt material while maintaining a build
temperature < Tg. Optimized melt parameters were used to produce 50 mm x 50 mm x 5 mm
samples. Analyses indicate that the EBM-fabricated material is partially amorphous, and has
promising mechanical and chemical properties (Koptyug et al., 2013).
Parameter development in EBM is demanding for any material. Parameter
development is particularly challenging for metallic glass alloys because they are less
electrically and thermally conductive than crystalline metals, so dissipation of charge and
heat is poor. Metallic glass also requires high cooling rates and low processing temperatures
(< Tg) to attain and maintain an amorphous microstructure. Finding and maintaining a build
temperature between the firework zone and the Tg is the predominate challenge during EBM
processing of metallic glass. Depending on the physical properties, some metallic glass
compositions are presumably not suitable for processing using EBM. Although EBM
processing has not yet yielded significant results, its utility as a metallic glass processing
technique is still viable. The elevated build temperature has the potential to reduce or erase
thermal stress cracking, which is a primary challenge during LPBF of metallic glass. In
addition, reactive metals, like Ti- or Zr-based metallic glasses, are less likely to oxidize
during EBM since processing is completed under vacuum (10-5 mbar); this is particularly
useful since GFA degrades with minute levels of oxygen contamination.
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Directed Energy Deposition
Several researchers investigated the use of DED as a means to fabricate metallic glass
components. When used to fabricate metallic glass out of pre-alloyed powder, the processing
challenges associated with DED are applicable to any laser-based AM system. For example,
Zheng et al. observed an increase in the size and fraction of a crystalline phase with
increasing build thickness during laser engineered net shaping (LENS) of a Fe-based metallic
glass (Zheng et al., 2009a). Numerical simulations confirmed that the accumulation of
thermal energy and decrease in solidification rate with deposit thickness promoted
devitrification during layerwise deposition of metallic glass (Zheng et al., 2008, 2009a). Ye
and Shin produced a crack-free FeCrMoWMnCSiB deposit using LENS (Ye and Shin,
2014). They achieved a crack-free structure, despite the material’s crack tendency, by preheating the build substrate to 422ºC to reduce the thermal gradient between the current and
previously deposited layers during processing. Despite the small thickness of the deposit (6
layers), crystals were observed in the HAZ of each layer. Devitrification in the HAZ was a
commonly reported challenge during LENS of metallic glass (Lu et al., 2018; Sun and
Flores, 2008, 2010, 2013; Xu et al., 2019; Ye and Shin, 2014; Zheng et al., 2009a). Sun and
Flores observed equiaxed, spherical crystals often surrounded by amorphous material in the
HAZ of their LENS-fabricated Zr- and Cu-based metallic glass (Sun and Flores, 2013, 2010,
2008). The discontinuity, size and composition of the spherulites indicate that the crystals
formed from the solid state during reheating, and that the rapid heating suppressed phase
separation (Sun and Flores, 2013). Despite its prominence in DED and LPBF-fabricated
metallic glass, crystallization in the HAZ is not inevitable. The thickness of the HAZ
increases with increasing heat input, therefore crystallization in the HAZ is preventable if the
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heat input is below some threshold value (Sun and Flores, 2008; Zheng et al., 2009a). In one
example, Sun and Flores almost eliminated crystallization in the HAZ of LENS-fabricated
Zr58.5Cu15.6Ni12.8Al10.3Nb2.8 (at. %) simply by increasing the laser scanning speed from 14.8
mm/s to 21.2 mm/s (Sun and Flores, 2010). They observed microhardness and Tg values that
were slightly different from the as-cast material, possibly an indication of a higher free
volume in the LENS components due to the higher solidification rates.
Unlike LPBF and EBM, DED is not limited to powder as the feedstock material.
Kim et al. used a glass-forming Cu66.5Zr33.5 (at. %) wire with a diameter of 155 µm as
feedstock for DED (Kim et al., 2017). Wire feedstock offers several advantages over
powder for AM. Most notably, wire has a lower material cost and reactivity over AM
powder. Also, wire does not contain the micro-porosity often found in GA powder.
Single tracks of the CuZr wire were deposited onto a stainless steel build substrate and
showed an amorphous structure and no observable HAZ when deposited with the appropriate
deposition and laser parameters.
In addition to offering flexibility in terms of feedstock type, DED allows for the
production of functionally graded materials. This is achievable by varying the delivery rate
of elemental powders to the melt pool. As a result, the use of DED to rapidly screen
potential alloy systems holds immense value for the development of new metallic glass
alloys (Welk et al., 2014). Tsai and Flores developed a high-throughput strategy for
discovering and characterizing new metallic glass compositions (Tsai and Flores, 2016, 2015,
2014). They produced compositionally graded CuxZr100-x specimens (x ranging 61-76 at. %)
using DED. During manufacturing, the Cu delivery rate was increased while the Zr delivery
rate was decreased across the X- and Y-axes. Glass-forming regions were rapidly identified
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by observing the topographical features of the fabricated layer and confirmed using electron
microscopy. Featureless, amorphous surface regions were observed over the range x = 62-67
at. % Cu. Nine lines were re-melted into the initial deposit using 200 W at 12.7 mm/s and
then with 100-180 W at 16.9 mm/s scanning speed. The re-melting step facilitated adequate
melting and mixing of the deposited powder in the localized lines. Using this rapid screening
methodology, it was determined that the most stable composition within the explored range
was Cu64.7Zr35.3 (at. %). This is in agreement with a previously reported optimal CuZr
composition of Cu64.5Zr35.5 (at. %) that was identified by trial-and-error testing (Tsai and
Flores, 2014).
Tsai and Flores extended their methodology to a CuZrTi ternary system (Tsai and
Flores, 2016). Differently from their CuZr study, each elemental powder was deposited as its
own layer using a constant laser power and powder delivery rate. The travel speed of the
build substrate relative to the laser and powder source was continuously varied to produce a
compositional gradient. The Zr powder was deposited first. The Cu powder was deposited
second, and after its deposition a series of lines was re-melted to facilitate complete mixing
of the Cu and Zr layers. The Ti was deposited in the third layer, and the series of lines was
re-melted again to incorporate Ti. The series of lines was placed such that the CuZr molar
ratio remained fixed within a single re-melted line while the Ti content increased along the
length of the line, producing a collection of tie lines in the ternary composition map. The
remelting was completed at three different laser powers, 200, 240 and 280 W to produce
three different compositional libraries that can show the effect of process conditions on glass
formation. Using DED, each library of composition/laser power took less than 20 min to
complete. This continuous deposition scheme resulted in a ternary map that highlights the
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best CuZrTi glass-forming compositions within those tested. The glass-forming
compositional range diminished as laser power (i.e. heat input) increased; this was attributed
to the reduction in cooling rate with increasing laser power. Tsai and Flores used a
pyrometer to measure the surface temperature profiles during melting and measured a
decrease in the cooling rate by almost 30% with an increase in laser power from 200 W to
280 W. As the cooling rates decreased less compositions could vitrify resulting in a gradual
convergence of the amorphous compositional space towards the one with the highest GFA.
Based on these observances, Cu51.7Zr36.7Ti11.6 (at. %) was predicted to be the optimal glass
former within the compositional space (Tsai and Flores, 2016). The tc of Cu51.7Zr36.7Ti11.6 (at.
%) was compared to that of Cu60Zr30Ti10(at. %) (Inoue et al., 2001) and (Cu0.64Zr0.36)90Ti10
(at. %) (Q. Wang et al., 2007), both recognized as notable and the best glass formers in the
CuZrTi system. Suction cast wedge samples were used to determine tc values of 1.50, 1.35,
and 1.20 mm (±0.05 mm), respectively for Cu51.7Zr36.7Ti11.6, (Cu0.64Zr0.36)90Ti10, and
Cu60Zr30Ti10. These differences in tc are consistent with the expected placement of the alloy
compositions on the DED ternary library chart. Due to the inefficiency of the currently used
trial-and-error metallic glass alloy development methods, DED holds extreme value for the
development of new glass-forming compositions. Tsai and Flores demonstrated a
straightforward and efficient methodology for rapidly screening a wide compositional space
for alloys with high GFA. Similar challenges with optimizing density and microstructure
were noted during DED of metallic glass. Researchers prominently report issues with
devitrification in the HAZ; this will be discussed in greater detail in the Devitrification in the
Heat Affected Zone section.
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Sheet Lamination
Chen et al. developed a laser foil printer (LFP) utilizing sheet lamination technology
(Chen et al., 2017) that has been used to fabricate bulk-scale Zr52.5Ti5Al10Ni14.6Cu17.9 (at. %)
(hereafter referred to as LM105) (Bordeenithikasem et al., 2018a; Y. Li et al., 2018b, 2018a;
Shen et al., 2017a). During LFP, a foil is loaded on top of a substrate or the previous layer.
The foil is line or spot welded to the material beneath it using argon as a shielding gas, and
the excess material is removed using a UV laser cutting. To facilitate rapid solidification,
active cooling of the build substrate is accomplished through the use of a heat exchanger
plate and liquid nitrogen or argon flow (Shen et al., 2017a).
Similarly to LPBF and DED, the laser parameters in LFP dictate the final
microstructure and the bonding strength of the substrate-layer and layer-layer joints, and nonoptimized laser parameters can result in devitrification, poor density, layer delamination,
geometric distortion and other defects. Shen et al. analyzed the effect of LFP laser
parameters on the weld quality between an amorphous LM105 foil and an amorphous
LM105 substrate. Three parameter sets were used, A (400 W, 100 mm/s), B (200 W, 150
mm/s) and C (200 W, 4 ms) (Shen et al., 2017a). Parameter set A produced a strong weld
between the metallic glass foil and substrate. In addition, a fully-amorphous microstructure
was maintained at the joint. In parameter set B, the laser scanning speed was reduced from
150 mm/s to 100 mm/s; this caused crystallization in the HAZ. Devitrification was
seemingly a result of the increase in energy input from 1.33 J/mm in parameter set A, to 4
J/mm in parameter set B. Excessive energy deposition can cause crystallization and can also
distort the foil and cause material evaporation and ejection. In parameter sets A and B, the
laser was operated in continuous wave mode and a line welding strategy was used. In
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parameter set C the laser was operated in pulsed mode, and the foil was spot welded to the
build substrate. A 10 mm3 cube was fabricated using the spot weld strategy and parameter
set C. The LFP cube is XRD amorphous and has an Archimedes’ density comparable to that
of the original foil. Results from differential scanning calorimetry show a slight variation in
curve shape compared to the metallic glass foil, which was attributed to a variation in free
volume, composition (by element evaporation) or the formation of nano-sized crystals during
processing. More complex geometries including fusilli pasta and slipped cylinder shaped
parts were fabricated using parameter set C.
To complement experimental work, Shen et al. presented a thermal model that
predicted the heating and cooling rates of LM105 using parameter sets A-C. Due to the rapid
solidification rates in laser melting conduction mode welding was assumed, so fluid flow and
its effect on heat transfer were not taken into account. The model indicates that the heating
and cooling rates using all three parameter sets were sufficient to avoid crystallization in
LM105. However, during LFP crystallization occurred in the weld prepared using parameter
set B (Shen et al., 2017a). Similar cases of devitrification during laser welding despite
sufficiently high heating and cooling rates were reported in other referenced articles (Kim et
al., 2007; Li et al., 2006; Wang et al., 2010). The GFA of metallic glass is highly sensitive to
compositional changes. Evaporation of elements with lower vaporization temperatures
during laser welding could alter the GFA and cause crystallization (Shen et al., 2017a). In
addition, the time-temperature-transformation (TTT) curves can deform or shift at different
temperature gradients, so microstructural evolution during laser welding is less predictable
(Sun, 2010).

31

Shen et al. demonstrated the feasibility of LFP LM105 onto amorphous LM105
substrates. It is both challenging and costly to produce thick amorphous plates to be used as
build substrates for AM. For this reason, Li et al. examined the weldability of LM105 foil to
Ti6Al4V, Zr702 (Yingqi Li et al., 2017b) and 304 stainless steel (Y. Li et al., 2018a)
substrates. A high-quality weld between the first deposited layer and the build substrate is
critical for successful AM because this joint anchors the part to the plate providing a path for
heat flux and prevents stress related delamination (Yingqi Li et al., 2017b). Ten layers of foil
were deposited on to a Ti6Al4V substrate (Yingqi Li et al., 2017b). Elemental analysis of
the weld indicated that mixing of the Ti6Al4V build substrate and metallic glass foil was
substantial. After the 10 layers of deposition, the foil delaminated from the build substrate
due to the formation of several hard, brittle intermetallic phases at the joint. The high Ti
content at the glass-Ti6Al4V interface (~50 at. %) decreased the GFA and promoted the
formation of these intermetallic phases (Yingqi Li et al., 2017b). A variation in the
coefficient of thermal expansion (CTE) between dissimilar metals can also cause cracking at
a weld joint. However, the CTE of LM105 is closer to Ti6Al4V than Zr702, and after 10
layers of deposition no cracking or delamination occurred at the glass-Zr702 weld. Cracking
was suppressed at the glass-Zr702 joint due to the formation of a higher volume percent of
ductile α-Zr. The sample was fully amorphous from the second layer up. Bordeenithikasem
et al. also fabricated amorphous LM105 onto crystalline Zr substrates. The LFP-fabricated
parts exhibited high strength and plastic strain in bending, exceeding that of cast LM105
beams. In addition, the 4 mm thick LFP exhibited XRD amorphicity while cast samples
were only amorphous up to 2.5 mm (Bordeenithikasem et al., 2018a). Regardless of the
build substrate material, dilution of the substrate with the foil occurred. The compositional
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shift caused crystallization at both the glass-Ti6Al4V and glass-Zr702 joint, but differences
in the phase properties dictated crack susceptibility of the joint and overall success of LFP
(Yingqi Li et al., 2017a).
Li et al. demonstrated the feasibility of depositing LM105 onto Zr702, but they had
challenges welding LM105 to Ti6Al4V (Yingqi Li et al., 2017a). Ti6Al4V is lower cost and
easier to obtain than Zr702, so it is advantageous to improve the quality of the glass-Ti bond
to allow for low cost LFP. To improve the glass-Ti bond strength Li et al. used intermediate
layers of Zr702 foil to prevent interaction between LM105 and the Ti6Al4V substrate.
Tensile samples were LPF to examine the bonding strength of glass-Ti joints with one and
two intermediate layers of Zr702. A control sample with no intermediate layer fractured at
the Ti-glass joint after ten layers of deposition. The tensile bar fabricated with one
intermediate layer did not fail during LFP due to a decrease in Ti and increase in Zr content
at the interface. Instead, the sample fractured during electric discharge machining (EDM) at
the glass-Zr joint. The formation of Ti intermetallics, and the accumulation of stress between
Zr and the metallic glass reduced the bond strength. The tensile bar fabricated using two
intermediate Zr702 layers did not fracture during LFP or EDM. The formation of α-Zr at the
glass-Zr interface and the decrease in Ti resulted in an improved bonding strength between
the layers. The sample failed at the Ti-Zr interface during tensile loading with an average
bonding strength of 758 MPa (Yingqi Li et al., 2017b), outperforming samples built onto a
304 stainless steel substrate with V, Ti and Zr intermediate layers (477 MPa) (Y. Li et al.,
2018a) . Similar to the parts fabricated onto amorphous substrates, the LFP tensile bars
printed with two intermediate layers contained no pores, cracks or crystals (Yingqi Li et al.,
2017b). In a separate work, the properties of the bulk LM105 material, built on a Ti6Al4V
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substrate with two intermediate Zr702 layers, were analyzed. The LFP components exhibited
physical (Tg, Tx and Tl) and mechanical (micro-hardness, tensile strength and flexural
strength) properties comparable to that of LM105 fabricated via injection molding (Y. Li et
al., 2018b).
Thus far, only one alloy has been processed using LFP, Zr52.5Ti5Al10Ni14.6Cu17.9 (at.
%). Laser foil printed LM105 parts exhibit high density and XRD amorphicity when
produced into large-scale, complex geometries. A strong lamination between the first
deposited layer and the build substrate is imperative for successful AM processing.
Accordingly, it has been a focus of research regarding metallic glass production using LFP
(Yingqi Li et al., 2017a, 2017b). Research by Shen et al. emphasizes the effect of thermal
history, not just heating and cooling rates, on crystal evolution in laser processed metallic
glass (Shen et al., 2017a, 2017b). A primary challenge of LFP is maintaining an energy input
low enough to eliminate HAZ crystallization and keyhole porosity, but high enough to
produce a strong bonding between layers. Few publications have been published on the topic
of sheet lamination of metallic glass; however, the technology shows the potential to produce
dense, crack-free bulk metallic glasses with complex geometries.
Material Jetting
The material jetting process is typically associated with the production of thermoset
photopolymers. However, the basic principles of the material jetting technology can be used
to produce many other materials and has inspired the design of two homemade material
jetting, AM machines that can fabricate metallic glass (Wu et al., 2018; C. Zhang et al.,
2018). Wu et al. employed a pneumatic injection AM process to deposit metallic glass at
room temperature to avoid crystallization during processing (Wu et al., 2018). Pneumatic34

injection printing of a powder slurry was first developed by Cesarano et al. (Cesarano et al.,
1998). In this method, a powder slurry is deposited according to a CAD model. This
technology has been used to print powders that are challenging to melt using conventional
AM equipment such as a piezoelectric, ceramic material (Y. Li et al., 2015). The study by
Wu et al. focused on selecting particle size and dispersant type to prepare a FeMoCr metallic
glass slurry suitable for pneumatic-injection (Wu et al., 2018). The slurry comprised of
XRD-amorphous FeMoCr powder mixed with a solvent, a dispersant, a binder and a
defoamer. The wettability of different particle size distributions (5-75 µm, 20-100 µm, and
45-200 µm) and morphologies (spherical and irregular) were analyzed in eight different
dispersants. The most stable suspension (5-75 µm, spherical, ammonium polyacrylate) was
used to produce a slurry for inkjet deposition with 50% solid content. During pneumatic
injection, the line width ranged from 1000-2200 µm and was influenced by nozzle speed,
injection pressure, and layer thickness. A single layer of the FeMoCr slurry was deposited
using pneumatic injection. The physical properties of the deposited material were not
reported but was stated as the focus for future experimentation.
Zhang et al. developed a novel thermal spray method to produce large-scale metallic
glass geometries (C. Zhang et al., 2018). They took a traditional coating method, thermal
spraying, and applied it iteratively to create a bulk three-dimensional part. Cooling rates on
the order of 106 K/s were achieved during the high velocity (600–1000 m s-1) deposition of
40 µm layers of semi-molten, amorphous Fe48C15B6Mo14Cr15Y2 (at %) powder. A crackfree, 20 mm x 20 mm x 20 mm specimen was fabricated using the thermal spray technique.
These dimensions are larger than the critical casting thickness of the alloy, and the thermal
spray metallic glass was 95% amorphous (C. Zhang et al., 2018). Mechanical properties of
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the thermal spray-fabricated metallic glass were compared to as-cast rods of the same alloy
composition. The thermal spray metallic glass exhibited a fracture strength of 2.06 GPa (C.
Zhang et al., 2018). Although this is lower than that of the cast sample (3.25GPa), it is
higher than most high-strength steels (Jiao et al., 2016). Similarly, the Young's modulus of
the thermal spray metallic glass (123 GPa) was lower than the as-cast metallic glass (235
GPa) (C. Zhang et al., 2018). The reduction in mechanical properties resulted from the
imperfect bonding between the thermal sprayed layers, and the porosity (0.35%). The as-cast
metallic glass showed no indication of crack deflection. During fracture toughness
measurement the sample failed in a brittle, catastrophic manner. In contrast, during fracture
toughness measurement of the thermal sprayed metallic glass, the fracture site showed
substantial crack deflection during crack propagation. Although the thermal spray metallic
glass still exhibited brittle characteristics, it did not fail catastrophically like the as-cast
metallic glass. The improved fracture toughness and crack deflection was attributed to the
heterogeneous, layered structure created during the layer-by-layer fabrication. Although the
bulk material is brittle, the interfacial regions between the layers act similarly to a secondary
phase, and have a different mechanical response during crack tip interaction.
Few articles regarding material jetting of metallic glass have been identified;
however, the novel processing methods proposed by Wu et al. and Zhang et al. demonstrate
its feasibility as a metallic glass production technique. The thermal spraying technique offers
a significant advantage over laser melting AM through the reduction of thermal stress during
fabrication. Thermal stress is reduced since only the surface of the powder is melted, and
the melt/solidification area is reduced. The thermal sprayed Fe-based metallic glass was free
of cracking. This is a great advantage since cracking is reported as a major challenge during
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laser processing of metallic glass, especially for Fe-based alloys. The pneumatic-injection
technique also demonstrates a major advantage over other AM techniques. Since the process
is not heated, the possibility of devitrification during fabrication is eliminated.
Material Extrusion
Conventional metals cannot be maintained at viscosities on practical time scales and
are therefore, ill-suited for material extrusion processing. Dissimilarly, metallic glass
contains a supercooled liquid region between the Tg and Tx, allowing them to be
thermoplastically formed using processing methods commonly associated with thermoplastic
polymers, like material extrusion. Gibson et al. take advantage of the thermoplastic
formability of metallic glass by utilizing a material extrusion process, called fused filament
fabrication (FFF), to fabricate fully-amorphous, Zr44Ti11Cu10Ni10Be25 components (Gibson et
al., 2018). One millimeter thick Zr44Ti11Cu10Ni10Be25 rods were fed into an extrusion head at
460ºC (Tg < 460ºC < Tx), at which the time to crystallization is ~100 s. Extrusion was
performed in air, so metallurgical bonding between the layers was achieved only by
introducing a strain at the interface between the current and previous layer (Chen et al.,
2014). The role of the interfacial strain is to break the native oxide film to allow for
metallurgical bonding. An interfacial strain was established by controlling the bead aspect
ratio such that the extrudate must deform laterally, in the XY-plane, during deposition. The
interfacial strain and subsequent bonding is achieved only if both layers deform together.
For this reason, the temperature of the current and previous layer must be similar; this was
achieved via local heating of the previous layer ahead of the extrusion nozzle.
Despite being fabricated in air, the as-fabricated material was XRD amorphous. This
is notable considering the high reactively of several constituents in Zr44Ti11Cu10Ni10Be25 with
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oxygen. The authors suggest that printing the material in its amorphous phase, along with
the low processing temperature, allowed for improved oxidation resistance and successful
fabrication in air. In addition to full amorphicity, the FFF material exhibited a fracture
strength of 1220 MPa when loaded parallel to the deposited layers. This is near the fracture
strength of the feedstock material (~1900 MPa) and is higher than any other AM BMG,
according to Gibson et al..
Like the pneumatic injection method, material extrusion does not require melting of
the feedstock material; therefore, devitrification due to thermal annealing or oxygen
contamination is unlikely, assuming adequate control over time-at-temperature. In addition,
because no steep thermal gradients exist, the complex thermomechanical stresses, commonly
found in as-built AM parts, are likely not present in FFF metallic glass. These features of
FFF are particularly advantageous since devitrification and stress-induced cracking are
frequently reported during metallic glass fabrication using other AM techniques.
Challenges during Additive Manufacturing of Metallic Glass
Optimization of Powder Size and Morphology
Powder bed fusion and DED are typically completed using GA powder, and therefore
the feedstock contains atomization defects such as trapped gas porosity and powder satellites.
These defects can influence solid density and mechanical properties; however, in small
concentrations they have minimal impact. In addition, particle morphology and size
distribution are influential during AM-fabrication. The morphology of the glass-forming
powders used for PBF ranged from highly spherical (Fischer et al., 2005; Jung et al., 2015;
Koptyug et al., 2013; Li et al., 2016, 2014a, 2014b; Pauly et al., 2013; Yang et al., 2018) to
elongated, ‘pollywog’ shaped particles (Drescher and Seitz, 2015; Fischer et al., 2005; Jung
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et al., 2015; X. P. Li et al., 2015; Zito, 2017). The prominence of elongated particles in
metallic glass powder is due in part to alloy design. Metallic glass alloys are designed with a
negative heat of mixing between the main constituent elements to impede atomic
rearrangement and improve GFA; subsequently, their melt viscosity is three orders of a
magnitude larger than that of binary alloys (Telford, 2004). The elongation of metallic glass
particles during GA is therefore viscosity dominated (Yaginuma et al., 2015). In one
example, Zito reported the occurrence of elongated glass-forming
Au76.26Ag4.69Pd1.93Cu13.5Si3.62 particles due to an imperfect ratio between the atomization
temperature and the high melt viscosity of the alloy (Zito, 2017). Non-spherical powder
morphology affects powder bed density and as-fabricated part density. In EBM, nonspherical powder morphology can cause excessive powder charging and smoking.
The particle size distribution dictates layer thickness and also affects powder
flowability, spreadability, reactivity, and laser absorptivity during AM. The laser/powder
interaction time is extremely short during LPBF processing (X. P. Li et al., 2015), so only the
particle skins are rapidly heated. The core of a particle is heated and melted through thermal
diffusion (Simchi, 2006). As particle size increases, the reduction in surface area lends to a
lower laser absorptivity and core temperature of the particle may be less than the melting
temperature (Yadroitsev et al., 2010). For example, Guo et al. tested the feasibility of
developing laser melting parameters for 45-75 μm and 75-180 μm sized Nb52Si20Ti24Cr2Al2
(at. %) powder with layer thicknesses of 80 and 200 μm, respectively (Guo et al., 2017). A
reduced melt volume resulting from inadequate thermal transfer in large size
Nb52Si20Ti24Cr2Al2 (at. %) particles caused discontinuities in laser melt tracks in the 200 μm
layers (Guo et al., 2017). Thermal conductivity of an AM powder bed also changes with

39

particle size. A powder bed with larger sized particles has a higher thermal conductivity,
assuming equal bed porosity as a bed with smaller sized particles. The microstructure of
metallic glass is highly sensitive to its thermal history; therefore, metallic glass alloys are
affected by changes in laser absorptivity and thermal conductivity caused by the differences
in powder size. For example, Zhang et al. laser melted layers of Zr55Cu30Al10Ni5 (at. %)
using three different powder size distributions, 53-75 μm, 75-106 μm and 106-150 μm (Y.
Zhang et al., 2015). The laser processing parameters were identical, however, the amorphous
content of laser-fabricated solid was 90.8%, 78.7% and 75.1% for the 53-75 μm, 75-106 μm
and 106-150 μm powder distributions, respectively. Zhang et al. suggested that melt pools
formed in the 53-75 μm sized powder bed reached a higher maximum temperature than the
melt pools formed in the 75-106 μm or 106-150 μm sized powder beds. This increase in
heating temperature and time allowed pre-existing crystals and quenched-in nuclei to
dissolve from the melt, so crystallization was reduced. The 106-150 μm powder bed was not
heated to the same extent due to particle size dependent differences in laser absorptivity and
thermal conduction, therefore, pre-existing crystals, nuclei and atomic clusters were inherited
from the powder, acted as crystal nucleation sites during AM reheating cycles and caused
increased crystal content (Y. Zhang et al., 2015). The inheritance of quenched-in nuclei has
been noted by other researchers as well (Balla and Bandyopadhyay, 2010; Lin et al., 2019;
Zheng et al., 2009a).
Results by Zhang et al. imply that smaller particle sizes may improve metallic glass
processability during LPBF. However, it is important to note the increase in powder
reactivity with decreasing particle size. The GFA of certain metallic glass alloys is
hypersensitive to oxygen contamination. As particle size decreases, the increase in surface
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area allows for more oxygen adsorption. Zhang et al. suggest that powder size distribution
has a more significant influence on thermal behavior than the oxygen content during AM.
Contamination of Feedstock and during Manufacturing
Powder purity is essential for successful AM processing of metallic glass since
impurities can reduce GFA and induce crystallization. Oxides act as heterogeneous
nucleation sites and can promote the formation of metastable quasicrystalline phases that
have a lower activation energy than a competing primary crystalline phase (H. Li et al., 2009;
H. X. Li et al., 2009). For example, Zhang et al. reported the oxygen content of small (53-75
μm), medium (75-106 μm) and large (106-150 μm) sized Zr55Cu30Al10Ni5 (at. %) powder:
1700 ppm, 1600 ppm and 1800 ppm, respectively (Y. Zhang et al., 2015). Laser melting was
performed under an inert argon atmosphere with only 15-35 ppm oxygen in the chamber.
Metastable NiZr2-type nanocrystals precipitated in the HAZ of the AM solid. Murty has
shown that during devitrification of a similar alloy, Zr65-xCu27.5Al7.5Ox (at. %), the oxygen
content promoted the formation of the NiZr2-type crystals (Murty et al., 2000). The NiZr2type phase has a low interfacial energy and can therefore nucleate with less energy compared
to other phases (Gebert et al., 1998). In addition, a needle shaped Cu10Zr7-type phase was
identified; it was predicated to be a result of pre-existing, quenched-in nuclei (Y. Zhang et
al., 2015). Zhang et al. suggest that crystallization in the HAZ can be eliminated through
reduction of oxygen content in the virgin powder and through optimization of the laser
parameters (Y. Zhang et al., 2015; Zhang et al., 2016). Superheating during melting can
dissolve pre-existing nuclei and oxides (Kim et al., 1998; Lin et al., 1997; Liu et al., 2012;
Zhang et al., 2016); however, if a melt is overheated too much, oxygen pickup and oxide
induced crystallization occur due to increased chemical activity at high temperatures (Li et
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al., 2016). For this reason, it is important to optimize the maximum temperature, eliminating
quenched-in nuclei while not inducing oxygen adsorption (Mao et al., 2009).
The reactivity of the high surface area feedstock means that powder is subject to
oxidation during handling. In addition, the non-vacuumed chamber in most AM machines
can cause oxygen pickup during melting. For example, Pauly et al. characterized bulk
specimens of Zr52.5Cu17.9Ni14.6Al10Ti5 manufactured in a SLM50(H) Realizer. The oxygen
content of the virgin powder was 520 ± 10 ppm. The AM parts contained 970 ± 20 ppm
oxygen; this is an order of magnitude larger than the oxygen level in an as-cast rod of the
same alloy, 77 ± 5 ppm. The high oxygen content in the AM solid likely stabilized the
presence of the metastable big cube, NiTi2-type phase detected during XRD analysis (Pauly
et al., 2017). Contaminates other than oxygen also deteriorated the GFA during AM of
metallic glass. The existence of contaminates including Cu = 0.035 wt. %, Ni = 0.23 wt. %
and Ti = 0.46 wt. % were detected as probable causes of crystallization in a laser-melted
Fe74Mo4P10C7.5B2.5Si2 (at. %) alloy (Pauly et al., 2013).
Despite a deterioration in GFA with oxygen, the high cooling rates achieved during
LPBF allowed the production of fully-amorphous ZrCuAlNb components, larger than the
critical casting thickness, out of a poor quality (higher oxygen content) powder
(Bordeenithikasem et al., 2018b). Similarly, Deng et al. measured 930 ± 25 ppm oxygen in
glass-forming Ti47Cu38Zr7.5Fe2.5Sn2Si1Ag2 powder (Deng et al., 2018). Interestingly, sharp
reflections corresponding to the Ti2Cu, Ti3Cu4 and TiCu phases were identified in the powder
even though the cooling rate during GA should have been sufficient to avoid crystallization
(tc = 7 mm). After laser melting, the oxygen content increased to 1250 ± 40 ppm; however,
XRD analysis showed no sharp reflection peaks. Fast cooling during laser melting likely
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prevented chemical segregation and hindered the nucleation and growth of the ti-rich, Ti2Cu
phase. The Tg, Tx, and enthalpy of crystallization of the laser-melted solid was within the
experimental error of a cast sample, so the oxygen did not measurably deteriorate the GFA
for the Ti-based.
Chemical Segregation in the Melt Pool
The shift in local composition due to chemical segregation can cause crystallization in
glass-forming alloys. During laser/melt pool interaction, two melt flow patterns can occur:
damped capillary oscillation and thermocapillary flow (Ma, 2015). The liquid oscillation and
thermocapillary waves can induce elemental segregation in the melt (Liu et al., 2011).
Electron microprobe analysis of high energy density (53.3 J/mm3) laser-melted
Zr52.5Cu17.9Ni14.6Al10Ti5 (at. %) revealed an uneven and wave-shaped distribution of Zr, Cu,
Ni, Al and Ti in a melt pool. Similarly, elemental distribution maps by Guo et al. and Sun
and Flores show a distinct swirl-like pattern, and a heterogeneous distribution of the main
elements in the melt pools of laser melted metallic glass (Guo et al., 2017; Sun and Flores,
2008). Li et al. noticed that the elemental distribution of the melt pool became more
homogenous as laser energy density decreased during Zr52.5Cu17.9Ni14.6Al10Ti5 (at. %)
processing (Li et al., 2016), and at an energy input of 13.3 J/mm3, the elements were evenly
distributed within a melt pool. Likewise, an energy input of 5.35 J/mm3 was sufficient to
achieve full vitrification and avoid chemical segregation during laser melting of
Ti47Cu38Zr7.5Fe2.5Sn2Si1Ag2 (Deng et al., 2018).
Minor changes in chemistry can drastically affect the GFA of metallic glass, so
chemical homogeneity is a requirement for successful processing. The chemical
inhomogeneity caused by melt flow at high energy densities could induce crystallization even
43

when the cooling rate is greater than the critical cooling rate (Li et al., 2016, 2014b).
Alternatively, Pauly et al. suggest that the chemical heterogeneity found in the melt pool
might be a consequence, not the source, of partial crystallization because precipitation of the
alloy they processed, Zr52.5Cu17.9Ni14.6Al10Ti5 (at. %), would require significant atomic
diffusion (Pauly et al., 2017). Regardless, in work by Li et al., a scanning strategy was
introduced where each layer was scanned four times to average the melt flow and
compensate for the uneven distribution of force during a single melt. They found that
scanning each layer multiple times created the most homogeneous and amorphous structure
(Li et al., 2016).
Devitrification in the Heat Affected Zone
During LPBF, DED and sheet lamination, laser melting can provide sufficient cooling
rates in the melt pool and HAZ for full amorphization (Ouyang et al., 2017, 2018b; C. Zhang
et al., 2018). Despite rapid solidification, crystallization in the HAZ is commonly observed
in laser-fabricated material (Guo et al., 2016; Lin et al., 2019; Lu et al., 2019, 2018, 2017;
Ouyang et al., 2018a, 2018b, 2017; Shen et al., 2017a; Sun and Flores, 2013, 2010, 2008; Xu
et al., 2019; Yang et al., 2012; Ye and Shin, 2014; Y. Zhang et al., 2018; Zheng et al.,
2009a).
The crystals found in the HAZ are typically nano-sized, spherulitic and surrounded by
an amorphous matrix. Many have suggested that the reheating of the amorphous phase
during subsequent layer and track deposition results in structural relaxation in the HAZ (Lin
et al., 2019; Lu et al., 2019; Xu et al., 2019). This structural relaxation may result in the
formation of nuclei and/or nano-crystals. Ouyang et al. examined the diffraction rings of the
amorphous phase surrounding the crystals in the HAZ and melt pool of LPBF-fabricated
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Zr55Cu30Ni5Al10. The diffraction ring of the HAZ amorphous phase was larger than that of
the melt pool amorphous phase indicating that the atomic distance was shorter and that
structural relaxation did occur (Ouyang et al., 2018a). Since the HAZ is structurally relaxed
and partially crystallized, any post-heat treatments, even if below the feedstock material’s Tx,
would likely lead to the growth of pre-existing nuclei or nano-crystals.
Sun and Flores showed that there was no compositional segregation at the spherulitic
crystal growth front of laser deposited ZrCuNiAlNb metallic glass. Unlike for multiphase
nanocrystallization (common during slow heating rates), long-range atomic diffusion and
phase separation are not a requisite for spherulitic crystallization in the HAZ (high heating
rates) (Sun and Flores, 2013). Instead, microstructural observations suggest that the rapid
heating during laser melting suppresses nucleation and bypasses phase separation, resulting
in a crystallization mechanism dominated by rapid spherulitic growth from quenched-in
nuclei or atomic clusters. Without the requirement for phase separation and long-range
atomic diffusion, the activation energy for spherulitic crystallization is half of that for
required for multiphase nanocrystallization, based on calculations by Sun and Flores.
Furthermore, the significant difference in the temperature at which maximum nucleation and
growth occur, along with the presence of quenched-in nuclei, results in a distinct asymmetry
in the critical cooling and heating rates required to prevent crystallization and devitrification
of metallic glass (Schroers et al., 1999). Lu et al. calculated the TTT diagram for a Zr-based
BMG; the diagram showed a pronounced asymmetry between the critical heating and cooling
rates (Figure 1) (Lu et al., 2017). Combining this TTT diagram with their thermal cycle
curves, they determined that crystallization in the HAZ was caused by insufficient heating
rates during thermal cycling.

45

The size and degree of crystallization in the HAZ is affected by the processing
parameters. At larger energy densities the cooling rates remain sufficient for amorphization,
however the size and time-at-temperature of the HAZ increases thereby allowing for
increased nucleation and growth of crystals (Lu et al., 2019; Ouyang et al., 2018b). While it
has proven difficult in practice, molecular dynamics simulations advocate that full
amorphization, even in the HAZ, is attainable given the appropriate processing parameters
(Guo et al., 2016, p. 201; Y. Zhang et al., 2018). Crystallization in the HAZ is also highly
contingent on the thermal stability of the alloy composition (Ouyang et al., 2018b); however,
thus far, no researchers have targeted metallic glass chemistries with high thermal stabilities
as a means to eliminate crystallization in the HAZ.

Figure 1. Time-temperature-transformation diagram of a bulk metallic glass showing a difference in
critical cooling (Rc) and heating (Rh) rate. Recreated from (Lu et al., 2017).

Chapter Summary
Thus far, research regarding the AM of metallic glass has fixated on process
development. This research has led to the production of metallic glass components with
dimensions or geometries not producible using any other manufacturing technique. Despite
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these successes, researchers still struggle to prevent devitrification and cracking during AM
of most metallic glass compositions. These challenges have shifted the research focus
towards modeling and understanding cracking and devitrification of metallic glass in AM,
and then adapting the AM equipment and processing parameters to accommodate the unique
requirements for metallic glass. Although researchers identified the need to adjust AM
equipment and parameters to improve the quality of AM metallic glass components, no group
has targeted a glass-forming chemistry based on AM process requirements (based on the
literature surveyed in this work). Instead, chemistries were chosen based on familiarity from
other processing techniques, such as casting or melt spinning. Consequently, the alloy
compositions used thus far exhibited poor AM processability, evident by their propensity to
crack or devitrify regardless of process development efforts. These results indicate that there
is a need to identify compositions with higher crack resistance and better AM processability
than the ones previously selected. If a metallic glass composition is designed for AM to
have a high GFA, thermal stability and crack resistance, then the AM production should be
straightforward given the significant work contributed towards process development thus far.
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CHAPTER 3: ADDITIVE MANUFACTURING OF AN IRON-BASED BULK
METALLIC GLASS LARGER THAN THE CRITICAL CASTING THICKNESS
Mahbooba, Z., Thorsson, L., Unosson, M., Skoglund, P., West, H., Horn, T., Rock, C., Vogli,
E., Harrysson, O., 2018. Additive manufacturing of an iron-based bulk metallic glass
larger than the critical casting thickness. Applied Materials Today 11, 264–269.
https://doi.org/10.1016/j.apmt.2018.02.011
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CHAPTER 4: EXPLORING THE USE OF CHEMISTRY MODIFICATIONS AND
ELECTRON BEAM MELTING TO REDUCE MICRO-CRACKING DURING
ADDITIVE MANUFACTURING OF METALLIC GLASS
Introduction
The glass-forming chemistry processed in chapter 3, FeCrMoCB, was selected due to
its commercial availability in the form of AM-quality powder. After process development, it
was determined that the alloy was not well suited for AM processing due to its tendency to
crack regardless of process development. Micro-cracking was unavoidable during LPBF of
FeCrMoCB due to the brittleness of the composition and the large thermal stresses in LPBF.
This chapter explores the use of chemistry modifications and EBM to improve alloy
plasticity and reduce thermal stress, respectively.
Glass-forming alloys with a higher plasticity than FeCrMoCB may exhibit a higher
AM processability and develop less micro-cracks during AM. Two new glass-forming
chemistries were processed in this work, both are predicted to have a higher plasticity and
crack resistance than FeCrMoCB. The first glass-forming chemistry is a modification of the
FeCrMoCB alloy without chromium, Fe68.20Mo25.62C3.37B1.75 at. %. Decreasing the
chromium content in the FeCrMoCB family of alloys was documented to improve plasticity
(Gu et al., 2008) and GFA (Pang et al., 2002). Therefore, the elimination of chromium from
FeCrMoCB is expected to improve the alloy's suitability for LPBF without the requirement
to re-start parameter development. The second glass-forming chemistry is ZrbalanceCu23-25Al35Nb1-3

wt. % (hereafter referred to as AMZ4), an alloy patented by Heraeus (Hanau,

Germany) having a Tm, Tg, and Tx of 915ºC, 400ºC, and 470ºC, respectively. AMZ4 is
advertised as a metal powder for AM, however there is no evidence that the chemistry was
specifically designed for AM. Instead, the powder size, morphology and purity of the
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powder are of AM quality. Zirconium-based metallic glass alloys are well-known to have
higher plasticity than Fe-based metallic glass alloys, so the drastic change in alloy chemistry
is expected to allow for crack-free fabrication of metallic glass. Unfortunately, AMZ4 will
require a significant amount of parameter development since the alloy has not previously
been additively manufactured. It is hypothesized that FeMoCB and AMZ4 will have higher
plasticity and crack resistance than FeCrMoCB, and therefore exhibit a higher processability
during LPBF.
In addition to LPBF processing, FeMoCB and FeCrMoCB will be processed using
EBM. During EBM, the build platform is heated to temperatures >100ºC during the
processing of conventional metals. The high temperature of the build platform reduces the
thermal gradient between the melt and the previously melted layers, so the thermal stress is
reduced. The reduction in stress may allow for the fabrication of crack-free FeCrMoCB,
which was unattainable under the high thermal stress conditions of LPBF. In addition, the
predicted improvement in plasticity and the reduced thermal stress in EBM may allow for
crack-free fabrication of FeMoCB. Finally, since EBM is performed under vacuum, the
glass-forming alloys are less likely to oxidize during processing. This is useful for attaining
an amorphous microstructure since the GFA of metallic glass is sensitive to changes in
chemical composition.
Materials and Methods
Powder characterization
All powder batches were produced via gas atomization. The AMZ4 powder was gas
provided by Heraeus and was used as-received. The FeCrMoCB EBM powder was sieved to
+200/-120 (+74 μm / -125 μm) before use. The FeMoCB powder batches were produced at
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Swerea KIMAB (Kista, Sweden) with particle size distributions for LPBF and EBM. The
FeMoCB LPBF powder was air classified and the EBM powder was sieved to +325/-140
(+44 μm / -106 μm) before AM. Particle size distributions of the four powder batches
(FeCrMoCB for EBM, FeMoCB for EBM, FeMoCB for LPBF, and AMZ4 for LPBF) were
measured using a Microtrac S3500 laser diffraction particle size analyzer, and particle
morphologies were examined using a JEOL 6010 LA SEM.
Laser Powder Bed Fusion
The FeMoCB and AMZ4 glass-forming alloys were processed in an EOS M280
system equipped with a 200 W Yb-fiber laser. During processing, the build chamber was
flooded with argon gas to limit the oxygen content in the chamber (< 1000 ppm). The build
substrates consisted of ground inserts (15.24 cm x 1.90 cm x 0.63 cm) bolted into matching
pockets milled into a standard EOS steel build platform. This setup facilitated rapid sample
removal and reduced build set-up time. Processing parameters were developed for FeMoCB
and AMZ4 in an attempt to produce crack-free (fully-dense), amorphous components.
Another goal of parameter development was to observe the influence of the new alloy
chemistries on crack resistance during LPBF.
Since a processing space was optimized for FeCrMoCB in chapter 3, this was used as
a starting point for development of FeMoCB. Cylindrical samples 1 cm in diameter and of
varying height were produced onto 4140 steel inserts during parameter development. Laser
parameters including laser power, laser scanning speed and hatch spacing were
systematically varied as described in the Materials and methods section of chapter 3.
Processing parameters for AMZ4 were similarly varied. The AMZ4 alloy was built onto
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Figure 2. Photos depicting LPBF-fabricated AMZ4.

stainless-steel build substrates. The optimized parameter set for AMZ4 was used to produce
a 30 mm x 45 Ø mm cylinder and several components with unique geometries depicted in
Figure 2. The density of the FeMoCB and AMZ4 components was analyzed using the
Archimedes’ method. In addition, the components were sectioned along the z-plane and
analyzed using a Rigaku SmartLab x-ray diffractometer and a Hirox KH-7700 digital light
microscope.
Electron Beam Melting
The FeCrMoCB and FeMoCB glass-forming alloys were processed in an Arcam A2
EBM system and an Arcam S12 EBM system, respectively. From a process development
standpoint the main difference between LPBF and EBM is the number of parameters that can
be altered and eventually optimized. In this work, the number of parameters was reduced for
the initial development work to find an appropriate processing window, and the EBM
machine was run in manual mode. Due to the complexity of the EBM system, using constant
processing parameters (i.e. manual mode) can only be used for very simple geometries, like
the small-scale cylinders produced during parameter development. For more complex
geometries the processing parameters, like energy input, are calculated for each layer using
the machine's internal algorithms.
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Production in a stock EBM machine requires more than 10 liters of powder even for
the fabrication of small components. This is a result of the powder feeder design in
commercially available EBM equipment. Due to the high cost of EBM quality powder,
producing large powder batches for new alloy development is impractical. A newly designed
and constructed build tank, pictured in Figure 3, was produced at NCSU to process new
materials. The small build tank requires less than 1 liter of powder for operation and
enhances the vacuum capability of the EBM by an order of magnitude. During EBM
development, the FeCrMoCB and FeMoCB alloys were processed in Arcam EBM systems
equipped with a custom small build tank.
Twenty EBM builds were ran during FeCrMoCB parameter development. Three
different build geometries were fabricated onto 50.8 mm x 76.2 Ø mm stainless steel build
platforms: 1. 10 Ø mm 2. 15 Ø mm 3. 20 mm x 20 mm. The build height was dictated by the
amount of powder and success of the build parameters. The build height reached 2 mm
during some EBM trials. Initially cylindrical geometries were used because the sharp corners
of a rectangular prism can initiate cracking. After several EBM trials, it was determined that

Figure 3. Photo depicting the redesigned EBM build tank for processing small powder batches.
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the small diameter cylinders (10 Ø mm) did not allow adequate time for the development of a
stable melt pool, so the diameter was increased to 15 Ø mm. After further development, the
part geometry was changed to a rectangular prism shape (20 mm x 20 mm) with the intent of
having an equal melt pool length during each line of melting. Due to the complexity of EBM
processing, the use of different parameters and process development strategies is less
intuitive than for LPBF. The key parameters focused on during process development in this
work are preheat temperature, current, voltage, beam speed and focus offset. A variety of
melt strategies, some less common than others, were employed in an attempt to produce
metallic glass components:
1. Plate preheat: the build plate was preheated up to 450ºC. Plate preheat reduces
thermal stress since the thermal gradient between the melt and previously melted
layers is reduced.
2. No build plate preheat: the build plate was not heated in an attempt to eliminate
overheating.
3. Powder preheat: the powder was preheated to sinter the powder together before
melting. This reduces powder smoking and the thermal gradient.
4. No powder preheat: the powder was not preheated since the build stabilizes at the
preheat temperature which is > Tg.
5. Constant energy per layer: energy input per layer was held constant, but processing
parameters were altered.
6. Constant melt pool size: melt pool size was held constant while processing
parameters were altered. Melt pool size was calculated using Equation 2.
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Equation 2. The EBM melt pool size where P is power (W), θ_m is the temperature rise to Tm (ºC),
k is the thermal conductivity (W/mmºC), d is the beam diameter (mm), v is velocity (mm/s) , ρ is the
density of the powder (g/mm3) and c is specific heat (J/gºC).

𝑧𝑧 = 0.1

𝑃𝑃

𝜃𝜃𝑚𝑚 �𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾

7. Layer remelt: each layer was melted with low current and high focus offset to reduce
powder smoking, and was remelted 2-10 times to ensure full melting.
8. Flash melt: high scanning speed was used in an attempt to melt powder before
smoking could occur.
Selected samples were analyzed using XRD.
The EBM parameter development of FeMoCB was significantly different from EBM
parameter development of FeCrMoCB. The same 50.8 mm x 76.2 Ø mm stainless steel build
platforms were used; however, process development mainly consisted of a smoke test melt
strategy. During the smoke test, energy input was slowly increased from 0 J using a variety
of different processing parameters in an attempt to find a parameter space that did not cause
smoking.
Results
Powder Characterization
The particle size distribution for each of the four powder batches is reported in Table
2 and Figure 4 - Figure 7. The 10th and 90th percentiles of the FeMoCB LPBF powder after
air classification are 19 and 50 µm by volume, and 8 and 32 μm by number. Since the
FeMoCB LPBF powder was air classified, a distinct cut off in the powder size by number is
visible around 9 µm in Figure 6. The particle morphologies were mostly spherical with a low
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concentration of elongated particles. This powder spread well during LPBF and has
acceptable morphology for LPBF.
The 10th and 90th percentiles of the as-received AMZ4 powder are 10 and 34 µm by
volume, and 2 and 16 μm by number. The particle size distribution curve in Figure 4 reveals
that a large number of fine-sized (< 10 µm) particles exist in the powder batch. These fine
particles are lost in the powder size distribution curve by volume which exhibits a Gaussian
distribution. The large number of fine particles in the AMZ4 powder batch could not be
removed via sieving and resulted in poor spreadability onto the build platform during LPBF.
In addition to fine-sized particles, the AMZ4 powder batch contained some non-spherical
particles, elongated and donut shaped particles; some of these particle geometries are
depicted in Figure 9.
The 10th and 90th percentiles of the FeCrMoCB EBM powder after sieving are 59 and
120 µm by volume, and 17 and 88 μm by number. A micrograph of the powder batch in
Figure 9 indicates that the FeCrMoCB particles are mostly spherical. Although there are
some fine particles, the FeCrMoCB powder batch has an acceptable size and morphology for
EBM processing.

Table 2. Particle size distribution and morphology of four powder batches processed using LPBF
and EBM.

Alloy
FeMoCB
AMZ4
FeCrMoCB
FeMoCB

AM
Machine
LPBF
LPBF
EBM
EBM

Particle Size
Volume
19 - 50 μm
10 - 34 µm
59 - 120 µm
60 - 175 µm

Particle Size
Number
8 – 32 μm
2 - 16 μm
17 - 88 µm
16 - 96 μm
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Particle
Morphology
Non-spherical
Mostly spherical
Spherical
Non-spherical

Figure 4. Particle size distribution by number (left) and volume (right) of AMZ4 LPBF powder.

Figure 5. Particle size distribution by number (left) and volume (right) of FeCrMoCB EBM powder.

Figure 6. Particle size distribution by number (left) and volume (right) of FeMoCB LPBF powder.

Figure 7. Particle size distribution by number (left) and volume (right) of FeMoCB EBM powder.
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The 10th and 90th percentiles of the FeMoCB EBM powder after sieving are 60 and
175 µm by volume, and 16 and 96 μm by number. The particle size distribution by number
is bimodal with 25% of the particles having a diameter less than 30 μm. Similarly to the
AMZ4 powder, these fine particles are lost in the powder size distribution curve by volume
which exhibits a Gaussian distribution. Scanning electron microscopy in Figure 8 reveals
that a large concentration of elongated and plate-like powder particles remained in the
powder batch after sieving EBM FeCrMoCB. The large number of smaller-sized particles
and the non-spherical morphologies are not ideal for EBM. The small particles increase the
chances of smoking while the non-spherical morphologies cause inefficient powder bed
packing that can cause smoking or limit the maximum achievable density.

Figure 8. SEM micrographs of the EBM FeCrMoCB (top-left), LPBF AMZ4 (top-right), LPBF
FeMoCB (bottom-left) and EBM FeMoCB (bottom-right) gas atomized powders.
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Laser Powder Bed Fusion
The FeMoCB components fabricated using LPBF have a much denser cross-section
compared to the the FeCrMoCB components shown in chapter 3 (Figure 9). Like the chapter
3 FeCrMoCB components, the FeMoCB components were XRD amorphous along the build
direction. The microhardness of the FeMoCB samples averaged at 993 HV and were higher
than those measured for the chapter 3 FeCrMoCB components, 902 HV.
The AMZ4 components fabricated using LPBF contained spherical porosities roughly
10-30 μm in diameter (Figure 10). The average Archimedes’ density (in acetone) of the solid
samples was 98.6% as compared to a cast reference sample. The high density of the samples
suggests that full melting occurred during LPBF. The remaining porosity is likely a result of
gas atomization porosity, the powder donut feature, or poor powder bed density.
Due to the poor weldability between zirconium and steel, there was only a superficial
connection between the AMZ4 component and the steel build insert. AMZ4 parts would
routinely delaminate from the build substrate and curl up at the edges due to the thermal
stress accumulation during LPBF processing. Samples were often knocked off the build
platform by the recoater blade and could easily be removed from the plate by hand. To
improve the weld quality between AMZ4 and the build substrate, two new build plate
materials were tested: brass and titanium. Zirconium has the best weldability to titanium;
therefore, the build plate material was changed and laser parameters were further developed.
Sample connectivity greatly improved but curling around the edges of larger parts still
occurred. The high plasticity of AMZ4 as compared to Fe-based alloys allowed for the
production of crack-free components. However, when larger-scale samples were produced,
large cracks initiated at the edges or base of the AMZ4 component (Figure 11). These cracks
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were distinctly different from the network of micro-cracks observed in the FeCrMoCB and
FeMoCB alloys. The shape of the cracks in AMZ4 imply that they were caused by thermal
stress. X-ray diffraction analysis along the build plane of AMZ4 samples is reported in
Figure 12 and shows a broad amorphous halo peak superimposed over some sharp
reflections.

Figure 9. LPBF-fabricated FeCrMoCB (left) and FeMoCB (right) cross-sections along the build
axis.

Figure 10. Cross section along the build plane of LPBF-fabricated AMZ4 revealing spherical
porosity between 10 and 30 µm in diameter.

Figure 11. Micrographs of LPBF-fabricated AMZ4 along the build axis depicting stress-induced
cracks.
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Figure 12. X-ray diffraction spectrum of LPBF-fabricated AMZ4.

Electron Beam Melting
Selected FeCrMoCB EBM builds are pictured in Figure 13. Samples produced
during parameter development show evidence of cracking, poor density and overheating.
During EBM fabrication, the build plate temperature often increased to above the Tg and Tx
after a few layers were deposited. After visual inspection during and after EBM fabrication,
these samples were deemed unworthy of further characterization. A “best case scenario”
sample in terms of microstructure was built onto a 4 inch thick build plate. The larger build
plate was used to act as a heat sink to keep the component temperature below the Tg of
FeCrMoCB. The first 10 layers were doubled melted to ensure good connectivity to the
build platform. The sample reached 2.45 mm tall and the final build plate temperature was
57ºC, far below the Tg. The XRD spectrum, shown in Figure 14, indicates that the sample
was fully crystalline. The build plate thermocouple, located on the underside of the build
plate, is the only temperature reading offered by the EBM equipment. Although build plate
temperature was maintained below Tg, there is no information on the surface temperature of
the build plate or FeCrMoCB sample during EBM fabrication; this is a major flaw of the
stock EBM and “small build tank” design.
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During EBM processing, FeMoCB was prone to severe smoking even with low beam
voltage and current values, and a highly defocused beam. A series of low voltage, low speed
and large focus offset parameters were used to test the smoking threshold of the powder. In
almost all parameter combinations, the powder smoke threshold was non-existent. In several
instances the powder spread onto the plate would smoke before the electron beam interacted
with the powder. The small amount of leakage current was enough to cause smoking of the
powder bed. Unlike FeCrMoCB, the FeMoCB powder batch was not processable using
EBM and no components were produced.

Figure 13. Selected EBM builds of FeCrMoCB.

Figure 14. X-ray diffraction spectrum of the “best case scenario” EBM-fabricated FeCrMoCB
sample.
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Discussion
Powder
Most of the powder batches contained elongated powder particles. Non-spherical
powder morphologies negatively influence the powder bed density and subsequently impact
the maximum achievable solid density. The occurrence of elongated particles is a result of
the high liquid viscosity of glass-forming alloys and the lack of fully-optimized gas
atomization parameters. Gas atomization parameter optimization for a custom alloy,
especially one with a high viscosity, can be costly and time consuming.
The AMZ4 powder batch contained a large number of fine-sized particles. As
powder size decreases, the surface area to volume ratio increases and the powder
agglomerates and picks up water. The AMZ4 powder was challenging to spread during
LPBF, so the first layers were manually spread until the powder bed stabilized. Similarly,
the EBM powder batches both contained a large number of smaller sized particles. During
EBM, these small particles negatively affect processability in terms of powder smoking; this
is discussed further in the Electron Beam Melting section below.
Laser Powder Bed Fusion
The absence of chromium in FeMoCB was intended to increase the plasticity of the
alloy to reduce micro-cracking during LPBF. The effect of increased plasticity was
significant enough to noticeably reduce cracking during LPBF and during post-processing;
however, some microcracks were still present in the cut and polished material. Poor
connectivity between the cylinders and the build plate was a key challenge during AMZ4
processing. In AM processing of Zr-based BMGs several researchers used build substrates
with an identical chemistry as the BMG or used pure Zr substrates. The cost of attaining
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metallic glass or pure Zr substrates was outside of the budget of the AMZ4 development
project. The thermal stress caused by rapid heating and solidification caused delamination
from the build platform, geometric distortion and cracking in LPBF-fabricated AMZ4.
Additionally, cracking and delamination from the build plate likely reduced heat transfer
during melting; this is a possible cause of the partial crystallization. Further parameter
development, likely focused on scanning pattern optimization, is required to help reduce
stress accumulation. Lastly, Zr-based BMGs are highly reactive with oxygen. With the
small powder size distribution it is possible that the virgin powder contained > 2500 ppm
(wt. %) of oxygen as specified in the material datasheet. Low oxygen content is well known
to cause crystallization in Zr-based BMGs using any processing techniques (Liu et al., 2002;
Pauly et al., 2017; Y. Zhang et al., 2015). It is challenging to eliminate oxidation during
LPBF processing. The build chamber in the EOS M280 is flooded with argon during
processing, but residual oxygen is still present during operation. Highly reactive metals, like
Zr, pick up this oxygen during melting. Although no oxygen analysis was completed on the
AMZ4 powder or solid, it is a probable catalyst of grain nucleation.
Electron Beam Melting
Three major challenges were encountered during EBM parameter development:
powder smoking, overheating and cracking; they are each discussed in detail in this section.
During electron beam interaction, powder particles become electrostatically charged and
repel one another if the charge is not dissipated quickly. If the repulsive forces overcome the
force of gravity then the powder particles electrostatically repel and form a smoke cloud of
metal powder. Instances of powder smoking were frequently observed throughout EBM
process development of FeCrMoCB and FeMoCB. Non-ideal powder size, morphology and
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chemistry are chief contributors to smoking. Electron beam parameters with low scanning
speed, low current and large focus offset significantly reduced the occurrence of smoking
during EBM.
The low electrical conductivity of Fe-based BMGs was an additional cause of
smoking. Electron beam melting of low electrical conductivity materials is achieved by
preheating the powder bed with the electron beam before melting each layer. This preheating
step sinters the powder, and the binding forces between the sintered particles reduce the
probability of smoking. Preheating parameters were applied to FeCrMoCB during EBM
processing, however atomic diffusion never took place and the powder did not sinter. The
EBM build temperature typically stabilizes at the sintering temperature (> 0.5Tm). Although
powder bed preheating reduces smoking during the production of low conductivity
crystalline metals, it is not feasible to preheat the metallic glass powder since the sintering
temperature is greater than the Tg. If the build temperature is held at T > Tg then the material
would crystallize without adequate control over time-at-temperature.
Powder smoking negatively affected productivity during EBM parameter
development. After a smoke event, all of the powder on the build plate is gone and the
electron beam automatically turns off. After this, powder is manually spread onto the build
platform. Depending on the height of the build at the time of smoke and how many smoke
events happened during the build, a lot of powder from the feeder is wasted. Electron beam
melt builds of FeCrMoCB were often run until the powder dispenser was empty. Before
starting a new EBM build, the electron gun needs to be disassembled and cleaned since
powder is often accelerated up into the gun during a smoke event. In addition to this
explosive smoking, local smoke events also occurred during parameter development. During
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local smoking the beam pushes powder away from the melt pool instead of melting it
(powder only moves 1-2 mm). In this case the beam does not shut off and the operator must
pause the build and make manual adjustments to the build platform height. If this build plate
adjustment is not completed, the next layer will be too thick, and powder smoking will
become more likely or the powder layer will not be fully melted. Overall, high counts of fine
particles in the FeCrMoCB powder batches, coupled with the poor electrical conductivity of
the Fe-based BMG powder caused smoking.
It was initially hypothesized that the absence of chromium in FeMoCB caused an
oxide layer to form on the surface of powder particles, thereby preventing charge
dissipation. Cross-sectional analysis using energy dispersive spectroscopy did not provide
enough resolution to detect an oxide layer on the FeMoCB powder surface; therefore, oxygen
content was measured using inert gas fusion analysis. Oxygen content was only 0.020 at. %
measured in the powder EBM FeMoCB powder compared to 0.098 at. % in the EBM
FeCrMoCB powder; this suggests that significant oxide formation was not the cause of
excessive smoking. Alternatively, it is predicted that smoking of FeMoCB was primarily a
result of powder morphology effects. Scanning electron microscopy analysis revealed that
the EBM FeMoCB powder batch contained a high volume of elongated and non-spherical
particles that could not be removed via sieving. The non-spherical powder morphology
resulted in inefficient powder packing in the EBM machine, therefore the area of contact
between particles was reduced and charge was dissipated less efficiently. Challenges
associated with gas atomization of custom alloys, especially a very viscous metallic glass
alloy, make optimizing powder morphology challenging. A combination of fine particles,
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non-spherical powder morphology and poor electrical conductivity of the material caused
severe smoking that prohibited the production of FeMoCB parts using EBM.
In addition to smoking, heat build-up was a major challenge encountered during EBM
processing. Samples were produced with a variety of build plate temperatures below Tg.
Higher build plate temperatures helped reduce severe cracking, but micro-cracking occurred
regardless of build plate temperature due to the brittle nature of FeCrMoCB. During
solidification, heat dissipates into the build plate. Once the heat capacity of the build plate is
reached, the build plate temperature drastically increases as more layers are melted. In one
instance, the build plate temperature increased by 600ºC during EBM, exceeding the Tg and
Tx, after only 2 mm of material was deposited. The build plate temperature increased
drastically because the build plate is surrounded by powder. The low thermal conductivity
metallic glass powder effectively isolates the build plate from the build tank and resulted in
quick heat buildup during melting. To improve the heat capacity of the build plate and
reduce overheating, a larger build plate, 101.6 mm x 76.2 Ø mm, was used; this minimally
improved overheating. Overheating of the build plate and FeCrMoCB parts resulted in part
curling, swelling, beading and crystallization.
By eliminating the build plate preheat and melting only a small cross sectional area, a
3 mm tall sample was produced while maintaining build plate temperature < 0.5Tg.

Figure 15. FeCrMoCB EBM samples depicting delamination from the build plate and cracking along
the XY plane.
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Regardless of build plate temperature, XRD results of the EBM sample indicated that the
material was fully crystallized. Since EBM is performed under vacuum, it is critical that heat
transfers through the deposited material and into the build plate to allow for rapid
solidification. Crystallization occurred, even when the build plate temperature remained low,
due to severe cracking along the XY plane. Cracking reduced contact to the build plate and
then heat built up occurred in the part rather than the build plate.
Catastrophic cracks were often generated along the XY plane during EBM processing
(Figure 15). Cracking is likely a cause of the brittle nature of the FeCrMoCB alloy and
thermal stresses generated during processing. Thermal stresses arise due to the temperature
difference between melted and unmelted layers of material. Elevated build plate
temperatures and powder preheat help relieve stress and reduce cracking in EBM. In this
work, samples were produced with a variety of build plate temperatures below Tg. Higher
build plate temperatures helped reduce severe cracking; however, plate temperature quickly
increased to temperatures above Tg and Tx and crystallization took place. In addition,
powder preheat was used in some instances; however, it was eliminated for most EBM runs
to try to avoid overheating. Cracking caused heat to accumulate into the FeCrMoCB part
rather than be transferred into the build plate. Elevated build temperatures reduced
catastrophic cracking, but micro-cracking occurred regardless of build plate temperature due
to the brittle nature of FeCrMoCB.
Chapter Summary
The objective of chapter 4 research was to explore the use of alloy chemistry
modifications and EBM to reduce micro-cracking during AM of metallic glass alloys. The
FeMoCB alloy, which was a variation of the alloy processed in chapter 3, exhibited a
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noticeable improvement in LPBF processability. However, the alloy still contained microcracks after cutting and polishing. Dissimilarly, the AMZ4 alloy demonstrated a much
higher resistance to cracking during LPBF. The improved processability, a result of the
increased plasticity, allowed for the production of mostly amorphous components with
complex geometries.
An amorphous metallic glass was not manufactured using EBM, however it’s utility
to produce metallic glass is still feasible. Devitrification of FeCrMoCB during EBM was
caused by insufficient heat dissipation into the build plate, a result of cracking and
overheating of the build plate. It is well understood that an elevated build plate temperature
relieves thermal stresses in AM. An active thermal management system would provide the
capability to use elevated build plate temperatures, relieving stress and eliminating cracking,
while maintaining the build temperature below Tg. Furthermore, the inability to fabricate any
components using the FeMoCB alloy highlighted the impact of powder morphology on the
processability of alloys in EBM. In the future, new alloy chemistries may require multiple
iterations of gas atomization before a batch with powder size and morphology that is
acceptable for EBM is produced.
This work highlighted the importance of the alloy chemistry and manufacturing
method during AM of metallic glass. The use of "educated-guess" alloy chemistry selection
was employed in an attempt to find one suitable for bulk glass formation using AM. Instead,
a more scientific alloy chemistry selection methodology should be applied.
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CHAPTER 5: IDENTIFICATION AND APPLICATION OF COMPUTATIONAL
TOOLS TO PROPOSE A NOVEL IRON-BASED METALLIC GLASS CHEMISTRY
WITH ACCEPTABLE ADDITIVE MANUFACTURING PROCESSABILITY
Introduction
Thus far, research regarding AM of Fe-based metallic glass has fixated on process
development. While the technology has progressed, researchers continue to report challenges
overcoming devitrification and cracking during processing; both are detrimental to the
mechanical and magnetic performance of the material. Based on the literature surveyed in
chapter 2, no group has targeted a glass-forming chemistry based on AM process
requirements. Instead, chemistries were chosen based on familiarity from other processing
techniques such as casting or melt spinning. Consequently, the alloy compositions used thus
far exhibited poor AM processability, evident by their propensity to crack regardless of
process development efforts. These results indicate that there is a need to identify the causes
of crack formation during AM of glass-forming alloys and ultimately find compositions with
higher crack resistance and better AM processability than the ones previously selected.
The work completed in chapter 4 revealed that AM can be used to produce crack-free
metallic glass using a less brittle, Zr-based alloy. In addition, the chapter 4 work showed that
altering the composition of FeMoCrCB did influence the AM processability of the alloy.
The selection of new compositions in chapter 4 resembled a trial-and-error and guesswork
approach to metallic glass alloy design. Alternatively, the objective of this chapter is to
apply a quantitative, scientific approach towards alloy design to propose a unique Fe-based
composition with high AM processability. Fe-based metallic glass alloys are of particular
interest due to their soft magnetic properties, high strength and low cost compared to Zrbased metallic glass (Telford, 2004). To attain a high AM processability, the unique Fe76

based composition must have suitable properties for additive processing including the ability
to be atomized into high-quality powder with the intended chemical, morphological and flow
properties. In addition, it is imperative that the composition possess a high crack resistance
and sufficient GFA and thermal stability to avoid devitrification and cracking during laser
melting. The methodologies and results presented in this chapter are based on work
performed during an internship at QuesTek Innovations LLC, located in Evanston, IL. In
addition, some technical work was supported by engineers at QuesTek Europe AB, located in
Stockholm, Sweden.
Understanding the causes of cracks in AM is an essential step towards improving the
crack resistance of an AM material. Cracks present in AM metals are primarily a result of
lack of fusion, delamination, solidification cracking, strain age cracking, liquation cracking
or ductility dip cracking. With the exception of lack of fusion and delamination, these crack
types are all distinct to crystalline materials, and therefore are not implicitly relatable to
cracks found in amorphous metallic glass. However, knowledge of the origin or remedy to
the different AM cracks gives insight into designing a metallic glass to have acceptable crack
resistance during AM. The lack of fusion and delamination cracks result from imperfect
processing conditions, and therefore can typically be eliminated through process parameter
alteration. Strain age cracking in conventional metals is relatable to the relaxation induced
brittleness, and the subsequent cracking that can occur during reheating of metallic glass
above the glass transition temperature. Again, this can be managed via process parameter
alteration. Solidification cracking occurs in AM while the material is in between the solid
and liquid phases. This means that the size of the supercooled liquid region, ∆T=Tl−Tg, in a
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glass-forming alloy impacts the likelihood of a solidification style crack to occur during AM,
and that this region should be minimized to improve an alloy’s solidification crack resistance.
Cracks characterized as liquation or ductility dip cracks form exclusively under an
applied or residual stress. The residual stress inherent to AM that causes these cracks to form
can be managed through processing parameter and scanning pattern alteration, however, it
cannot be eliminated completely. The stress generated during AM is a result of the steep
temperature gradient around the molten pools and the subsequent expansion and contraction
of the material (Li et al., 2014a). Only when this thermal stress exceeds the fracture strength
of a material will a crack occur (Xing et al., 2018). According to FEM simulations by Xing
et al., even the maximum thermal stress generated during rapid heating/solidification does
not exceed the typical fracture strength of Fe-based metallic glass. For this reason, Xing et
al. assert that AM thermal stress cannot cause micro-cracks unless there are stress
concentrating defects in the AM material (i.e. porosity). Pores are an intrinsic defect in AM
components even with optimized processing parameters. It seems appropriate to assume that
a material with a lower coefficient of thermal expansion will generate less stress during AM,
and that a material with a higher fracture strength will have a higher AM crack resistance.
For this reason, it is useful to predict and optimize the thermal expansion coefficient and
fracture strength of a new AM material to improve liquation and ductility dip crack
resistance.
Standard rules used to guide the selection of glass-forming compositions, originally
published by renowned metallic glass researchers (Cahn and Greer, 1996; Inoue, 2000;
Turnbull, 1969), were described in the Glass-forming Compositions section. While the glassformation rules offered by Cahn, Greer, Turnbull, and Inoue have successfully guided the
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development of new glass-forming compositions, they in no way capture the true complexity
of glass formation. Li et al. applied the glass-formation rules conceived by Cahn, Greer,
Turnbull, and Inoue, to approximate the number of potential glass-forming alloy systems
(binary, ternary, quaternary and quinary) (Yanglin Li et al., 2017). Approximately 106
compositions satisfied the basic glass-formation rules. Of these 106 potential BMGs Li et al.
calculated that only a small fraction, ~0.1 %, have actually been discovered. This low
fraction originates from the lack of predictable theories to identify glass-forming
compositions and the inefficiency of the currently used trial-and-error alloy development
methods.
Several glass-formation design theories have been proposed following the first rules
offered by Cahn, Greer, Turnbull, and Inoue (Laws et al., 2015; Perim et al., 2016; Vincent et
al., 2011; Yang and Zhang, 2012; K. Zhang et al., 2015). Li et al. divided all glass-formation
design theories into two groups (Yanglin Li et al., 2017). The first group is comprised of
theories that are based on properties that are determined by the physical properties of the
alloy such as viscosity, fragility, density, Tl, Tg, Tx, and the structure and density of states of
competing crystalline phases. These physical properties can be combined to create
parameters that correlate with glass formation; some are listed in Table 3. The challenge
with using theories in this group is that many of the physical properties needed to determine

Table 3. Parameters that correlate with GFA (Yanglin Li et al., 2017).

Parameter
Reduced glass transition, Trg
Supercooled liquid region ∆T
Parameter S
Parameter γ
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Equation
Tg/Tl
Tx–Tg
(Tx–Tg)/(Tl–Tg)
Tx/(Tl+Tg)

GFA, like Tl, Tx, and Tg, are only available after successful production of the metallic glass
(Brennhaugen et al., 2017; Yanglin Li et al., 2017). Therefore, they do not aid in the
discovery of new metallic glass alloys without time and resource-consuming trial-and-error
testing. However, knowledge of the competing crystalline phases does provide useful input
for alloy design. For example, topologically close packed (TCP) phases have non-directional
bonding and a high coordination number close to that of the clusters found in the supercooled
liquid, so they nucleate easily from the supercooled melt and hinder glass formation
(Belyakova and Slovokhotov, 2003; Schmid, 1988; Wang et al., 2009). Additions of C or B
suppress the formation of TCP phases in Fe (Han et al., 2017) and are therefore found in
most high glass-forming Fe-based compositions (Guo et al., 2014).
The second group includes theories that rely on the interdependence of quantities
including the atomic size of the constituent elements, heat of mixing, and electronegativity
(Inoue, 2000; K. Zhang et al., 2015). Both groups of theories present simple, onedimensional approaches towards glass-formation that still do not capture the complexity of
metallic glass formation. Despite their limited use to actually predict glass formation, these
two groups of theories provide the framework for current metallic glass alloy development
(Perim et al., 2016).
Utilizing many glass-formation theories and reported observations of melt spun
metallic glass, Ren et al. developed a machine learning (ML) model that predicts the GFA of
any binary or ternary system within its 52 element library (Ren et al., 2018). The ML model
outputs the GFA of a given composition on a scale from 0 to 1 where a composition with a
GFA near 1 has the best chance of vitrification if rapidly solidified via melt spinning. Ren et
al. validated their ML model using high-throughput sputtering and XRD testing to prove that
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compositions whose GFA was between 0.9-1.0 were in fact glass forming even in ternary
systems with, until now, vast unexplored regions. Their model screened 2.38 million ternary
compositions and predicted that only ~0.8% of these compositions are glass forming
suggesting that without proper guidance only a small fraction of metallic glass design
experiments would lead to the desired outcome.
Analysis of Alloy Design Modeling Tools
In this section the utility and accuracy of the available tools and models for predicting
GFA and crack resistance are analyzed. Methods to predict GFA include a new Tl and Tg
model created by QuesTek Innovations LLC, the ML model created by Ren et al. (Ren et al.,
2018) and phase diagrams generated using Thermo-Calc Software. Mechanical property
models to determine the shear modulus (G), hardness (H), bulk modulus (B), and Poisson’s
ratio (v) of potential glass-forming alloy chemistries were created by QuesTek Europe AB.
Liquidus Temperature
The Thermo-Calc Software and databases TCFE9 and TCHEA3 are useful for
predicting properties, including Tl, of crystalline Fe-based alloys and high-entropy alloys,
respectively. As stated earlier, the Tl of a metallic glass is typically only available after
successful fabrication. However, QuesTek Innovations LLC developed a metallic glass
database, QT-BMG, to predict the Tl of Fe-based metallic glass. During cooling,
crystallization becomes thermodynamically possible only when the temperature falls below
the Tl, and vitrification becomes kinetically possible once the temperature of the
uncrystallized melt drops below Tg. Naturally, glass formation is favored if the temperature
difference between Tl and Tg is minimized. Since Tg is not strongly compositional
dependent, alloy compositions that favor glass formation are due, among other effects, to a
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depression in Tl (typically deep eutectic compositions) (Greer, 1995). For this reason,
accurately predicting the Tl of potential glass-forming compositions is a useful indicator of
GFA. In addition, Tl can be combined with Tg values to calculate the temperature range for
which solidification cracking can occur, ΔT. To determine the accuracy of the Thermo-Calc
Software Tl prediction, the experimental Tl of 14 Fe-based BMGs found in literature were
compared to those predicted by the TCFE9, TCHEA3 and QT-BMG databases. Fourteen
BMGs were chosen for this comparison because each of the three databases contain selected
elements, and it was challenging to find existing BMG chemistries whose constituents were
found in all three databases. Figure 16 compares the experimental Tl values determined via
differential scanning calorimetry, and Tl values calculated using all three databases. The
TCHEA3, TCFE9 and QT-BMG databases on average over-predict the Tl of the BMGs by

Figure 16. Experimental and calculated liquidus temperature (Tl). The liquidus temperature was
calculated using Thermo-Calc databases TCFE9 and TCHEA3, and QuesTek’s metallic glass
database, QT-BMG.

82

507ºC, 313ºC and 242ºC, respectively. None of the databases precisely predicts Tl in a
manner that would allow a fit parameter to improve the accuracy of the predicted Tl. While
the QuesTek database predicts the Tl with greater accuracy than other databases, the
predicted Tl values still vary greatly from the experimental values and may not be useful
during alloy design.
Glass Transition Temperature
In addition to the QT-BMG database for predicting the Tl, QuesTek Innovations LLC
produced a model to calculate the Tg of Fe-based metallic glass. The Tg model first predicts
the shear modulus of prospective glass-forming chemistries for alloys in the Fe-M-B system
(M is any combination of Ta, W, Mo, Hf, Zr, Nb, V, Cr, Mn, Ni and Co). To calculate shear
modulus, the atomic fraction of molecular associates in the melt is calculated by considering
the order of stability of each associate, then assuming complete saturation of that associate
until one of the elemental constituents is fully consumed. The ‘next most stable’ associate
then consumes the remaining elements. The order of stability of the associates is arbitrarily
assumed, guided by the absolute melting temperature of the corresponding compound per
atom. Then the shear modulus is calculated based on the weighted fraction of a fit value for
each individual molecular associate (Equation 3). It is well documented that the mechanical
properties of metallic glass are linked to the physical properties, such as the Tg (Chen et al.,
1975; Yavari et al., 2007). Work from Bill Johnson demonstrated that a parabolic correlation
exists between the shear modulus and Tg (Johnson and Samwer, 2005) (Equation 4). The
calculated shear modulus was converted into Tg using Equation 4. The experimental Tg
values from 89 different glass-forming alloys (all Fe-M-B) from the literature are compared
to the calculated Tg in Figure 17. The points plotted in grey are from the FeB and FeNiB
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families. These binary and ternary alloys are not bulk metallic glasses because they do not
have an exceptionally high GFA. Since a majority of the data points are from high glassforming alloys it is understandable why the model did not represent these alloys well. In
addition, Tg is dependent on solidification rate, so it is reasonable to assume that a different
Tg model is required for manufacturing processes with different cooling rates. Assuming that
the presented model only predicts Tg for high glass-forming alloys, the binary and ternary
alloys can be removed from Figure 17 (left). After this, the predicted Tg fits well with the
measured Tg values (Figure 17 right) with R2 = 0.82. The average difference between the
experimental and measured Tg is only 11.9ºC. This is exceptional, considering that Tg can
vary by this amount simply by changing the solidification rate for a single composition
(Equation 5). However, it is not surprising that the calculated values match the experimental
values since the calculated values were fit to the experimental data. This means that the
model might not predict Tg as well for new compositions that the model was not fit to. In
addition, while there is a strong correlation between the shear modulus and experimental Tg
of already manufactured BMGs, the same correlation will not hold in reverse i.e. the shear

Figure 17. Experimental versus calculated glass transition temperature with (left) and without (right)
low-glass-forming compositions.
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modulus cannot predict the Tg. Predicting a Tg implies that an alloy is glass forming,
however the model only uses the shear modulus, a mechanical property, to predict Tg and
neglects all other known glass-forming effects. Even if this oversight is ignored, for this
model to be useful the other glass formers for Fe-based BMGs, C and P, need to be added.
This means that the number of molecular associates will at least triple. The ordering of the
molecular associates is a determining factor in the predicted shear modulus and then Tg
value, however, in the current model their order was arbitrarily assumed. If the number of
molecular associates is tripled, the order will not be as trivial. A significant amount of work
would be required to expand the Tg model to incorporate C and P, so it will not be used to
guide BMG alloy design for this project.

Equation 3. Calculated shear modulus (G) where xi and Fi are the atomic fraction and fit parameter
of molecular associate i, respectively.

𝐺𝐺 = �(𝐹𝐹𝑖𝑖 ∙ 𝑥𝑥𝑖𝑖 )
Equation 4. Calculated glass transition temperature (Tg) using the calculated shear modulus (G)
(Johnson and Samwer, 2005).

𝑇𝑇𝑔𝑔 = (14098 ∙ 𝐺𝐺)0.49128 − 273
Equation 5. The width of the glass transition range for a typical glass former (Schmelzer and Tropin,
2013).
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Machine Learning Model
Several theories have been proposed to describe the GFA of metallic alloys (Cahn
and Greer, 1996; Inoue, 2000; Laws et al., 2015; Perim et al., 2016; Turnbull, 1969; Vincent
et al., 2011; Yang and Zhang, 2012; K. Zhang et al., 2015), and while these theories may
represent GFA well for certain alloy systems, there is no single model that can universally
predict GFA. The ML model by Ren et al., which is open source, allows the inclusion of all
GFA theories (Ren et al., 2018). In addition, the ML model was trained based on data
collected from 6780 melt-spinning experiments at 5313 unique binary and ternary
compositions found in the Landolt-Börnstein handbook (Kawazoe et al., 1997). The features
in the ML model with the highest feature importance scores are the variance in covalent radii,
the variance in electronegativity, the likelihood of glass formation from melt spinning data,
and the mean number of unfilled valence orbitals (Ren et al., 2018). Even with the addition
of several GFA theories, the experimental observations of metallic glass are still a top feature
in the ML model. This suggests that, even as a whole, current GFA physiochemical theories
are unable to truly capture the intricate chemistry behind metallic glass formation. Ren et al.
identified a previously unobserved glass-forming region in the Co-V-Zr system using their
ML model, and then validated these results using high-throughput sample production and
evaluation; they found “remarkable agreements between ML prediction and experiments
(Ren et al., 2018).” Due to the complexity of glass formation and the inability of current
theories to universally predict GFA, the use of the open-source ML model by Ren et al. will
be a useful tool during alloy design.
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Phase Prediction
Brennhaugen et al. used the Thermo-Calc software to aid in the selection of glassforming compositions in the Fe-Nb-B system (Brennhaugen et al., 2017). They calculated
phase stabilities and the Tl of potential alloy compositions in Thermo-Calc, and then
combined these values with atomic size mismatch data to identify compositional spaces with
potentially high GFA. Compositions in the identified regions were produced and glassformation was confirmed by XRD analysis. Han et al. also used Thermo-Calc to aid in GFA
prediction (Han et al., 2017). They present a design protocol to select the best glass-forming
compositions that emphasizes nucleation in terms of compositional and structural
fluctuations, predicting the difficulty of crystallization through consideration of the type and
competition of potential phases. Work by Han et al. and Brennhaugen et al. demonstrate the
utility of the Thermo-Calc TCFE crystalline metals databases to effectively map glassforming compositional spaces by taking into account the driving force of potential crystalline
phases.
Shear Modulus
QuesTek Europe AB produced a model containing all elements to predict the shear
modulus of any prospective glass-forming chemistry using the weighted shear modulus of the
elemental constituents with fit parameters (Equation 6). The experimental shear modulus
values from 139 different glass-forming alloys (Fe-, Zr-, Ni-, Cu-, Pd-based, etc.) from the
literature were compared to the shear modulus calculated using Equation 6 (Figure 18).
There are two outliers in the plotted points, they are from Fe80P13C7 and Nd60Al10Fe20Co10.
Aside from those points, the calculated shear modulus values show excellent agreement with
the experimental values. The ability to accurately predict the shear modulus of prospective
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Equation 6. Calculated shear modulus (G) where xi and Gi are the atomic fraction and shear

modulus (scaled depending on crystalline structure) of element i, respectively.

𝐺𝐺 = �(𝐺𝐺𝑖𝑖 ∙ 𝑥𝑥𝑖𝑖 )

Figure 18. Experimental versus calculated shear modulus (left) and hardness (right) plotted with the
+ and – error lines.

alloy compositions is particularly valuable because it is a direct indication of the brittle/tough
nature of the composition. Demetriou and Johnson state that tough Fe-based BMGs should
have G < 60 GPa (Demetriou and Johnson, 2016), so the shear modulus model is a valuable
tool to reject or accept potential chemistries based on desired toughness and crack resistance.
The calculated shear modulus is also useful because it can be used to estimate the hardness
and can be combined with the bulk modulus to predict the Poisson’s ratio.
Hardness
Chen et al. state that the hardness of BMGs is based on the same intrinsic
characteristics as crystalline metals; therefore, the shear modulus of metallic glass should
correlate with hardness as it does in crystalline metals (Chen et al., 2011). Their results
suggest that if a material is intrinsically brittle (like a BMG that fails in the elastic regime),
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its hardness linearly correlates with the shear modulus through Equation 7. Experimental
versus calculated hardness values are reported in Figure 18. The calculated hardness values
fit reasonably well with experimental values, but seem to trend towards over-predicting the
hardness. Predicting hardness of potential BMG compositions is useful when designing
alloys for high strength applications.

Equation 7. Vickers hardness of BMGs is estimated using the calculated shear modulus (Chen et al.,
2011).

𝐻𝐻𝑣𝑣 = 0.151 ∙ 𝐺𝐺
Bulk Modulus
Similar to the shear modulus, the bulk modulus of prospective glass-forming
chemistries are calculated using the weighted bulk modulus of the elemental constituents (a
QuesTek Europe AB model) (Equation 8). Experimental bulk modulus values from 95
different glass-forming alloys (Fe-, Zr-, Ni-, Cu-, Pd-based, etc.) from the literature are
compared to the calculated bulk modulus using Equation 8 (Figure 19). There are two
outliers in the plotted points, they are from Fe80P13C7 and Ni60Nb35Sn5. Besides those, the
calculated bulk modulus values show good agreement with the experimental values.
Calculating the bulk modulus of glass-forming alloys is useful because it can be combined
with the calculated shear modulus to predict the Poisson’s ratio, as per Equation 9.
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Equation 8. Calculated bulk modulus (B) where xi and Bi are the atomic fraction and bulk modulus

(scaled depending on crystalline structure) of element i, respectively.

𝐵𝐵 = �(𝐵𝐵𝑖𝑖 ∙ 𝑥𝑥𝑖𝑖 )
𝑖𝑖

Figure 19. Experimental versus calculated bulk modulus plotted with the + and – error lines (left)
and Poisson’s ratio (right).

Poisson’s Ratio
The Poisson’s ratio is a useful indicator of brittleness of metallic glass since it
correlates with fracture energy. Typically, brittle metallic glass alloys exhibit v < 0.31-0.32
(Lewandowski et al., 2005). The experimental Poisson’s ratio values from 66 different glassforming alloys from literature are compared to the calculated Poisson’s ratio in Figure 19
(calculated results from QuesTek Europe AB shear and bulk modulus models). The
experimental and calculated values do not agree as strongly as the experimental and
calculated bulk and shear modulus values; however, the Poisson’s ratio model is still useful
since its primary use is to identify if a prospective alloy is tough, v > 0.31-0.32, and not to
capture an exact Poisson’s ratio value.
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Equation 9. Calculated Poisson’s ratio (v) using calculated shear (G) and bulk (B) moduli.

𝜈𝜈 =

3 − 2(𝐺𝐺 ⁄𝐵𝐵)
6 + 2(𝐺𝐺 ⁄𝐵𝐵)

Determining Mechanical Requirements
After analyzing the available models, it was important to quantify a mechanical
property requirement for Fe-based metallic glass for AM. To start this process, all Fe-based
glass-forming alloys that have been processed using an additive technique were listed (Table
4). Along with the chemistry, the experimental Tg and Tl, a qualitative description of the AM
microstructure (cracking and amorphicity) and the calculated shear modulus are listed. Most
of the literature reports or shows cracking in the AM material regardless of whether the
material was amorphous or crystalline. Demetrieu and Johnson suggest that Fe-based BMGs
with G < 60 GPa and Tg < 440 ºC are tough (Demetriou and Johnson, 2016). Using this as a
guideline, it can be asserted that no Fe-based BMGs in Table 4 are tough, and therefore all of
the alloys cracked during additive processing. The two alloys highlighted in green in Table 4
do have shear moduli that that satisfy G < 60 GPa, however they do not satisfy the Tg
requirement. It was determined in the previous section that predicting Tg for potential glassforming alloys is not practical; therefore, it can be approximated that a new glass-forming
alloy for AM should have G < 59 GPa, since alloys with G = 59 GPa still cracked during
AM.
Next, a list of Fe-based BMGs described as “tough” in the literature was compiled
(Table 5). Unlike the alloys from Table 4, several alloys listed in Table 5 have G < 60 GPa
and Tg < 440ºC, and are therefore considered tough by Demetrieu and Johnson’s criteria.
These tough Fe-based BMGs typically contain more P than C or B, while alloys that were
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AM typically contain C and B as the main glass-formers. Alloying elements C, B and P are
glass-formers in Fe due to their small atomic radius, ability to depress the melting
temperature and ability to hinder the formation of undesirable TCP phases. Electronic
structure calculations by Gu et al. show that the electronic density of states in Fe3M (M=C,
B, P) binary alloys has an increasing metallicity from C through B to P (Gu et al., 2008). The
increase in metallicity from C and B to P weakens the metal-metalloid bond, thereby
lowering the shear modulus and elevating the Poisson’s ratio of Fe-based compositions
alloyed with P. Since the metallicity of the Fe-glass former bond is a main parameter in

Table 4. Fe-based glass-forming compositions that were processed using AM and their respective Tg,
Tl, cracking and structure (Am=amorphous, Cr=crystalline, Am/Cr=amorphous matrix with grains).
Some Tg and Tl values were collected from other references utilizing the same composition.
Calculated shear modulus from the QuesTek Europe AB model are reported.
Composition (at. %)
FeCrMoWMnCSiB
Fe71Si10B11C6Cr2
Fe43.7Co7.3Cr14.7Mo12.6C15.5B4.3Y1.9
Fe58Cr15Mn2B1C4Mo2Si1W1Zr1
Fe35Cr25Mo15W10C3Mn5Si2B5

Tg
Tl
Crack Structure Gcalc
(°C) (°C)
(GPa)
Am/Cr
1250
Am/Cr
79.59
838 1436
Am/Cr
79.53
722
Yes
Am/Cr
59.16
840 1463
Am/Cr
79.54

Fe74Mo4P10C7.5B2.5Si2
Fe68.3C6.9Si2.5B6.7P8.7Cr2.3Mo2.5Al2.1
Fe43.7Co7.3Cr14.7Mo12.6C15.5B4.3Y1.9
Fe71Si10B11C6Cr2
Fe49Cr18B15Mo7.4Si2.4C3.82W1.6
Fe40-50Mo24-32Cr13-20
Fe43.7Co7.3Cr14.7Mo12.6C15.5B4.3Y1.9
Fe48Cr24Mo9C10B8
Fe59Cr6Mo14C12B6
Fe64Mo14C15B7
Fe50Ni30P13C7
Fe73Si11B11C3Cr2

750
806
838
848
887
806
793
-

1216
1436
1405
1436
1343
-

Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
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Am/Cr
Am
Am
Am/Cr
Am
Am
Am
Am
Cr
Am

63.81
70.84
79.53
79.59
88.06
79.53
85.78
72.6
75.77
59.28
76.56

Reference
(Ye and Shin, 2014)
(Żrodowski et al., 2016)
(N. Li et al., 2018)
(Zheng et al., 2009b)
(Balla and
Bandyopadhyay, 2010)
(Pauly et al., 2013)
(Jung et al., 2015)
(Ouyang et al., 2018b)
(Żrodowski et al., 2018)
(Nong et al., 2019)
(Wu et al., 2018)
(Xing et al., 2018)
Exmet AB
Exmet AB
Exmet AB
Exmet AB
Exmet AB

dictating mechanical properties, the addition of P will be favored over C and B during alloy
design in an attempt to reduce the shear modulus and to improve crack resistance. It is
important to consider that the mechanical and physical properties of metallic glass are
interconnected. Typically, as the crack resistance increases, the GFA decreases, therefore,
the alloy design developed in this chapter focuses on finding an appropriate balance of crack
resistance and GFA for optimal AM processability.

Table 5. Fe-based glass-forming compositions that were described as “tough” and their respective
Tg, Tl, plastic strain (compression), fracture strength and calculated shear modulus from the QuesTek
Europe AB model.
Composition (at. %)

Tg (°C)

Tl (°C)

Fe75P10C7.5Mo5B2.5
Fe72B20Si4Nb4
Fe76P10C7.5B2.5Mo2Si2
Fe62Ni18P13C7
Fe80P13C7
Fe75P13C7Ni5
Fe70P13Ni10C7
Fe65Ni15P13C7
Fe60Ni20P13C7
Fe55Ni25P13C7
Fe50Ni30P13C7
Fe71B23Nb6
Fe75P10C8.3Mo5B1.7
Fe77P9C7.5Mo5B1.5
Fe40Ni40P14B6
Fe75P10C7.5Mo5B2.5
Fe50Ni30P13C7
Fe71P12C10Mo5B2
Fe69P12C10Mo5B2Cr2
Fe69P12C10Mo7B2
Fe66P12C10Mo10B2
Fe64P10C10Mo10B3Cr3
Fe63P12C10Mo10B2Cr3
Fe63Mo12P10C7B5Cr3
Fe65P10Mo9C8B6Cr2
Fe71B23Nb6

435
556
456
396
394
388
384
380
376
367
380
428
437
443
448
456
462
474
483
-

985
991
998
990
986
980
974
966
955
967
984
993
990
994
1015
1004
1026
1015
-

Pl st
(%)
5.5
1.9
5.7
50
1.1
5.2
6
9.8
11.2
7.7
8.2
1.6
3.8
30.6
5.21
5.5
26-50+
3.6
2.2
2.8
1.7
1.2
3.2
0.9
1
1.6
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Fr Str
(MPa)
3280
4200
3110
3140
3010
2910
2670
2510
2360
213
4850
3150
3200
3250
3250
3400
3400
3500
3550
4850

Gcalc (GPa)

Reference

63.29
84.26
64.59
59.78
60.53
60.32
60.12
59.91
59.7
59.49
59.28
87.91
62.92
61.95
60.43
63.29
59.28
64.81
65.83
64.03
62.86
66.19
64.39
65.3
68.48
66.5

(Zhang et al., 2007)
(Amiya et al., 2004)
(Liu et al., 2009)
(Guo et al., 2014)
(Ma et al., 2013)
(Ma et al., 2013)
(Ma et al., 2013)
(Ma et al., 2013)
(Ma et al., 2013)
(Ma et al., 2013)
(Ma et al., 2013)
(Yao et al., 2008)
(Guo et al., 2010)
(Guo et al., 2010)
(Guo et al., 2010)
(Guo et al., 2010)
(Sarac et al., 2018)
(Gu et al., 2008)
(Gu et al., 2008)
(Gu et al., 2008)
(Gu et al., 2008)
(Gu et al., 2008)
(Gu et al., 2008)
(Gu et al., 2008)
(Gu et al., 2008)
(Yao et al., 2008)

Alloy Design Steps
The following alloy design steps were developed based on the work completed in the
Analysis of Alloy Design Modeling Tools and Determining Mechanical Property
Requirements sections. The alloy design process starts by considering all elements and then
uses the design resources presented earlier to select a small compositional space with
predicted high GFA and crack resistance. In this section, each design step is described in
detail.
Step 1: Element Selection
The first step in the alloy design process was to reduce the elements allowed into the
alloy design. The 52 common alloying elements available in the GFA ML model (Ren et al.,
2018) were the starting elements for alloy design. Of these elements, those with an average
cost greater than $1000/kg were removed from further consideration, leaving 40 elements.
Next, any element with high toxicity or radioactivity were removed. The remaining 38
elements are suitable for design of a lower-cost, non-toxic alloy and are depicted in Figure
20.

Figure 20. Elements allowed into the machine learning model.
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Step 2: Glass Forming Ability Plot Production
The second step was to produce GFA plots using the ML model by Ren et al. (Ren et
al., 2018); the first generation of this model is available open source at
https://github.com/WardLT. All iterations of Fe and the 37 other elements selected in step 1
were input into the ML model; this yielded 630 GFA plots with elemental composition
varying from 0 - 100 at. % at a 1 at. % grid. The ML model output two plots for each ternary
system. The first shows all experimental compositions within the ternary system that were
input into the ML model and whether they had an amorphous, crystalline or a composite
microstructure. The second shows a heat map of GFA within the ternary space on a scale
from 0 to 1.0 where a composition with 1.0 has the highest chance of glass formation if
produced via melt spinning. In the paper by Ren et al., the first generation ML model
correctly predicted amorphicity for compositions with predicted GFA > 0.9, therefore, a
color scaling was applied to the GFA heat maps such that areas with poor predicted GFA
(GFA < 0.9 = shades of yellow) were easily discernable from compositional spaces with high
predicted GFA (GFA > 0.9 = shades of green).
Step 3: Glass Forming Ability Plot Filtering
The third step was to separate and remove all ternary plots with poor GFA. First, the
630 diagrams were divided into two groups: glass-forming and non-glass-forming. Any
ternary plots that only contained shades of yellow (GFA < 0.9) were added to the non-glassforming group, and any plots containing shades of green were added to the glass-forming
group. Of the 630 plots, 510 were separated into the non-glass-forming group; these were
excluded from further consideration since the likelihood of glass formation is low. The 120
plots separated into the glass-forming group were sub-divided into three categories: weak95

glass-forming, moderate-glass-forming, and strong-glass-forming. Ternary GFA plots
containing mostly shades of yellow with some light green regions were added to the weakglass-forming group (32 plots). Diagrams containing mostly shades of light green were
added to the moderate-glass-forming group (52 plots). The weak and moderate-glassforming compositions were excluded from further consideration in an attempt to maximize
the GFA of the ternary composition.
Thirty-six ternary compositions were separated into the strong-glass-forming group,
they all contained a wide compositional space with GFA = 1.0. These areas of predicted high
GFA were typically supported by experimental data points. Of the 36 strong-glass-forming
compositions, 19 contained B as an alloying element. This is not surprising since B is a
known glass-former in Fe and the FeB binary system has a wide glass-forming compositional
space. Despite its positive effect on glass-formation, the addition of B is known to embrittle
Fe-based metallic glass due to the strong, covalent Fe-B bond (Guo et al., 2014). For this
reason, plots containing B were removed from further consideration. In fact, all plots
containing a known glass-former in Fe (B, C and P) were removed since the intent of this
step is to find a high glass-forming ternary system that did not yet contain a glass former. In
doing this, there is an opportunity to improve the GFA of the GFA = 1.0 ternary
compositions in future steps by adding a combination of B, C and P. This is a necessary step
since the solidification rates of melt spinning are typically higher than those found in metal
AM, so a material for AM requires a higher GFA than one for melt spinning.
After removing the ternary compositions containing B, C and P, 16 plots remained.
Of these, 13 showed the GFA = 1.0 region in a compositional space containing < 50 at. % Fe.
These compositions were removed since the intent of this alloy design is to create a Fe-based
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alloy. After completing step 3, 3 ternary compositions remained: Fe-Ni-Ta, Fe-Zr-Co and
Fe-Ni-Zr (Figure 21).

Figure 21. Selected ternary diagrams with high GFA (Ren et al., 2018).
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Step 4: Shear Modulus Calculation
The fourth step in the alloy design process was to calculate the shear modulus of the
high glass-forming Fe-Ni-Zr, Fe-Zr-Co and Fe-Zr-Ta ternary systems using the QuesTek
Europe’s shear modulus model. The current model cannot account for Ta additions, so shear
modulus data from the Fe-Ni-Ta system is excluded. Ternary shear modulus diagrams of the
Fe-Ni-Zr and Fe-Zr-Co systems are presented in Figure 22 with a 1 at. % grid. Both ternary
compositional spaces have shear modulus values ranging from 27 GPa to 55 GPa; these
represent the 100 at. % Zr and Fe corners, respectively. The effective shear moduli for
selected elements are reported in Table 6. Since Ni and Co have very similar effective shear
moduli, the Fe-Ni-Zr and Fe-Zr-Co ternary systems are nearly identical in terms of shear
modulus. The purpose of calculating shear modulus is to ensure that a new alloy satisfies the
crack resistance requirements for an AM material. According to the literature search in
Table 4, Fe-based BMGs with G ≥ 59 GPa cracked during AM. To find alloy chemistries
with more crack resistance than those AM thus far, the alloy chemistry designed in this
chapter must have G < 59 GPa. The entire compositional space of the Fe-Ni-Zr and Fe-ZrCo systems satisfy this requirement.

Figure 22. Shear modulus plots of the high glass-forming Fe-Ni-Zr and Fe-Co-Zr ternary systems.
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Table 6. Effective shear modulus of selected elements from the QuesTek Europe AB shear modulus
model.

Element
Fe
Ni
Co
Zr
P
C
B

Effective Shear
Modulus (GPa)
55.3
51.2
53.9
27.1
39.8
78.7
204.4

Step 5: Phase Analysis
The fifth step was to analyze the ternary phase diagrams of Fe-Ni-Ta, Fe-Zr-Co and
Fe-Ni-Zr. The purpose of phase analysis was to identify compositional spaces that contain
TCP phases that easily nucleate from the supercooled melt and therefore negatively impact
GFA. The phase diagrams were produced using the Thermo-Calc database TCFE9; they are
shown in Figure 23. In the Fe-Ta-Zr system, the entire compositional space where Fe > 50
at. % contains the laves phase, a TCP phase. Therefore, without any addition of elements
that suppress TCP phase formation (B and C) the Fe-Ta-Zr ternary compositions will not be
the best starting point for alloy design. The laves phase was also found in the Fe-Ni-Zr and
Fe-Co-Zr systems. Figure 24 outlines the compositional space on the Fe-Ni-Zr and Fe-Co-Zr
GFA diagrams where Fe > 50 at. % and no TCP phases exist. Areas with GFA = 1 and no
predicted TCP phases are an appropriate space to select a potential glass-forming
composition. The Fe-Ni-Zr and Fe-Co-Zr systems differ by a single element, Ni and Co.
Nickel and Co are adjacent on the periodic table and therefore have similar materials
properties, evident by their nearly identical effective shear moduli. Since the Fe-Co-Zr phase
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diagram contains a smaller compositional space that is free of TCP phases than the Fe-Ni-Zr
phase diagram, only the Fe-Ni-Zr system will be used in the final steps of alloy development.

Figure 23. Ternary phase diagrams of Fe-Ni-Ta (top left), Fe-Zr-Co (top right) and Fe-Ni-Zr (bottom
middle).
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Figure 24. Ternary GFA diagrams of Fe-Zr-Co and Fe-Ni-Zr. Compositional space with Fe > 50 at.
% and no TCP phases is outlined in red.

Step 6: Glass-former Addition
The sixth step was to improve the GFA of the compositional space outlined in step 5.
The ML model created by Ren et al. and used in step 2 and 3 of the design process is based
on data from melt spinning experiments. Therefore, the model predicts GFA for ternary
compositions under the assumption that the alloy will be manufactured via melt spinning
with solidification rates of 104-107 K/s. Different synthesis methods will noticeably alter
GFA (Ren et al., 2018). Additive manufacturing has a unique thermal profile and thermal
history. Since the solidification rates typical of LPBF (103-104 K/s) AM are lower than those
typical of melt spinning, it is imperative that the GFA of the ternary composition selected
from the ML model is improved. Improving the GFA increases the chances of obtaining an
amorphous material after AM.
Additions of B, C or P to the high glass-forming ternary compositions facilitate GFA
improvement. Of the three glass-formers, only B has enabled the production of binary
metallic glass, FexBy. As a result, B is seemingly a better glass-former in Fe than C or P; this
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is likely a result of the high bond strength of Fe-B compared to Fe-C and Fe-P rather than
differences in atomic size or liquidus depression. Under the same assumption, C is a better
glass former than P. Glass forming ability is inversely proportional to the ductility (i.e. crack
resistance) of a metallic glass. This relationship is apparent when comparing the effective
shear moduli of B, C and P where B = 204.4 GPa, C = 78.7 GPa and P = 39.8 GPa (from the
QuesTek shear modulus model). Accordingly, additions of B will likely yield the greatest
GFA improvement, but will lessen the shear modulus and crack resistance, and P will yield
the least improvement on GFA, but will not lessen the crack resistance.
The objective of this design work is to create a Fe-based composition with high GFA
and high crack resistance for AM. In chapter 3 the ability to fabricate a fully-amorphous Febased material via AM was demonstrated, however, micro-cracking was present in the AM
material. For this reason, the primary focus of this alloy design is to achieve high crack
resistance, so only additions of P are utilized to improve GFA to maintain a high crack
resistance. Since the GFA is already high in the ternary system, the absence of the best
glass-former, B, in the alloy should not hinder its ability to form a glass. The decision to
forgo additions of B in this alloy design process resembles the compositions listed in the
“tough” Fe-based metallic glass alloys in Table 5.
Determining the quantity of P to achieve the greatest GFA improvement is not clear.
The compositions from Table 5 containing P and/or C averaged additions of 11.7 at. % and
8.0 at. %, respectively. The additions ranged from 9 - 14 at. % P and 7 - 10 at. % C. Using
this as a starting point, the liquidus projections of Fe-Ni-Zr with addition of 5, 10 and 15 at.
% P were mapped using the Thermo-Calc TCFE9 database (Figure 25) in an attempt to
assess the impact of P quantity on GFA based on Tl depression. The minimum Tl values
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Figure 25. Liquidus projection of Fe-Ni-Zr-xP (x = 5, 10 and 15). The area between the green lines
is the compositional space where TCP phases were not predicted on the Fe-Ni-Zr phase diagram. The
temperature on each plot is the minimum liquidus within this region.

listed on each plot in Figure 25 do not show a distinct trend towards an optimal amount of P
addition, and there is a < 50ºC different between the Tl predictions. The quantity of P may
not heavily impact the Tl of the ternary system. It is also plausible that the Tl predictions
from Thermo-Calc are not accurate for this alloy system. Either way, calculating the Tl is not
a useful metric to determine the ideal P addition to improve GFA in this alloy design
methodology.
Instead of using Tl as a measure of GFA, this process uses a stoichiometric balance
between the metals (Fe, Ni and Zr) and the glass-former (P) in the alloy. The stoichiometric
balance ensures that there is an adequate amount of glass-former to bond with the metals in
the supercooled liquid region. The metal-GF (glass-former) bond is stronger than the metalmetal bond, and therefore a higher energy is required to break the metal-GF bond to allow for
atomic rearrangement, a requisite for atomic diffusion and crystal growth. In addition, the
stoichiometric balance helps avoid the metal-metal bond typical of phases with a very low
activation energy, like laves. Two levels of stoichiometric balance were chosen: M3GF and
M2GF; these equate to GF = 25 at. % and GF = 33 at. % in the Fe-Ni-Zr-GF alloy.
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Step 7: Composition Selection
Based on the methodology and data presented in steps 1 – 6, QuesTek Innovations
LLC and QuesTek Europe AB selected the eight compositions listed in Table 7. These
compositions do not have predicted TCP phases in their phase diagrams and are not too close
to a TCP phase boundary or a non-glass-forming boundary, so minor compositional shifts
that might occur during alloy production should not compromise the GFA of the alloy.
Calculated values of the G, Tg, Tl and v are reported in Table 7. The calculated G, Tg and v
values suggest that all eight alloys are tough since G < 60 GPa, Tg < 440ºC and v > 0.32.
The Tl values are lower than those of Fe-based alloys produced via AM (Table 4) and greater
than those of the tough Fe-based alloys found in the literature (Table 5).

Table 7. Compositions selected by QuesTek Innovations LLC and QuesTek Europe AB for alloy
design validation and their calculated G, Tg, Tl and v values (2019 US Patent Application No.
62/851,261).

ID
QTBMG11
QTBMG12
QTBMG13
QTBMG14
QTBMG15
QTBMG16
QTBMG17
QTBMG18

Composition (at. %)
Fe48.575Ni8.375Zr10.050P33.000
Fe58.725Ni10.125Zr12.150P19.000
Fe70.000Ni4.000Zr6.000P20.000
Fe55.125Ni3.150Zr4.725P37.000
Fe62.950Ni19.500Zr4.300P13.250
Fe43.500Ni13.500Zr3.000P40.000
Fe49.000Ni27.000Zr13.000P10.000
Fe35.200Ni19.200Zr9.600P36.000

G (GPa)
40
46
47
40
52
40
51
41

Tg (°C)
365
406
411
358
448
362
444
366

Tl (°C)
1202
1182
1148
1212
953
1189
1010
1191

v
0.37
0.37
0.38
0.37
0.37
0.37
0.37
0.37

Materials and methods for design analysis
Of compositions listed in Table 7, five were fabricated at Uppsala University in
Uppsala, Sweden (QTBMG11, QTBMG12, QTBMG13, QTBMG15, and QTBMG17).
Elemental material was purchased from Thermo Fisher Scientific and details of the material
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purity and the product description are listed in Table 8. During sample preparation, binary
master alloys of Ni-P and Fe-P were be produced using induction melting since the melting
and boiling point of P is significantly lower than that of Fe, Ni and Zr. These master alloy
pellets were mixed such that their combined weight fraction was near the intended chemistry
from the Table 7 list, and then placed into an arc furnace. The chemistry was further tuned
towards the desired chemistry in the arc furnace by adding elemental Fe, Ni or Zr as needed.
After compositional adjustment the melt was splat quenched with the intent of achieving
solidification rates sufficient for amorphization.
The GFA of the proposed compositions was predicted using the Ren et al. ML model,
which is based on data from melt spinning experiments. For this reason, the proposed
compositions should ideally be produced using melt spinning since production method can
significantly alter GFA. Due to challenges finding available melt spinning equipment, the
alloys were instead fabricated using splat quenching, a technique similar to melt spinning.
The solidification rates achievable during splat quenching, ≥104 K/s, are similar to those
achievable during melt spinning, 104-107 K/s. Therefore, the use of splat quenching to
fabricate the proposed compositions should not significantly alter the results in terms of
glass-formation or Tg.
After splat quenching, the material was analyzed at NCSU. The chemical
compositions of the specimens were measured using a Niton™ XL3t GOLDD+ x-ray
fluorescence spectrometer. Additionally, XRD spectra were collected using a Rigaku
SmartLab x-ray diffractometer (0.05 step, 2 seconds per step). No further characterization
was completed since the XRD results indicated that the splat quenched material was not
amorphous.
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Table 8. Product description of elemental material purchased from Thermo Fischer Scientific.

Element
Product description
Fe
Alfa Aesar™ Iron slug, 9.5mm (0.37 in.) dia. x 9.5mm (0.37 in.) length, 99.95+%
(metals basis)
Ni
Alfa Aesar™ Nickel slug, 3.175mm (0.125 in.) dia. x 6.35mm (0.25 in.) length,
99.98% (metals basis)
Zr
Alfa Aesar™ Zirconium slug, 3.175mm (0.125 in.) dia. x 3.175mm (0.125 in.)
length, 99.9+% (metals basis excluding Hf), Hf nominal 3%
P
Alfa Aesar 10g Phosphorus lump, red, Puratronic®, 99.999+% (metals basis)

Results
The five splat quenched specimens are depicted in Figure 26; many are in several
pieces due to insufficient liquid dropped during splat quenching and the delicate nature of the
thin material. Sample chemistries are reported in Table 9. The maximum difference between
target and actual values of Fe, Ni, Zr and P was 6.0, 2.1, 3.6, and 5.9 wt. %, respectively.
Trace amounts of Cu contamination were detectable on the QTBMG11 and QTBMG17
specimens; this contamination, seen and denoted by an arrow in Figure 27, originates from
the Cu plate that the liquid material was dropped and pressed onto during splat quenching.
X-ray diffraction spectra of the splat quenched samples are plotted in Figure 28. All spectra
show indication of Bragg diffraction, as at least one peak is evident in each diffraction
pattern. A high intensity peak near 45 degrees is apparent in four of the five specimens, and
is slightly shifted along the 2Θ axis. This “100% peak” and all lower intensity peaks are
significantly broader than typical crystalline diffraction peaks. Lastly, the XRD patterns for
QTBMG11 and QTBMG17 show a lot of background noise and had low counts in the raw
data.
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Figure 26. Splat quenched specimens.

Table 9. Target and actual chemistry of splat quenched specimens in weight percent.

ID
QTBMG12

QTBMG17

QTBMG13

QTBMG15

QTBMG11

Target
Actual
Diff
Target
Actual
Diff
Target
Actual
Diff
Target
Actual
Diff
Target
Actual
Diff

Fe
58.9
58.7
-0.1
47.0
45.1
-1.9
78.6
74.0
-4.6
64.4
63.4
-0.9
52.7
58.7
6.0

Ni
10.1
11.0
0.9
27.2
25.2
-2.1
4.4
5.0
0.5
21.0
22.2
1.3
9.6
9.9
0.4

Zr
19.9
16.3
-3.6
20.4
17.1
-3.3
10.3
9.0
-1.3
7.2
6.2
-1.0
17.8
16.7
-1.1

P
10.6
13.3
2.8
5.3
10.4
5.1
11.7
10.4
-1.3
7.5
7.8
0.3
19.9
13.9
-5.9

Figure 27. Copper contamination visible on the QTBMG17 specimen.
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Cu
0.0
0.0
0.0
0.0
1.4
1.4
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.2
0.2

Figure 28. XRD spectra of splat quenched specimens.

Discussion
Despite the low boiling point of P, the P content fell below its target value in only two
of the five splat quenched specimens, demonstrating the effectiveness of the master alloying
methodology. Differences in the actual and target chemistries of all alloying elements ranged
from 0.1 wt. % up to 6 wt. %. Unfortunately, this makes it challenging to validate the alloy
design work within this chapter since glass-forming ability is sensitive to even a single
atomic percent difference (Yanglin Li et al., 2017). Regardless, XRD analysis indicated that
the compositional space of the proposed alloys was not glass-forming at the achieved
solidification rates. Even the QTBMG15 specimen having ≤1.3 wt. % difference between
the target and actual chemistry crystallized; this suggests that the GFA of the alloy or the
solidification rates achieved during quenching was not as high as predicted.
In addition to crystalline peaks, the XRD spectra were characterized by peak
broadening, peak shift, and background noise. Typically, peak broadening hints that a
material is nano-crystalline or partially amorphous. If the specimens were partially
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amorphous, complete broadening at all 2Θ values is expected along with some indication of
an amorphous halo peak. Instead, the spectra in Figure 28 more resemble those of nanocrystalline materials. Furthermore, the peak shifting is likely the result of local concentration
gradients or crystal lattice distortion (micro-strain). The latter is particularly probable in
these experiments given the rapid, non-equilibrium solidification rates established during
splat quenching. Two of the diffraction spectra, QTBMG11 and QTBMG17 also contained
significant background noise and low counts collected per angle. It is likely that the x-ray
beam did not have sufficient interaction with the material since the QTBMG11 sample did
not contain a large amount of material, and only the edges of QTBMG17 were characterized
in an attempt to avoid areas with Cu contamination. Despite the noise and low counts, both
spectra contained at least one crystalline peak providing little incentive for re-collection of
data.
The compositions proposed in this work were predicted to have sufficient GFA for
splat quenching based off of a GFA ML model, analysis of equilibrium phases, and additions
of the glass-former P. There are several probable causes of crystallization in the material.
Firstly, it is possible that the absence of glass-formers B and C allowed TCP phases to
nucleate easily during solidification even though the phases were not present on the
equilibrium phase diagram. Although P is a known glass-former in Fe, it does not form a
binary metallic glass with Fe like B and C. Additions of P actually decrease the calculated
shear modulus of the FeNiZr alloy. Ignoring all other glass-formation theories, this suggests
that P additions could be decreasing the GFA of FeNiZr. Furthermore, it is possible that the
splat quench processing did not yield the required solidification rates and purity for glassformation of the Fe-based alloys.
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Chapter Summary
Previously manufactured Fe-based metallic glass alloys have exhibited poor AM
processability evident by their propensity to crack regardless of process development efforts.
Consequently, there is a need to identify the causes of crack formation during AM of metallic
glass and ultimately select compositions with higher crack resistance than the ones
previously selected while maintaining adequate GFA. This chapter provides a description of
AM cracks and how they relate to metallic glass along with an analysis of the utility and
accuracy of the available modeling tools for predicting GFA and crack resistance in potential
glass-forming compositions. Tools for predicting GFA, potential phases, shear modulus,
hardness, bulk modulus and Poisson’s ratio demonstrated an ability to correctly predict
values for existing glass-forming compositions. The GFA, potential phases and shear
modulus models were applied in the novel alloy design sequence presented in this chapter.
Utilizing the novel alloy design sequence, eight unique Fe-based compositions with predicted
high GFA and crack resistance were identified. Five of the unique chemistries were
fabricated via splat quenching. X-ray diffraction analysis showed that none of the splat
quenched samples were amorphous. Possible causes of crystallization are the variation
between the target and actual chemistries, lack of glass-formers B and C, or lower-thanexpected solidification rates. Irrespective of the cause of crystallization, future work will
target iterative design and experimental testing of novel chemistries intended to have high
GFA and additive manufacturability. Collection of experimental data will expand our
understanding of the design requirements for glass-formation and eventually AM, and will
allow us to evolve and improve the modeling tools used in this work.
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CHAPTER 6: SUMMARY
Iron-based metallic glass is an optimal material for use as magnetic shielding or
transformer core materials, where their high strength and soft magnetic properties would
offer a significant improvement in performance over the currently applied crystalline
material. However, the requirement for rapid solidification during production limits the
applicability of metallic glass since only simple, thin geometries are fabricable using the
current manufacturing methods. Additive manufacturing allows for the production of near
net shape components with complex and intricate geometries, unmatched by current metallic
glass manufacturing techniques. In addition, additive deposition allows for the fabrication of
components thicker than the critical casting thickness. Notable publications on the topic of
AM of metallic glass were identified in this work, however, no report demonstrated the
ability to AM a fully dense and amorphous metallic glass, nor have any samples exceeded the
critical casting thickness. Chapters 3, 4 and 5 in this work provide novel research regarding
the AM of metallic glass. The aim of the presented research is to allow for the fabrication of
large-scale Fe-based metallic glass having a high potential for commercialization in terms of
achievable dimension, geometry, materials properties, cost, and ease of fabrication.
The objective of chapter 3 was to demonstrate the ability to produce a Fe-based
metallic glass component larger than its critical casting thickness. Significant process
development work resulted in the fabrication of a fully amorphous FeCrMoCB component
whose thickness is more than 15 times the critical casting thickness of the material, in all
dimensions, and larger than any traditionally produced Fe-based BMG recorded. The AMfabricated component contains no visible external cracks and is nearing full density. Even
with a high relative density, sectioning revealed a dense distribution of microcracks within
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the material likely resulting from residual stress accumulation and the inherent brittleness of
the FeCrMoCB composition.
The aim of the fourth chapter was to reduce microcracking during AM of metallic
glass by exploring the use of chemistry and process modifications. A variation of the
FeCrMoCB alloy, FeMoCB, was elected for LPBF with the intent of improving the alloy’s
crack resistance without restarting LPBF process development. Modification of the alloy
chemistry resulted in a visible improvement in crack resistance during LPBF, however
microcracking was still significant. Dissimilarly, a higher plasticity Zr-based alloy (AMZ4)
processed using the LPBF demonstrated a much higher crack resistance, and exhibited no
microcracks after sectioning. An attempt to reduce microcracking during AM of the Febased alloys via process modification was ineffective. It was predicted that the elevated
build temperature allowable during EBM would anneal the material in-situ, as it does in
crystalline metals, reduce stress accumulation and reduce microcracking. Instead, the small
heat capacity and isolated nature of the build plate resulted in overheating and crystallization.
The educated-guess, trial-and-error chemistry modification employed during chapter
4 did not yield a significant outcome for the Fe-based alloy, however results from AMZ4
processing give evidence that crack-free metallic glass is fabricable using LPBF if the
material exhibits a high enough plasticity. For this reason, the objective of the final research
chapter, chapter 5, was to design Fe-based glass-forming alloys for AM using a scientific
methodology. Creating a scientific methodology to design glass-forming alloys suitable for
AM required (1) understanding AM cracks and how they relate to metallic glass, (2) an
analysis of the utility and accuracy of the available modeling tools for predicting GFA and
crack resistance in potential glass-forming compositions, and (3) the determination of target
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material properties for optimal AM processability based on alloys previously AM. Eight
unique Fe-based compositions with predicted high GFA and crack resistance were named
based on the alloy design methodology, and five were prototyped using splat quenching.
Even though none of the splat quenched samples were amorphous, prototypes of this first
iteration of alloy design provide useful insight into the requirements for designing for glassformation. This work presents only a first step towards utilizing computational tools to
design glass-forming compositions. After the modeling tools and property goals fully
mature, the design approach presented in this work will accelerate the discovery of additively
manufacturable metallic-glass compositions without the need for high-cost trial-and-error
testing.
The motivation of this research was to allow for the fabrication of large-scale Febased metallic glass having a high potential for commercialization in terms of achievable
dimension, geometry, materials properties, cost, and ease of fabrication. This work made
notable strides towards this goal, and more scientific research is required before the ultimate
insertion of these new materials. In future work, iterative design, prototyping, and
characterization of novel chemistries will expand the understanding of quantifiable design
requirements for glass-formation and AM, and will allow the modeling tools to evolve and
improve. After a promising alloy is prototyped via splat quenching or melt spinning, the
additive manufacturability and mechanical properties of the alloy will be characterized.
Once AM of a Fe-based metallic glass yields fully-amorphous and crack free material, the
material is ready for prototyping into functional parts intended for insertion into applications
that would benefit from the unique properties of metallic glass.
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