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Technology has evolved rapidly within the last decade, and the demand for
higher performance materials has risen exponentially. To meet this demand, novel
materials with advanced microstructures have been developed and are currently in
use. However, the already complex microstructure of technological relevant materials
imposes a limit for currently used development strategies for materials with optimized
properties. For this reason, a strategy to correlate microstructure features with
properties is still lacking. Computer simulations are challenged due to the computing
size required to analyze multi-scale characteristics of complex materials, which is
orders of magnitude higher than today’s state of the art.

To address these challenges, we introduced a novel strategy to investigate
microstructure-property relationships. We call this strategy “artificial microstructure
approach”, which allows us to individually and independently control microstructural
features. By this approach, we defined a new way of analyzing complex
microstructures, where microstructural second phase features were precisely varied
over a wide range. The artificial microstructures were fabricated by the combination
of lithography and thermoplastic forming (TPF), and subsequently characterized
under different loading conditions. Because of the suitability and interesting
properties of metallic glasses, we proposed to use this toolbox to investigate the

different deformation modes in cellular structures and toughening mechanism in



metallic glass (MG) composites. This study helped us understand how to combine the
unique properties of metallic glasses such as high strength, elasticity, and
thermoplastic processing ability with plasticity generated from heterostructures of
metallic glasses.

It has been widely accepted that metallic glass composites are very complex,
and a broad range of contributions have been suggested to explain the toughening
mechanism. This includes the shear modulus, morphology, size, spacing, volume
fraction of the second phase, and strength and toughness of the interface. Previous
studies suggest these contributions, however, do not provide quantitative experimental
evidence. Within this thesis, we paid tribute to the complexity of the toughening
mechanism by revealing the correlation between plastic zone size (Rp) and second
phase spacing (s), and the results guided us how to design elasticity through the
second phase morphology (AB pore stacking) in MG heterostructures. The second
phase elasticity and shear modulus were also found to be contributing to the overall
elasticity. We identified the pores’ ratio of diameter to spacing (d/s) as one of the
major factors controlling the mechanical properties of MG heterostructures, which is
most efficient when d/s = 1. Effectiveness of MG heterostructures also depends on the
size of the sample, w, in comparison to s. Our experimental findings illuminate the
complexity in MG composites, which can be resolved with our artificial
microstructure approach.

Another subject where we use artificial microstructures is to identify the effect
of length scales on structural properties of MG heterostructures. MG structures can be
fabricated over 7 orders of magnitude length scale (nm to cm), where the effect of the
feature size determines whether the deformation will be homogenous throughout the

sample, it will be localized into shear bands, or it will not show any shear bands (no
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plasticity) during bending and tension. We investigated the deformation modes of Zr-
based MGs in hexagonal cellular structures controlled by the relative density, and
revealed three distinctive deformation regions: collective buckling, local failure, and
global failure which originate from size effects in metallic glasses. The relative
density of ~25.0% was determined as the ideal relative density for energy absorption,
strength and plasticity in MG cellular structures.

Besides two specific examples studied in detail here, the artificial
microstructure concept can be applied to a wide range of problems in microstructures
and microstructural architectures of porous and natural materials. Furthermore, it can
be used to determine the flaw tolerance, and to investigate the sensitivity of
microstructures to imperfections. For example, a mechanistic understanding of shear
localization would help address the major shortcoming of metallic glasses and enable
predictive models to be developed which would permit one to intelligently design

microstructures to exhibit desirable properties.
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1. GENERAL INTRODUCTION

1.1 Motivation and Scope of Complex Materials

The demands on materials increase rapidly. To meet these demands, more and
more complex microstructures and microstructural architectures are used. However,
currently used strategies to develop increasingly complex structures are unsuited to create
tomorrow’s materials. For example, the main challenge in determining microstructure-
property relationships is that any kind of individual variation in feature properties
inevitably changes other properties. This is due to the fabrication methods, which do not
permit completely independently vary just one microstructure feature. As an example, if
one attempts to alter, for instance, the spacing of a phase in a microstructure, at the same
time, length, volume, composition, dispersity and density of this phase will also change
because all the properties are interconnected [1, 2].

To address this challenge, computational methods have been exploited. Even
though virtual experiments have been powerful in explaining specific aspects of
microstructure-property relationships [3-7], they have limitations when considering “real
microstructures”. This is due to multi-scale nature of complex microstructures, and often
times, constitutive equations are unknown particularly for their plastic behavior. One
example is molecular dynamics simulations which have been widely used to investigate
structure-property relationships. Today’s available computing power however, limits the
system size and simulation time, where the limited system size for molecular simulations
can not capture the multiple length scale microstructures. This limitation is even more
obvious in ab-initio calculations, which typically permits calculations with up to ~100

atoms [8]. For example, if a representative microstructure is at least 10 p.m3, the analysis



of this microstructure requires at least 10' atoms, which is well beyond today’s ab-initio
capacities. Alternatively, model systems have also been employed to investigate and
visualize microstructure-property relationships [9, 10]. Based on Bernal’s hard sphere
approach [11-13], colloidal systems were used [14, 15] to understand the inter-particle
interactions’ role on the kinetics of crystallization and glass formation [16-18] . Even
though colloidal approach is powerful in some aspects, the limitations of these methods
are only a small number of properties that can be varied and inaccurate representation of
the forces.

Current fabrication methods limit the experimental characterization methods,
resulting in low structural versatility. In comparison, simulations can do systematic
manipulations in the features very accurately, but the results neither reflect nor predict the
“real” microstructures with high accuracy. Artificial microstructure approach combines
the favorable properties of both predictability and versatility, making them excellent
candidates to analyze complex microstructures (Figure 1.1). The results yielded by the
proposed work will thus be essential for future design of novel complex microstructures
with optimized mechanical performance.

The focus of this thesis is to decode complex microstructures and establish
microstructure-property relationships using our novel artificial microstructure approach.
Two examples will be considered in detail: Behavior of periodic cellular structures under
in-plane compression and designing heterostructures for tensile ductility. Metallic glasses
were chosen due to their interesting and impressive suite of mechanical and physical
properties. To synthesize artificial microstructures, desired patterns were designed and

fabricated into silicon, and the patterns were subsequently transferred into the metallic



glass. Using this approach, the effect of individual microstructural feature (independent
of other variables) on mechanical response and toughening mechanism has been
systematically and quantitatively analyzed under uniaxial tension, in-plane compression
and bending at ambient temperatures and quasi-static loading conditions. Post-
characterization and data analysis provides information for further design improvements.
Figure 1.2 shows our strategy to design and characterize optimized microstructural

architectures.
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Figure 1.1 Predictability vs. versatility. Comparison of different approaches to determine
microstructure-property relationship: Conventional characterization methods, computer
simulations, model systems, and artificial microstructures. Within these approaches,

artificial microstructures combine high predictability with high versatility
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1.2 An Overview of Metallic Glasses

Metallic glasses (MGs) will be the focus material of this thesis because of their
technological relevance [19-23], their thermoplastic forming ability (TPF) [24-29], and
size effects on their mechanical properties [26, 30-36]. MGs are a new class of
engineering materials which are multicomponent alloys that vitrify with remarkable ease
during solidification [24]. They offer unique combinations of strength, ductility,
toughness, and processability due to the absence of grain boundaries and dislocations in
the glassy state. Particularly for structural applications, they possess a wide array of
attractive properties (Figure 1.3) including high (specific) strength and elasticity
combined with good corrosion and wear resistance [37]. In addition, some MGs show
comparable fracture toughness with steels (e.g. Fe, Ti, Zr-based MGs) (Figure 1.4),
which is a measure of mechanical viability [38].

In addition, recent advancements in MG processing allow net-shaping of MGs
into geometries that were previously unachievable with any other metal forming process
[25, 29, 39-41]. This combination of properties and processability promises a range of
potential applications for MGs. In particular during thermoplastic forming, MGs can be
considered high strength structural metals that can be processed like plastics [42]. The
homogeneous and isotropic nature of their amorphous structure opens new possible
application fields in micro and nano-scales [25, 26, 29, 43-49]. The properties of metallic
glasses are summarized in Table 1.1, where they are categorized by pros and cons.

A major drawback of MGs is the lack of tensile ductility. This is due to an
absence of a strain hardening mechanism, which is the origin of tensile ductility in

crystalline metals. Instead, a strain softening mechanism results in an instability by



localizing shear into narrow bands. Such shear bands result in catastrophic failure often
along a single shear band.

Although it has been shown that even though typical MGs lack any tensile
ductility in bulk form, in geometries where one dimension approaches 1 mm, significant
bending ductility is observed [32]. In this thesis, we attempt to exploit the
aforementioned attractive properties of metallic glasses while improving weaknesses
such as toughness and ductility using artificial microstructures. Required for this strategy

is an understanding of the underlying mechanistic origins of MG heterostructures.
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Figure 1.3 Ashby map showing elastic /imit o, plotted against modulus E for various
metals, alloys, metal matrix composites and metallic glasses. Yield strain oy/E and

resilience azy/E are defined by the contour lines. MGs exhibit very high strength, much



closer to the theoretical limit than their crystalline counterparts, and elasticity often in

combination with high corrosion and wear resistance [50].
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Figure 1.4 Metallic glasses are known to be among the strongest engineering materials
together with a large variation in fracture toughness, which is the material’s ability to

resist against cracks [38].



Attributes Attractive attributes Unattractive

Geeneral » Absence of microstructural features such as grain and phase » Present cost of components and processing
boundaries and of mrelated composition variations (e.g. segregation|). » Optimization of composition for glass-forming ability prevents
This allows components with features of near-atomic scale easy optimization for other properties, including low density
Michanical « High hardnes, H, giving good wear and abrasion resistance # Severe localization of plastic Aow (shear-banding), giving zero
# High yield strength, o, ductility in tension
» Fracture toughness K. and toughness (5 can be very high » Fractume toughness K. and toughness (7. can be very low
* High specific strength®, a,/p, o> {p and )7 /p # Can be embrittled by annealing
# High resilience per unit volume and mass®, e:,n’E and d:,l'Ep » Small process-zone size (- 1 mm) means that larger
# Low mechanical damping components may fail in a brittle manner
Thermal # Ty < T for some metallic glasses, allowing processing as a » Instability above T limits high temperature use

supercooled liquid (T,—glas-transition temp. T.—temp.
of crystallization onset)

Hlectrical and magnetic

High magnetic permeahility
Rlesistivity is nearly independent of temperature

Relatively high magneto-striction gives energy loss in oscillating field

Chermnical #» Lack of grain structure and associated microstructural features
{e.g. solite segregation) gives corrosion resistance

Environmental * Some compositions biocompatible Mot easily recycled once in a product (non-conventional compositions)

Processing

Low solidification shrinkage and lack of grain structure give » Current need for vacuum die-casting gives relatively slow production mate
high precision and finish in castings

# The high viscosity and low strain-rate sensitivity of the

supercoaled liguid permit thermoplastic forming

Agsthetic

Lack of grain structure allows a very high polish
High hardnes and corroson resistance gives durability

Potential markets

Apsthetics, present novelty and ranty make metallic glases Current high cost of material and processing limits applications
attractive for high-end “life-style”™ products to those with high value-added
» Properties and processing favour pm-to-mm scale structures

Table 1.1 Properties of metallic glasses in different application fields. The absence of grain boundaries and dislocations in glassy

alloys contributes to the exceptional combination of mechanical, magnetic, chemical and tribological properties [50].



1.3 Processing of Metallic Glasses

MGs can be thermoplastically formed, which is unique among metals [39]. In the
processing of MGs, the metastable nature of their amorphous state imposes the main
challenge. Any fabrication process must avoid crystallization during processing and
solidification since the desired MG properties are lost after crystallization, and the
crystallized MG former can no longer be thermoplastically formed [24]. Crystallization
occurs when the cooling or heating path intersects with the crystallization curve of the
time—temperature-transformation (TTT) diagram (Figure 1.5) [24]. This intersection can
be prevented by two principally different processing paths. Path 1 indicates the critical
cooling rate for glass formation, which is the slowest cooling rate that avoids
crystallization. Thus, cooling rates faster than path 1 must be achieved during casting to
avoid the “crystallization nose.” In direct casting (path 1), the MG former must be cooled
faster than the critical cooling rate to avoid crystallization and simultaneously fill the
entire mold cavity during solidification. These contradicting requirements make the
fabrication of thin sections with a high aspect ratio particularly challenging. Furthermore,
the high temperatures involved in direct casting make this process incompatible with the
current fabrication techniques [42].

Path 2 represents the processing path for TPF [24]. In this process, the preparation
of an amorphous structure and the forming are decoupled. The forming takes place when
the MG is reheated into the supercooled liquid region, where the amorphous phase
relaxes into a viscous liquid [51] and flows under low applied pressure before it
eventually crystallizes. As the processing time window available in path 2 is much longer

than during direct casting and the processing temperature is significantly lower, a better



control over the process and higher dimensional accuracy can be achieved. No fast
cooling is required to avoid crystallization after the forming step during TPF because of
sluggish crystallization kinetics. We have recently shown that, as long as crystallization is
avoided during TPF-based processing, the mechanical properties of the MG are
unaffected [52]. The accessible processing viscosities of 10° Pa - s and temperatures for
some MGs, ~160 °C for AusgAgssPd23CUz6.9Si163 and ~270 °C for Pts75Cu147Nis3P225s,

are comparable to plastics [53-56].

g A R L,

Figure 1.5 Schematic TTT diagram illustrating the processing methods of MG formers,
where T is temperature, t is time, T, is liquid temperature, and Tq is glass transition
temperature. During direct casting (path 1), the liquid is filled into mold and

simultaneously cooled fast to avoid crystallization. During TPF (path 2), the required

10



fast cooling and shaping are decoupled. In order to prepare the feedstock material for
TPF, the amorphous MG is cast into simple shapes such as rods, bars, discs, or plates.
Subsequently, this feedstock material is reheated into the supercooled liquid region
where the processing window widens and the formation of complex geometries can be
better controlled. After the TPF process, no fast cooling is required to avoid

crystallization during cooling [28].

Figure 1.6 compares the flow stress curves of different materials with respect to
temperature change. The ideal processing region is defined by the lowest processing
pressure where effects such as turbulent flow, and gravitational influences can be
neglected on the time scale of the experiment. This region can be reached by plastics,
which has contributed to the wide proliferation of plastics in industrial societies over the
last 60 years. However, no conventional metals or even superplastically formable (SPF)
alloys exhibit a comparable processing behavior. The main drawback of plastics in
structural applications is that they are weak. Metals, on the contrary, exhibit high strength
values, but are difficult to process because of the abrupt change in viscosity at their
melting temperatures. Compared to plastics and high strength steels, highly processable
MGs [56-59] exhibit room temperature strength that is two orders of magnitude higher
than plastics and 2-3 times higher than conventional steels. Thus, MGs combine the
strength of metals with the processability of plastics [60]. Figure 1.7 shows the wide
range of length scales and geometries that can be fabricated with TPF-based processes

[19, 30, 61]. Covering 9 orders of magnitude in length scale (from &ngstrom (A) to meter
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(m)), MGs can be utilized for versatility of shapes, i.e. from atomically smooth surface

roughness up to meter long strings [26].

1000

Ideal processing region

Strength (MPa)
Viscosity (Pa.s)

1E-5%

1E-7

3 Too fluid \
1E-9

Ll Fllll'l T T lllllll L]

100 1000
Temperature (°C)

Figure 1.6 MGs combine two mutually exclusive attributes when they are

thermoplastically formed: the strength of high strength metals, and the processability of

plastics [60].
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Figure 1.7 Processing flexibility of MGs allow us to fabricate shapes at different length

scales with high precision and roughness unachievable with other conventional alloys

,61].

[19, 26, 30
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Metallic glass properties have been found to be depending on size (Figure 1.8).
Samples with an effective thickness (smallest characteristic dimension) exceeding 1 to 5
mm are often brittle in bending and tension but show some compressive plasticity [62-
65]. Multiple shear bands are activated during compression of a monolithic MG,
particularly in alloys with a low ratio of shear modulus to bulk modulus, which
dramatically increases the plasticity of the sample [63, 66]. When MGs are used in
geometries where one dimension is below about 10 times its critical crack length (~1 mm
for a medium range Zr-based MG like Vitl), they exhibit significant bending plasticity
[32, 67]. It has been observed [68, 69] and explained experimentally that shear band
confinement changes the deformation mode [35] as long as the spacing of the second
phases matches the plastic zone size of the related MG matrix. A transition from shear
localization (inhomogeneous) to homogeneous deformation was observed (in a
temperature and strain rate region where deformation is typically localized into shear
bands) [70] when the size of the sample decreases below approximately 100 nm [26, 71].
Significant plasticity has also been observed in nanoscale MG heterostructures [64, 72].
However, spacing of the second phase is significantly (up to a factor of 50) smaller than
the critical confinement length scale of ~100 nm. For these nanoscale heterostructures,
the control over individual microstructure features is even more limited [35]. When the
size of the sample matches the size of cluster of atoms (below ~10 nm), inelastic shear
distortion can be expected, creating shear transformation zones (STZs). At this length
scale, variation of length to thickness of the sample sets another length scale, where the
deformation mode can be altered from brittle to ductile, which results in elastic buckling

prior to reaching oy [26].

14



Effective thickness /um

Figure 1.8 Size effects in metallic glasses estimated for Zrs; 2Tiy38Cus25NiioBess s (Vitl)

[26].

1.4 Mechanical Property Enhancement in MG Composites

It has been earlier reported that the transformation of a shear band into a crack is
hampered by metallic glasses with a high Poisson’s ratio (or B/G, the ratio between the
bulk modulus, B, and the shear modulus, G) [63, 65, 66]. However, this trend has only
been observed when samples were characterized in compression or bending geometry but
not under tensile loading.

Other strategies have been developed to encumber the immediate transformation

of a shear band into a crack. Most effective has been the introduction of the second phase

15



microstructures into the metallic glass. Such MG heterostructures can be realized through
partial crystallization [34, 73-76], chemical decomposition [77], forming a composite by
mixing with a second phase [78-80], and by incorporation of a gas phase to fabricate
cellular materials and foams [81-85].

Plasticity of metallic glasses can be improved by any means of increasing shear
band density in the metallic glass resulting in a better distribution of the deformation
energy within the sample [86]. It has been proposed that the interaction between shear
bands and second phases plays a critical role in stabilizing shear bands and preventing
crack formation [15-20]. For example, it was suggested that shear bands could be
stabilized as long as the spacing of the second phases is comparable with the plastic zone
size (Rp) of the sample [15]. This includes multiplication, branching, and restriction of
the shear bands, thus controlling the instabilities otherwise responsible for early failure.
Therefore, Rp was suggested to be a crucial length scale influencing shear band
interaction with the second phase. More specifically, when the spacing of the second
phases is lower than the plastic zone size, shear bands will not immediately develop into
cracks, but instead, the formation of multiple shear bands is triggered [36].

The shear band density can be increased by hindering the propagation of shear
bands, and at the same time, aiding the nucleation of new shear bands. This can be
achieved by any means of reducing the stress at the tip of the shear band, for instance by
placing obstacles in their way. Shear bands can also be initiated intentionally by
introducing sites of local stress concentration in the material. Effective initiation sites
should be densely spread throughout the material and initiate shear bands at similar stress

levels. Possible initiation sites are pores or second phase particles with a Young's
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modulus and ductility significantly different of the matrix material, leading to interfacial
stresses. These effective obstacles should arrest shear band propagation or at least split up
propagating shear bands [86]. Independently, the length of the processing zone can also
be varied by considering a range of MGs with varying intrinsic toughness [63, 87] and by
inducing structural relaxation [88].

The most common fabrication method of MG heterostructures is either through a
melt infiltration process [78, 89-92] or by a thermoplastic forming (TPF) process [93-95].
Some of these composites fabricated showed a minor increase in plasticity under
compressive loading conditions (see, e.g., [79]). However, the limited enhancement of
plasticity and particularly, the inability to stabilize shear band propagation under tensile
loading was attributed to a chemical reaction between the MG matrix and the (second
phase) second phases. This reaction typically results in formation of a brittle phase at the
interface (see, e.g., [96]). The drawback of a weak interface can be eliminated by
partially crystallizing the MG former. These so called in-situ composites or precipitate
reinforced MGs (ex-situ) typically consist of a ductile second phase which crystallizes
upon cooling while the remaining melt freezes into a glass [34, 73-75, 97]. The properties
of the second phases are essential for global ductility since they have to be able to absorb
the strain of the penetrating shear band. It has been found that when a high volume
fraction of soft and ductile second phases is introduced into the MG through partial
crystallization, significant ductility and enhancement in toughness can be achieved, and
values of up to 10% for ductility and K1c=170 MPa m™? have been reported [34, 73, 98].

Different microstructural features contribute to the toughening of MG

heterostructures. Recent studies focused on creating an inhomogeneous microstructure
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with isolated dendrites in a MG matrix stabilizes the glass against the catastrophic failure
associated with unlimited extension of a shear band, which results in enhanced global
plasticity and delay in fracture [34, 73]. Figure 1.9 depicts micrographs of some
examples of dendritic MG composites, which are formed by B-phase stabilization (Figure
1.9a, ¢, d) and semi-solid processing (Figure 1.9b). These two-phase heterostructures
show variation in spacing, size, and shape of the second phase, as well as the chemical

composition of the second phase can also vary throughout the structure.

Intensity (au )

Figure 1.9 Microstructures of MG heterostructures that exhibit tensile ductility.
Variation in spacing, size, and shape of the second phase dendrites is present in each
sample. @) (ZrssTiigsaNbege)7sXos [73], b)  ZrageTissgNb7gCusaBeros [34], ¢)
TigoCur4NiaSnaTagg [99], d) Ties.1Cug NisgSn7 2Nbis o [100] in situ composites.

As it can be seen from this figure, MG composites have very complex
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microstructures, where broad ranges of contributions have been suggested for the
toughening mechanism. To name the most prominent, this includes the softness (shear
modulus) of the second phase, the strength and toughness of the interface, the
morphology and volume fraction of the second phase. It should be mentioned that
previous studies do “suggest” these contributions, but do not provide quantitative
experimental evidence. Furthermore, with current MG heterostructure synthesis
techniques, variation of microstructural features tends to be limited, and changes are
often interrelated. The artificial microstructure approach introduced in this thesis targets
to overcome these shortcomings by creating a systematic and quantitative analysis

through independent variation of variables.
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2. FABRICATION METHODS of ARTIFICIAL

MICROSTRUCTURES

2.1 Metallic Glass Alloy Synthesis

The exceptional processability and large supercooled liquid region (SCLR) of
metallic glasses makes them highly promising candidates for thermoplastic processing
especially when replicating features with high precision and tolerance. A lightweight
Zr35TisgCU7 5Besrs MG former (p = 3.9 g cm™), which has the largest supercooled liquid
region of AT =159 K (at 20 K/min heating rate) of any known bulk glass forming alloy is
utilized for heterostructure fabrication. This alloy can be cast into fully amorphous rods
of 1.5cm in diameter, and shows enhanced glass forming ability (GFA). In addition, this
alloy exhibits high yield strength in compression (o, = 1430 GPa) and relatively better
fracture toughness than many other metallic glasses, and a relatively high Poisson’s ratio
of v = 0.37. The undercooled liquid exhibits an unexpectedly high Angell Fragility of m =
65.6 [56]. Microreplication methods carried out in open air using relatively low applied
pressures (~1 atm) demonstrate superior thermoplastic processability of this alloy for
engineering applications [28]. Furthermore, strain rate effects on viscosity of this alloy
and similar Zr-based MG alloys have been extensively studied [56, 101], and based on
these measurements, it is demonstrated that ZrssTizpCu;sBey;s exhibits exceptional

properties for thermoplastic processing.

To cast, the weight percent’s for the constituent elements were calculated, and
each element was separately measured three times with a calibrated balance. The

constituents were subsequently mixed in a quartz tube in a Ti-gettered argon atmosphere
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under vacuum, and melted with purity higher than 99.99% in an arc melter, which is
subsequently cooled down in air. This process forms a homogenous crystalline ingot. In
order to prepare amorphous samples, the cast ingot was sealed in a quartz tube under
vacuum of 10 mbar, and the quartz tube was subsequently purged with an inert gas
several times to eliminate any residual oxygen content. The ingot is then heated above its
liquidus temperature for 5 min, and quenched in water respectively, which results in a

rod-shaped MG [28].

In addition, Pts7;5Cu147Nis3P225 MG with a low TPF processing temperature
(~250-280°C) and outstanding formability is used [63]. Its processing temperature is

lower than the melting point of most metals, and has very high corrosion and wear
resistance. The glass transition and crystallization temperatures for the
Pts75Cu14.7Nis 3P225 MG are 230°C and 310°C, respectively, indicating a large processing
window [27]. Extensive plasticity was observed during bending and unconfined uniaxial
compression, and is a consequence of the very large Poisson ratio (v = 0.42) of the

material [63].

Pt-MG ingot was prepared by melting the elements of purity better than 99.99% in
a vacuum-sealed quartz tube. B,O3 was used to flux the ingot for 15 min, which was
shown to increase the glass forming ability by reducing the alloy’s oxides. An amorphous
rod was obtained by casting it in a quartz tube, and by subsequent water quenching. X-
ray diffraction machine (XRD-6000 Shimadzu) and differential scanning calorimeter

(Perkin Elmer Diamond DSC) confirmed that both MG formers are fully amorphous [28].
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2.2 Silicon Mold Fabrication

Honeycomb features were designed using AutoCAD 2011 software program.
Overall, a circular area of 15 cm in diameter (150 mm Si wafer) can be covered with
patterned molds of the artificial microstructures. Figure 2.1 shows the schematics of the
CAD drawing of various honeycomb patterns designed. A lateral spacing of about 2 mm
between the molds was kept to prevent stress concentrations during fabrication. The
drawing layout was transferred to a photomask maker (Heidelberg DWL-66 Laser Mask
Writer), which uses direct laser beam writing to fabricate the chromium-etching mask. A
layer of AZ P4620 photoresist is spun onto the silicon wafer at 3 kr/min for 42 s and then
patterned using basic photolithography. The final resist coating is 8 um. After patterning
the photoresist, the exposed areas of Si are etched using deep reactive ion etching
(DRIE). The etch cycle for DRIE processing was carried out under 12 s, 130-sccm SFg,
13-sccm O,, 600-W coil power, 12-W platen power, and 26-mtorr pressure, whereas the
passivation cycle was carried out under 8 s, 85-sccm C4Fg, 600-W coil power, 0-W platen
power, and 15-mtorr pressure. The etching depth of the honeycomb molds was measured
to be around 300 £ 30 um, where the etching depth of the cellular structure molds was
controlled through the etching time. The etched samples were diced using a wafer-dicing
saw. Residual resist is then cleaned from the surface by soaking first in acetone, then in
isopropanol, and finally in deionized water. The Si wafer is then dried with N, under a
pressure of 2 x 10° Pa. Figure 2.2 shows an example of a honeycomb Si mold pattern

with 100 pm wide feature size.
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Figure 2.2 Negative Si template of a honeycomb structure fabricated by Deep Reactive
lon Etching process. High precision on the etched lateral walls, as well as on the edges
of the features can be obtained, which is subsequently be replicated precisely by metallic
glasses. Pitting is observed only on the outer surface of the mold, which is due to the

overexposure of the photoresist required for high aspect ratio etches.

2.3 Fabrication Methods of MG Artificial Microstructures

A wide range of TPF-based processing methods have been developed for MGs,
which have dramatically increased the range of geometries that can be net shaped [42],
including some shapes that were previously unachievable with any metal processing
method [40]. In recent years, the particular focus of TPF of MGs has been on micro- and
nanoscale applications due to their homogeneous structure and ease in fabrication on
multiple length scales [25, 29, 43-49]. The key to the enhanced processability of MG
formers is their suitability to thermoplastic forming. TPF allows to create intricate shapes,
some of which can not be created by any other fabrication technique, with very high
precision through net-shaping [60].

We consider ZrssTizpCurzsBesrs as a typical MG with negligible macroscopic
plasticity [56] and, as a comparison, Pts;5Cui47Nis 3P225, which exhibits unusually high,
~20% compressive plasticity [63]. Both alloys are well suited for the TPF fabrication of
the cellular structure due to their high formability [27].

Figure 2.3 shows the fabrication steps of MG cellular structures. The fabrication

stages of the Si mold were described in Section 2.2. Discs of 1 mm thickness cut from the
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amorphous MG rods were pre-pressed to a thickness of around 500 pm by using Instron
55609 tensile testing machine (50 kN maximum load capacity) using compression plates.
The Si mold that contains the desired pattern is heated to the TPF temperature of the
related MG, and the pre-pressed MG disc is placed on the heated mold and equilibrated to
attain a stable temperature. The cellular structures were produced by thermoplastic
compression molding of ZrssTispCursBesrs at 425°C and 275°C for Pts75Cu14.7Nis3P22 5
in air into the etched Si mold for 60 s under a pressure of 50 MPa, where the MG
subsequently relaxes into a highly viscous metastable liquid, and flows into the etched
mold under controlled pressure [24]. The TPF processing temperature is selected on the
basis of the viscosity change as a function of temperature and processing window. A
typical temperature used for TPF is chosen such that the viscosity decreases to 10°-10°
Pa - s while the crystallization time remains on the order of 3-5 min [102]. Air-cooling is
sufficient to sustain its amorphous nature, which can be verified by subsequent thermal
and structural analysis. The key to TPF-based compression molding is the precise
temperature control, and the applied pressure should exceed the flow stress of the MG to
achieve the required strain before crystallization sets in. Because the viscosity of the MG
in its supercooled liquid state changes by roughly an order of magnitude per every 20°C,
temperature fluctuations during net-shaping should be minimized [51].

After the pressed samples were cooled down to room temperature, the extra MG
layer was removed by either hot cutting [29] at 390°C or by polishing using Buehler
Metaserv 250 Grinder-Polisher. The aspect ratio dependent etching rate of Si molds result
in cellular structures varying in depth. Samples are grinded down to 200 + 10 um to have

uniformity in depth (z-direction) of the MG cellular structures with different I/t ratio. The
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MG cellular structure comprised of 39 cells was subsequently released from the mold by
etching the Si mold in KOH for 30 min at 100°C (Figure 2.3g). The fully amorphous
structure was confirmed by subsequent thermal and structural analysis. Similarly, MG
heterostructures for tensile testing were also created using this two-fold technique, where
the precision of the CAD drawing is translated into the MG within a precision of a

micron.
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Si Wafer
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Photoresist Spinning
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¢

Resist Removal & Cleaning
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Figure 2.3 Schematics of the MG cellular structure fabrication. a) Silicon is used as a

mold material. b) A thin layer of photoresist on the Si wafer is patterned by UV exposure
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through a mask. ¢) The exposed regions of the Si wafer are etched by deep reactive ion
etching (DRIE). d) The residual photoresist is removed. e) The etched Si wafer,
containing the cellular structure features, are filled with Zr- or Pt-MG by TPF based
compression molding. f) Residual MG is either removed by hot scraping or polishing. g)

The cellular structure of 39 cells is released by etching the Si wafer in KOH.

CAD Drawing Si Mold BMG Sample

Figure 2.4 MG heterostructure realized in a tensile test sample, and close-up image of its
gauge section. Comparison of the Si-mold with the original CAD drawing reveals the

control and precision of our process.

Thermoplastic forming of metallic glasses into Si molds causes residual stresses
at the matrix-second phase interface due to the linear expansion coefficient difference

between the Si pillars and the MG surrounding them. Tensile heterostructures were
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subsequently post-annealed at 380°C for 5 minutes (processing window at this
temperature is measured by the Differential Scanning Calorimeter is ~20 min) to
dissipate the stress concentrations caused from the fabrication step. Surface oxidation
caused by the post-annealing process was eliminated by polishing the surface of the
sample. Using this pre-test method, overall fracture strength and strain of MG
heterostructures improved by ~10%, and this increase corresponds to the linear expansion

of the pores through:
Oxx = E(x)a(x)AT (2.1)

where E (elastic modulus of the heterostructure) is taken as 20 GPa for a sample
heterostructure, o (linear expansion coefficient) is taken as 10° 1/K [103], and the

temperature difference as 400K, which results in oyx = oyy = 80 MPa.

The net-shaping of thin parts of MGs, even when using TPF-based processes, is
hampered by friction between the mold and the viscous MG. The most versatile method
that eliminates friction is blow molding, which has been proven successful for MGs on
the macroscale [40]. It has been demonstrated that the formation of precise net shaping of
complex parts over a wide range of length scales can be achieved by this shaping method
[39]. To show the experimental feasibility of the blow-molding process, we have utilized
a free-expansion technique [28]. A schematic sketch of the blow molding of 3D micro-
shells at its processing conditions is shown in Figure 2.5(i). The side and cross-sectional
view of a blow molded MG micro-shell is shown in Figure 2.5(ii-a, b). The uniformity
of the shells Figure 2.5(ii-c) in the array suggests that the expansion process can be well

controlled. MG formers at typical blow mold processing conditions exhibit the largest
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resistance to thinning, and thereby the highest uniformity in cross-sectional thickness is
possible [27]. Figure 2.5(iii) shows the increase in aspect ratio (h/do) during expansion as
a function of temperature. Since such an aspect ratio is sufficient to realize envisioned
applications, a large processing window is available for blow molding of MGs under
these conditions.

In addition, we presented a method to fabricate 3D Pts75Cu147Nis3P2s MG
micro-shells attached to a Si wafer by a combination of TPF-based blow molding and
compression molding of MG. The details of the Si mold photolithography, measures
taken to protect of the MG disc from flowing into the big cavities, and the TPF based
compression molding are presented in [28]. In this method, the MG-Si assembly is heated
to the processing temperature of 275°C. As a consequence, the unsupported MG
diaphragm expands into a 3D shell, which is still attached to the Si wafer (Figure 2.5(iv-
a, b). The height of the MG shells can be controlled by altering temperature, time, and
pressure. The sphericity of MGs shells is mainly controlled by the uniform stress
distribution inside the diaphragm, which depends on the thickness of initial MG layer.
Figure 2.5(iv-c) shows the schematic sketch of the vacuum setup, which is used to blow
mold 3D micro-shells. The vacuum apparatus is placed on top of MG-Si assembly where
the Si seals the groove of the vacuum apparatus. Figure 2.5(iv-d) shows the Pt-based MG
shell fabricated by blow molding. In order to visualize the attachment of the micro shells
to Si through the small anchoring holes, the Si wafer was etched using KOH. Cross-
sectional view is shown in Figure 2.5(iv-e), where micro-shell has ~40 um thickness at
the pole. Figure 2.5(iv-f) shows an SEM image of the MG side, which was originally

attached to the Si wafer. A strong attachment of the MG to the Si wafer is present
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because the DRIE process produces the vertical surface with a measured roughness of
~400 nm. The 3D shell fabrication method can be extended by blowing into mold
cavities, thereby generating shells beyond the free expanded spherical shapes [28]
(Figure 2.5(Vv)). A second Si wafer with square cavities (500 um each side) was used as a
mold. Pts75Cui47Nis3P25 was attached to a Si wafer using the similar conditions in
Figure 2.5(iv). Another Si mold with square cavities was clamped to the MG-Si
assembly and was aligned with respect to larger cavities in the Si wafer attached to MG
(Figure 2.5(v-b)). The attached MG was blown into square mold cavities by Argon gas,
which creates a pressure difference between two sides (Figure 2.7¢). Figures 2.5(v-d, e)
show examples of square MG shells attached to Si wafer. The pole section of the blow-
molded shells are ~15 um (Figure 2.5(v-f)). This demonstrates the concept that MG

shells with controlled shapes can be created.
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Figure 2.5 (i) The Zra4Ti11NioCuioBess MG disc and the brass sieve were heated to the

processing temperature of 450°C. A pressure difference of AP =10° Pa between the top

and the bottom sides of the disk was generated to deform the MG, which was achieved by

applying pressure of 2 x 10° Pa to the top of the disc. (ii) (a) A side view and (b) 90°

rotated cross-sectional view of a MG micro-shell. (c and inset) Array of micro-shells

blow molded through brass sieve with 500 um holes. (iii) Expansion kinetics of a

Zr44Ti11CuyoNiroBeys diaphragm (diameter 500 um and thickness 200 um) at various

temperatures under a pressure difference of 5 x 10° Pa. Solid squares indicate the onset

of crystallization which terminates the expansion. The expansion kinetics is approximated
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by the change in the height of the 3D shell with respect to blowing time. (iv) (a-b) The
pressed Pt-MG layer is blow molded through large holes where the filled small holes
keep the Pt-based MG attached to the Si wafer and act as anchors. (c) The vacuum
apparatus applies a pressure gradient (P; < P,) of 0.1 atm between the front and the
backside of the MG-Si assembly. (d) A side view of a ~500 um micro-shell, (e) a cross-
sectional view, and (f) the MG side that was originally attached to the Si wafer is
depicted. Blow molding of Pts75Cus47Nis3P2 5 into a square mold at 275°C for 30 s at a

pressure difference of 5x 10° Pa [104].

2.4 Conclusions

In this chapter, thermoplastic forming (TPF) was introduced as a net-shape
processing method for metallic glasses, which decouples fast cooling and forming
processes. TPF is a highly robust and versatile shaping method, and it is very similar to
the techniques used for processing thermoplastics. Table 2.1 summarizes the wide range
of TPF methods compared to conventional casting [39]. Due to the versatility and high
precision, TPF process is ideal for replicating small features and thin sections with high
aspect ratios, which makes this process appropriate for microelectromechanical systems
(micro-fluidic devices, micro-thrusters), nano- and microtechnology (resonators, acoustic
transducers, packaging, micro-lenses, micro-valves), jewelry, biomedical (superelastic
springs, stents, neural impulse actuators) and optical applications, and data storage.
Furthermore, highly spherical 3D shells created by blow molding with controlled
roughness of less than 2 nm enables an inherently high Q-factor for resonator

applications, as well as in MEMS or CMOS devices [28].
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Process Process  Shape Shape/ Shape Process BMG Former Used Surface Dimensional  |ssues {Comment
Based on  Size Aspeet  Feature Level of Finish Accuracy
Ratio Maturity
Compression TFF Millimeters to 1-10  Undercuts RE&D medium ZragTiyCugMiygBesy [81,82) Very Good Mold release: Mold wear due to
molding, centimeters open PdagMigCLagPzg [117] good high required forming pressures
Injection ZrasTizgBesy «Cuy s [292) can be combined with surface
melding patterning <1 wm.
Blow TFF 10 pm te 10-1000 Hollow, RED high ZragTiyCugMigBesy [286] Excellent Excellent Mest versatile shapes possible. Can
melding centimeters undere s, PlessClya sMie sPa s [281] be combined with jeining and
(104 Low symmetry Augahgs sPds s ClgaSigs [291] surface patterning < 10 pm. Size is
ZryTisgBesy «Cuy y [291] limited by the maximum easting
ZreaTis CuzgMiqohlz [240] thickness of pre-shape only.
ZrgshlighisgCuys [364]
Het-rolling TFF Millimeters to 1004  Sheets RED low ZragTiyCuggMNigBesy [285] Good Meoderately  Temperature-contrel critical; Aspect
centimeters good ratio amd shape size can be
(10+) increased to oo in a continuous
process
Extrussion TPF Milimeters to 100 Long fixed RED low CuTiZrMi [326,327,329] Good Moderate Swelling ~15% has to be
meters Eress- M g 1gCus [£10] considered; Sharp corners
sectional ZraiaThaaCuizeMigBesss [417] round of f
profile, ZrgshlinMigCuys [323]
hellow TisaCuneMizzAleSng [412]
M gesCus, ¥y [413]
ZreaTiy Cu g MiyaBess [333]
Micrsimprinting TPF Micrometers te 1-10 Surface RED Industrialization LaghlgMizg [414] Very good  Good Typically disposable melds; Can
[miniature rrillim eters patteming PlygzsPda 75 Cla sP2: [298,415] alse be combined with eompression
imprinting, Zr-Al-Cu-Ni [206,416,417] melding, hot-rolling, injection

hot-embossing)

ZraaTiyCupgMiygBes, [245,418,419]
Pl Clipg sMNig 3P oz s [245]
Mp-Cu-Y [313]

Augafips oPdssCusgaSiigs [245]
Zrg12 T gClzsMigBegs s [302]
ZragyTig 200 s MigBegyy [420]
PdagMisgPsg [303,418]
CeasfliCuzaMbe [50]
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Miniature TPF
manipulation

Miniature TPF
fabrication

Manoimprinting TPF

Die-casting Direct

casting
Counter Direct
gravity casting
casting

Manometers to
millimeters

Micremeters to
millimeters

<100 nm

Millimeters to
10 centimeter

Millimeter to
10 centimeter

~1

1-10

1-100

ID parts;

Mo undercuts,
Design
freedom in
2D, other
dimension
perpendicular
Rods

Undercuts

Undercuts

RED low

RED high

RED medium

Commercially
used

R&D high

PdpgCuy5iy; [289,421]
ZraaTiyiCugMizgBes#*

Plos s Clpe sMig sPaz s

[245,295 422]

Algofgs Py 3 ClizgaSiigs [245]
PlossCuye sMis 1P o o [245]
Algafigs oPdsaClsgaSings [245]
ZryaliyCugMipgBe,y [245]

ZralCuMi [290]

Flon s Cupg sMis 5Pz 5 [280]
Algafps sPdosClzgabies [280]
ZralCuNi [235]

Zrg12Tha gClnasNigBega s [82]
Zry M by CuynaMNigtilia [32]

Yery pood
Lo excellent

Very good

Moderate

Cood

Cood

Cood

Moderately
good

Good

Bending, scrapping,
smoothening

Combines micreimprinting,
scrapping andfor manipulation,
and surface smoothening

Relies on BMGC-mold rmaterial
eombinations

Internal stresses, casting
defects, porosity; Sliders
needed for undercuts
Significant reduction of casting
defects over die-cast articles;
Sliders needed for undercuts

Table 2.1 Process-selection map for generic shapes that can be fabricated with various TPF-based MG fabrication methods [39].
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3. STRUCTURAL CHARACTERIZATION of
METALLIC GLASSES

The amorphous nature and the forming characteristics of the cast MG rod need to
be closely monitored to assess the suitability of the cast material for the artificial
microstructures. For this reason, three different test methods, namely formability test,
structural and thermal analysis, and bending test were conducted prior to fabrication and

testing of MG heterostructures, and the results are presented in this chapter.

3.1 Formability Test

The key material property that determines a MG’s suitability for TPF is the
formability, where Schroers [27] have recently suggested a standard to characterize the
formability of MGs, which is simple, precise, and can be carried out on most MG-
forming alloys. This method measures the deformation of a specified volume of the MG
heated through the supercooled liquid region under a constant load, and the maximum

diameter of the disc is taken as a measure of the MG’s formability.

0.1 cm?® disc cut from the ZrasTisCursBezs MG rod is thermoplastically
deformed during heating through supercooled liquid region at a constant rate of 20 K
min™ as the MG disc is forced between platens of the Instron Machine with a constant
load of 4500 N (Figure 3.1). The evaluation of the formability is quantified in the final
diameter of the deformed disc after passing the SCLR of the MG. For the repeatability of
the results, standard deviation of the disc diameter is calculated from three samples. The
disc diameters are found to be around 27 mm (£0.5mm), which is slightly above the

findings for MG’s of similar compositions [27], indicating a higher formability of the
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Zr3sTi3pCuzsBeszs MG alloy used throughout this thesis. In addition, the resistance to
oxidation of ZrssTizpCuzsBeszs MG is higher than the other Zr-MGs during the
formability test, which can also be noticed by the naked eye from the thermoplastically
pressed discs. This is the primary reason why ZrssTizoCuzsBezzs MG can be deformed to
a higher extent: Surface oxidation prevents further flow and negates the attractive

properties of the MG forming alloy in its amorphous state [27].

&P

BMG - EBMG Disc

Bottom Plate

(b)

Figure 3.1 (a) Compression molding apparatus. The MG disc is squeezed between the
top and bottom plates under constant applied pressure and gradual temperature ramp.
(b) The final diameter of the ZrssTizoCu;sBeszs MG disc is ~27 mm, which is relatively

larger than the other Zr-MGs of similar composition.
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3.2 Thermal Analysis

Thermal analysis is a powerful tool to characterize metallic glasses, by which one
can judge their properties as they change with temperature. This technique consists of any
analysis of materials relating to heat such as freezing/boiling temperatures, heat of fusion,

heat of vaporization, specific heat, etc.

The driving force for crystallization is approximated by the Gibbs free energy
difference (AG), which is in turn correlated with heat of fusion (AHy,) and the difference
in specific heat capacity Ac, (T) between supercooled liquid and the crystal. Figure 3.2a
displays c, values of several different MG alloys compared to their crystalline state,
where it is higher at Ty, and further increase as supercooling proceeds. The alloys with
good glass forming ability (GFA) (which is also correlated with the formability test
conducted for our Zr-MG) shows shallower curves, where Zr-MGs (Vitreloy 1, Vitreloy
4 as well as Zr3sTizoCuzsBesr s MG) constitute this group [51]. The Gibbs free energy of
the supercooled liquid with respect to the crystal AG (T) can be calculated by integrating
Cp and taking AHp, into account [21, 51], where the lower critical cooling rate alloys (i.e.

Zr-MG alloys) have lower driving force for crystallization (Figure 3.2b).
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Figure 3.2 (a) Specific heat capacities for several MG alloys. MGs having highest
formability show a shallow specific heat capacity (c,) curve, indicative of strong liquid

behavior. (b) Difference in Gibbs free energy between the liquid and the crystalline state
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for glass-forming liquids, where the critical cooling rate of each alloy is indicated as K/s

in parentheses [51].

Differential Scanning Calorimeter (DSC) is used to measure the change in the
heat capacity c, as a function of temperature and time in a controlled atmosphere. This
device is able to provide quantitative and qualitative information about physical and
chemical changes that involve the amount of heat absorbed or released during
endothermic and exothermic phase transitions, which is reflected in total enthalpy change
(AH) as a function of temperature [105]. In DSC sample holder, there are two slots one of
which contains an inert material such as alumina, or just an empty aluminum reference
pan, and the other one contains the sample being examined. The temperature program for
DSC analysis is designed such that the sample holder temperature increases linearly as a
function of time. In order to keep the reference and sample pans at the same temperature
throughout the experiment, the system supplies equivalent heat to the sample pan to keep
the temperature of this pan increasing at the same rate as the reference pan. Figure 3.3
shows the DSC machine used in our experiments, as well as a typical thermogram of a

material showing glass transition and crystallization.
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Figure 3.3 (a) PerkinElmer Diamond DSC used in our facility, and the sample holder
section for sample and reference pans. (b) Typical DSC curve illustrating the important

exo- and endothermic changes [105].

A plot of heat capacity as a function of temperature for this type of metallic glass
is a good starting point to discuss the thermodynamics of these materials. To understand
whether TPF based compression molding of MG heterostructures has any effect on Tg, Ty

and total enthalpy of crystallization (AHy), as-cast and the thermoplastically formed

40



pieces (at 420 °C for 1 min) of ~20 mg ZrssTizoCu;sBeyzs MG was heated through its
supercooled liquid region. The differential scanning calorimetry (DSC) scans were
performed at a constant heating rate of 20 K/min by Perkin EImer Diamond DSC. Figure
3.4 compares the thermograms in the standard state and after TPF. Both samples show Ty
at 314 °C and the onset of crystallization in the range of 469474 °C. The onset of
crystallization shifts to lower values after TPF, where there is a marginal decrease
measured in the heat of crystallization (4H) by ~5%. This finding suggests that the
utilized fabrication process slightly affects the internal properties of the as-cast MG
former, where the results are aligned with [52]. The thermal stability of the alloy remains
unaltered because Ty of the alloy remains constant, and thereby, the width of the

supercooled region (AT) shifts only by several degrees after thermoplastic forming.
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Figure 3.4 DSC thermograms of the as-cast and the thermoplastically formed Zr-MG

show similar Ty, and subtle differences in Tx and 4H.

41



3.3 Structural Analysis
Although the DSC results indicate that TPF has a subtle effect on the

crystallization temperature, direct structural characterization is crucial for a
comprehensive understanding of this phenomenon. X-ray diffraction (XRD) is a non-
destructive technique that reveals detailed information about the crystallographic
structure, chemical composition of materials [106-108]. In an X-ray diffraction
measurement, a crystal is mounted on a goniometer, and gradually rotated while being
bombarded with X-rays, where these waves undergo a phenomenon called diffraction
when interacting with systems (diffracting centers), which are spaced at distances of the
same order of magnitude as the wavelength of the particular radiation considered [109].
When X-rays are scattered from a crystalline solid they can constructively interfere,
producing a diffracted beam. The relationship describing the angle at which a beam of X-
rays of a particular wavelength diffracts from a crystalline surface is known as Bragg’s

Law:
2dsin@ =nA (3.2)

where A: wavelength of the x-ray, 0: scattering angle, n: integer representing the order of
the diffraction peak, d: inter-plane distance of (i.e. atoms, ions, molecules). If the inter-
plane distance kept constant, these waves will be in synchronization (add constructively)
only in directions where their path-length difference 2dsiné equals to an integer multiple
of the wavelength A, and the portion of the beam is diffracted by an angle 26 [110].
Figure 3.5a shows the schematics of the X-ray data analysis. In this study, structural
analyses of the as-cast and thermoplastically formed sample were conducted by

Shimadzu XRD-6000 diffractometer (Figure 3.5b). The sample is placed on a vertical
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goniometer, which has 2-axis rotation (Figure 3.5¢). XRD diffractograms of the as-cast
and the thermoplastically formed samples show no detectable peaks (except the 38.43°
peak, which is the miller indices of (100) plane for the Aluminum holder we stick our
sample onto), reflecting the MG’s similar amorphous nature even after the fabrication of

MG heterostructures (Figure 3.6).

High voltage Goniometer control Standard data
transformer Detector high S rocessi
X-ray control voltage PHA s g Byoi
(a) (c)

Figure 3.5 (a) Hlustration of X-ray diffraction and data acquisition/processing (b)
Shimadzu XRD two-axis diffractometer currently used in our facility, and its vertical

goniometer (c) used to obtain peaks from different angles [110].
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Figure 3.6 Structural comparison using x-ray diffraction. Both samples show a broad

peak, which verifies the thermoplastic-based compression molding does not cause any

measurable difference on crystallization kinetics.

3.4 Bend Test

Previous methods used in this chapter provide information about thermal and
structural properties of MGs, but do not reflect whether TPF creates any change in
mechanical properties. Conner et al [111] found that if one dimension of the sample goes
below ~1mm, significant bending plasticity can be observed. To measure the amount of
deformation in Zrss Ti3oCu;5Besrs MG, rectangular beams of 0.65 + 0.05 mm thick were
prepared from the prepressed discs at 390 °C for 1 min. All sides of the beams were
mirror polished, and the corners were rounded to avoid stress concentration during bend
test. Beams were bent over mandrels with decreasing radius from 30 mm to 5.5 mm with

corresponding strains of 1.2-6.3% under constant compressive strain rate of 10° s™. The
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amount of total deformation (er) at each radius is calculated through ¢ =t / 2R, with t:
thickness of the sample (constant), and R: radius of the mandrel. This range spans the
elastic to plastic strain region, which enables to observe the increase in the bending
ductility with high accuracy. Figure 3.7 shows the setup and the beam that has been bent
up to 6.3% of strain (~4.3% plastic deformation), respectively, where the results are in
line with [32]. The shear band patterns on bent or fractured beams were examined by
scanning electron microscopy (SEM) (Figure 3.7d) The SEM images indicate that the
sample showing ~4.3% plasticity undergoes a significant plastic deformation while
forming multiple shear bands on both tensile and compression sides of the MG beam.
However, shear bands on the tensile side impedes when reaching to the neutral axis of the
bent sample due to counteracting compressive forces. Thus, it was observed that samples
with thickness <1lmm reveal extensive plasticity compared to the bending of a rectangular

MG beam of >1mm, which breaks around 2.0% strain and does not show any plasticity.

45



Steel Mold

Figure 3.7 (a) 3 point bending test, rectangular MG beam bent over the mandrel. (b)
Experimental setup and (c) the optical microscopy image of ~4.3% plastically deformed
specimen. (d) SEM image of the bent beam in (c) confirms that shear bands formed in the

compression-tension zones, including shear steps formed on the tensile side (inset).
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3.4 Conclusions

Formability test, thermal and structural analysis, and bend test are used to
evaluate as cast and TPF based compression molded ZrssTizpCu;sBeszs MG discs. The
samples are showing similar mechanical, physical and structural properties, where the
results are repeatable with high accuracy. Same properties were also tested for
Zr3sTizoCuzsBezzs MG heterostructures, where the results are exactly the same with
thermoplastically deformed monolithic MGs. Therefore, it can be concluded that the
properties of the fabricated structures are independent of the thermoplastic forming

process and the replication of the MG heterostructures.
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4. ARTIFICIAL MICROSTRUCTURE APPROACH

4.1 Objectives

Length scales have been identified as the main criteria in the design of effective
metallic glass heterostructures [32]. Spanning 6 orders of magnitude (nm to mm), these
length scales include different regions like shear transformation zones [26, 32, 34, 35,
112], where the collective shearing of the atoms on the order of a nanometer in size takes
place [113]. The second region where we are interested in includes the critical plastic
zone size, which varies among MG formers between 10 um and a few millimeters [114].
This is a very important length scale in the design of MG heterostructures. For example,
effective MG composites exhibit a heterostructure with the second phase spacing which
is comparable to the spacing of the plastic zone size [62, 64, 65, 115-118]. It was
suggested that, in this case, shear bands do not transform into cracks but shear can be
absorbed into the softer second phase [34].

Such length scales have been considered widely in the design of MG composites
[31, 34]. But here is the challenge: Even though length scales have been identified and
experimentally confirmed, this has been done under simplified conditions. If and how
such mechanisms affect mechanical behavior of real microstructures is mostly unknown.
The reason for this limitation is that synthesis methods typically do not allow systematic
variation individual of microstructural feature; i.e. stochastic foams [34, 72, 79, 92, 112,
119-123] and microstructural architecture designed by perforation-stretching [124, 125]
provide limited control over microstructural features, especially when independent

manipulation of features is desired.
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As discussed in chapter 1 that, when MGs are used in geometries where one
dimension is below about 10 times its critical crack length (~1 mm for a medium range
metallic glass), they exhibit significant bending plasticity [126, 127]. This feature, and
other size effects have been widely explored in foams to design overall plasticity [32]. In
addition to the potential for microstructural architecture design, the unusual high ratio of
yield strength over modulus of MGs suggests that a transition from plastic yielding to
elastic buckling can be realized for practical I/t ratios (or relative densities), where I:
ligament length and t: ligament thickness of the each cell of MG cellular structure [33,
81, 83, 85, 125, 128, 129].

Despite high strength and elasticity combined with plastic-like processing ability,
wide spread proliferation of metallic glasses (MGs) in structural applications has been
stymied by their lack of tensile ductility [30]. Upon yielding, shear strain in metallic
glasses is highly localized in narrow, approximately 10 nm wide bands. The development
of such shear bands per se does not necessarily result in fracture. For example, when
shear bands are spatially confined under certain loads and in small sizes, global plasticity
enabled by the formation of a large number of shear bands has been observed [23]. In
compression and bending, multiple shear band formation without crack formation has
been reported [26, 30, 32-35, 52, 64, 69, 73, 74, 99, 130, 131]. In nano-sized samples, it
has been argued through a Griffith-like criterion that the elastic energy release does no
longer offset the energy barrier to form a shear band [32, 52, 63-65, 131, 132]. Hence, on
such a small scale, a deformation mechanism not relying on shear bands can result in

tensile ductility [35].

49



As an example application for our artificial microstructure approach, we utilized
two different MG heterostructures to overcome the main limitations in fabrication and
characterization: Periodic cellular structures under in-plane compression to analyze the
deformation behavior with respect to its relative density, and periodic porous tensile
structures with controlled features to generate tensile ductility. Both topics will be

introduced, and the results will be presented and discussed within this chapter.

4.2 Periodic Cellular Structures of Metallic Glasses

Here, we present a method that allows varying individual microstructural features
independently with unprecedented versatility and accuracy. To fabricate MG cellular
structures (honeycombs), we utilize thermoplastic forming (TPF) of MGs [35, 36, 69,
130, 133], and using Si molds that are produced through photolithography. Regular
hexagonal cellular structures (8 = 30° and h = 1) are used as a case study since they are
widely studied. MGs are suitable to be used in such structures, and mathematical models
have been developed [28, 29, 39, 60]. To cover the range of elastic buckling to
catastrophic failure, 2D cellular structures made from ZrzsTizCussBesrs bulk metallic
glass with varying relative densities (p/ps) realized in periodic hexagonal cellular
structures ranging from 2.5% to 86.0% were fabricated and characterized under quasi-
static compression loading. The range of MG cellular structures was implemented to
identify the different deformation modes, which are controlled by the presence of size
effects as a function of density. As a result, we revealed three distinctive deformation
regions: collective buckling, local failure, and global failure, and revealed the ideal

density of ~25.0% for energy absorption for the hexagonal cellular structure pattern.
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Furthermore, corner-fillets are used as a design tool to dissipate energy more
homogenously throughout the MG cellular structures. Besides, two metallic glasses with
different characteristics are presented. Their performances in cellular structures were
compared to conventional metals (superplastic aluminum alloy (2004Al), Zn) and plastics
(polyether ether ketone (PEEK), polyethylene (PE)). To even extend the range of
materials, we also utilized crystallization and structural relaxation of the MGs, which

drastically changes their mechanical behavior [49, 124, 134-139].

4.2.1 MG CELLULAR STRUCTURE SAMPLE

Even though unsuited for large-scale commercial manufacturing, the combination
of photolithography and TPF enables a very precise, highly versatile, and high-
throughput test sample fabrication. Typically, approximately 200 silicon molds can be
fabricated simultaneously at a precision of better than one micron in the lateral
dimensions (Figure 4.1). This precision is translated into the MG cellular structure
through TPF [30, 31], where the only measurable discrepancy between the MG cellular
structures and the Si mold is due to the difference in the thermal expansion coefficients
(amc ~ 4 x 10°/°'C [25], asi = 3.7 x10°® /'C). To demonstrate the precision, Figure 4.1c
depicts both the feature, which was drawn in the mask, and its realization in the MG

through TPF [103].
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Figure 4.1 @) Zr-MG cellular structure with p'lps = 7.5% and a depth of 200 um. b)
Close-up image of a cellular structure cell, and its joint. c) Corner-fillets to reduce stress
concentrations in the cellular structure’s joints. The top image shows the drawing, and
the bottom image the realization in the actual MG cellular structure, which demonstrates

our control of better than 1 um dimensional accuracy. d) Corner-fillets of r = 50 um

(top), r = 6 um (bottom) [30].

4.2.2 IN-PLANE COMPRESSION TEST
Our setup to characterize the cellular structures under quasi-static in-plane
compression conditions is shown in Figure 4.2. The tests were conducted by using

Instron 5543 tensile testing machine of 1 KN maximum load capacity. To measure with
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the highest accuracy, load cells with a maximum load of 10 N, 100 N and 1000 N were
selected depending on the relative density of the cellular structure. Custom made
pneumatic grips with grids were used to prevent slippage and guarantee precise
alignment. The mold consists of two steel pieces for the top tensile grip, and a steel piece
with a transparent glass panel for the bottom grip. Top and bottom parts, which are
individually screwed to each other, include thin flat steel plates (shim stock) standing in
between. The cellular structure was resting on the bottom plate, which was positioned
between the metal mold and the transparent glass panel with a clearance exceeding the
depth of the cellular structure. Alumina piece was placed under the base plate to increase
the contrast of the cellular structure during imaging. Using Instron Bluehill Software, in-
plane compression of the cellular structure was achieved by pressing the top plate with a
controlled strain rate of 0.001 s in air.

This method allowed us to simultaneously record stress-strain diagrams and
visualize the deformation, hence, to correlate microstructural events with the stress-strain
diagram. In-situ recording through the transparent glass panel during the deformation of
the cellular structure was carried out by Keyence Digital Microscope VHX-500F. SEM
imaging with Hitachi SU-70 was conducted after the fracture to determine the

microstructural changes, shear bands and shear steps caused by deformation [30].
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Figure 4.2 Experimental setup for quasi-static characterization of cellular structure test
samples. a) Schematic of the mold used in this study. The cellular structure rests on a
base plate, which is positioned between the metal mold and the transparent glass panel
with a clearance exceeding the depth of the cellular structure. In-plane deformation of a
cellular structure is achieved by pressing a flat steel plate with a constant strain rate of
0.001 s™. b) In-situ visualization of the deforming MG cellular structure. c) Stress-strain
diagram generated by the output signal of the load cell. d) Actual experimental setup for
quasi-static characterization to show the cellular structure sample positioned inside the

Instron Testing machine [30].

54



4.2.3 EULER BUCKLING INSTABILITY
During in-plane compression test, out-of-plane buckling is prevented by designing
the structure such that the critical out-of-plane buckling stress, o, exceeds the yield

strength, oy, of the bulk MG. Thus,

H7r
cr: ALz >O—y’ (41)

3

with = W[; , I: moment of inertia, E: Young’s modulus of the bulk MG, w: width, b:

depth, L: length and A: cross-sectional area of the cellular structure, o critical buckling
stress, and oy: yield strength of the bulk MG.

While the out-of-plane buckling must be prevented through proper design of the
sample for accurate experiments, in plane buckling is explored as a design tool. In-plane
elastic buckling occurs due to an Euler buckling instability for I/t values exceeding a

critical ratio. This critical ratio can be correlated to the material’s properties, namely E/oy,
through [30]:

(3) =20 =),

P, 2\, 243 ),

where ps and p~ denote the bulk density and density of the cellular structure, respectively.
Elastic buckling occurs for structures with I/t > [I/t].i. For example, superplastic
aluminum alloy (2004Al) requires [I/t]eic = 82 (E = 74 GPa, oy = 300MPa) [140], which
corresponds to a low cellular structure density of p /ps = 1.4%, preventing elastic buckling
when used in practically realizable cellular structure structures. On the other hand, elastic
buckling can readily be realized in plastics, such as low density polyethylene (E = 0.4

GPa, gy = 15 MPa) [141], which leads to [I/t]eit = 15.0 (o' /ps = 13.0%). For MGs, the
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relatively low E/oy ratio, e.g. ZrssTioCursBeyrs (E = 87 GPa, oy = 1430 MPa) [142],
results in [/t]eic = 20.4 (p'lps = 5.7%). This density can be readily achieved in MG
cellular structure structures. The significantly higher strength of MGs compared to
plastics suggests that yielding and buckling of MGs occurs at a stress level, which are
approximately two orders of magnitude higher than yielding and buckling of plastics

[56].

4.2.4 RESULTS and DISCUSSION

4.2.4.1 Deformation Regions of MG Cellular Structures

In order to assess the deformation behavior of MG cellular structures at different
cell geometries, the I/t ratio (thereby the relative density) of the hexagonal cells are
varied. Figure 4.3 shows quasi-static compression of a p'/ps = 2.5% Zr-MG cellular
structure (I = 500 um, t = 10 pm, I/t = 50) at a strain rate of 0.001 s™. The stress-strain
curve of the in-plane compression shows a linear-elastic region (Figure 4.3a-1). In order
to determine the non-linear elastic deformation, additional experiments of cyclic loading
to a progressively higher strain reveal 25% elastic strain. Up to the first stress drop, the
so-called stress initiation o), (Figure 4.3a-2), the deformation appears homogenously
distributed throughout the structure. However, it can already be anticipated where strain
localization will occur (Figure 4.3a-3). Upon further deformation, the strength decreases
due to the instability of the ligaments, causing the strain to localize in the bottom row of
the cellular structure (Figure 4.3a-4, 5). Such instabilities, which cause strain localization
and result in stress fluctuations, are designated by seven stress hills and valleys in the
stress — strain diagram. The slender cell ligaments buckle collectively and therefore

exhibit a low plateau stress, where non-linear elastic buckling of the ligaments
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contributes to the high elasticity of the cellular structure of up to 12.0% [30, 31].
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Figure 4.3 Stress-strain diagram of in-plane compression of ZrssTizCuzsBes7s cellular
structure with p Ips = 2.5% (I/t = 50). The cellular structure exhibits in-plane elastic
bending strain of 25%, which further deforms plastically until ¢p without ligament
fracture. 1-6 shows the microstructural events correlated with the stress-strain curve [30,

31].

Similarly, the cellular structure with p/ps = 5.0% (I/t = 25) shows collective
buckling of ligaments through row-by-row deformation (Figure 4.4). Therefore, this
cellular structure exhibits a low plateau stress, where the contribution of the non-linear

elastic component is only ~2% in this case [30].
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Figure 4.4 Compressive response and fracture pattern of cellular MG structures with

p /ps= 5.0%, showing higher stress fluctuations throughout the deformation compared to

p /ps= 2.5% due to higher stress levels of deformation (see Table 4.2) [31].

Figure 4.5 shows the in-plane compressive deformation of ZrzsTizpCu;sBesrs
cellular structure with p’/ps ~ 24.0% (t = 100 pm, I/t = 5). This cellular structure exhibits
significantly different properties than the previous cellular structures. For p’/ps~ 24.0%, a
standard linear-elastic region is observed until the initiation strength (o) is reached. After
exceeding the elastic limit, deformation is highly localized on the direction having the
highest stress concentration (~45" angle), which is typical for the yielding of bulk MGs
under compression [31]. Plastic strain is highly localized within a narrow band similar to
the formation of shear bands in monolithic metallic glasses, which results in pronounced

stress drops owing to fracture of the hexagonal cells. However, damage of the ligaments
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remains confined, and does not travel through the entire structure. In contrast, for the
cellular structures with row-by-row deformation as shown before, yielding occurs in a
plane parallel to the loading direction, which is typical for ductile materials. Not only do
these two cellular structure types differ in the deformation mode, but they also show

remarkable differences in their initiation stress (o), and elasticity (ge) [143, 144].

0.4
g(mm/mm)

Figure 4.5 Stress-strain diagram of in-plane compression of Zr.MG cellular structure
with p /ps= 24.0% (I/t =5). This cellular structure shows an overall elastic strain of 6%
with zero non-linear elasticity, and beyond this point, exhibits a brittle deformation
behavior with a localized deformation forming a ~45° angle with the load direction.
Stress fluctuation values (Aos) increases with p /ps increasing because the amount of

stress to create instability at the cell ligaments increases. However, o, normalized by the
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initiation strength of the same cellular structure (o)) is found to be independent of the

p /ps of the cellular structure [30, 31].

In contrast, for the cellular structure with p/ps = 58.0% (t = 300 um, I/t = 1.67),
yielding initiated by the formation of one or very few shear bands, which results in global
failure of the structure (Figure 4.6). As a consequence, no significant deformation is
observed (Figure 4.6-1, 2), and the sample fails catastrophically with almost no plasticity

(Figure 4.6-3, 4) [30, 31].

p’/p.=58.0% |

02 04 06
¢ (mm/mm)

Figure 4.6 MG cellular structure with p"/ps~ 58.0% (I/t = 1.67) showing sudden fracture

after exceeding o, [31].
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Our results (Figures 4.3, 4.4, 4.5, and 4.6) reveal different deformation behaviors
in the various density ranges. Figure 4.7a depicts the various deformation modes. For
p'lps < 12.0%, the collective buckling of the structure organized in row-by-row cell
deformation parallel to the loading axis results in high (linear and non-linear) elasticity
(up to 25%) and high plasticity, however at the expense of low strength. Microscopically,
this is achieved by the formation of multiple shear bands, which are occupying large parts
of the ligaments (Figure 4.7b-i and 4.13(iv)). The deformation mode changes to more
brittle-like as the relative density increases. Localized failure is the predominant
deformation mode for densities of 12.0% < p’/ps < 40.0%. Here, shear bands transform
readily into cracks (Figure 4.7b-ii), however these cracks are confined into one cell.
Yielding occurs prior to buckling, and shear bands transform into cracks causing local
cell damage. The failure of one ligament increases stresses in the vicinity and causes
failure of a neighboring cell ligament at an orientation of ~45°, the plane of maximum
resolved shear stress. Once an entire plane has collapsed, failure is initiated in a
neighboring plane. Globally, the structure remains intact and can support load, however
the strength of the structure drops significantly (down to 20% of its yield strength).

For densities p’/ps > 40.0%, the structure fails catastrophically along one or a few
shear bands. The consequence is negligible global deformation prior to global fracture.
This may be due to the fact that for these densities, the width of the ligaments (t > 200
um) permits a shear band to travel throughout the entire sample, hence, once a shear band
transforms into a crack, it travels along a plane of maximum resolved shear strain

percolating through the ligaments [31].
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Figure 4.7 (a) Deformation modes of cellular Zr-MG as a function of relative density.
For p’/ ps < 12.0%, collective buckling results in high elasticity but low strength is the
predominant deformation mode. Local failure of ligaments occurs for 12.0% < p’/ps <
40.0%, whereas p /ps > 40.0%, failure percolates through the structure causing global
fracture. (b) SEM images for (i) p'/ ps < 12.0% shows multiple shear bands which are
spread out over large fraction of the ligament length, where the collective buckling

results in row-by-row deformation (inset). (ii) Shear band formation is limited to a small
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region at the joints for densities 18.0% < p'/ps < 24.0%, which readily transform into

cracks causing local failure of the structure (inset) [31].

4.2.4.2 Manipulation of Geometry

In order to explore p*/ps as a design tool for MG cellular structure, the p/p; ratio
was varied from 2.5% to 86.0%. Figure 4.8 exhibits the stress—strain curves for
Zr3sTizCursBesrs cellular structures within  this range under uniaxial in-plane
compression. When increasing the density from 2.5% to 86.0%, the initation or plateau
strength increases by over three orders of magnitude from < 1MPa to 1000 MPa at the

expense of a decrease in fracture strain down to ~5%, indicating a nonlinear relationship

with density [31].
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Figure 4.8 Summary of deformation results for cellular MGs with varying relative
density (p'/ps). Initiation strength increases by over 3 orders of magnitude as p /ps goes
from 2.5% to 86.0%. For p /ps > 40.0%, plasticity is drastically reduced due to the

catastrophic failure of the cellular structure [30, 31].

4.2.4.3 Cellular Structures of Different Materials

To compare MG cellular structures with other materials, polyether ether ketone
(PEEK) and polyethylene (PE) were chosen as representatives for plastics, and 2004Al
and zinc as representatives for crystalline metals. One main criterion for the selection of
these representative materials is their suitability for our fabrication process. PEEK and
PE were formed below its melting temperature at 340°C (7 (peex) = 343°C) and at 110°C
(T ey = 120°C) under a pressure of 10 MPa, respectively. Similarly, 2004Al and Zn
were formed at 500°C (Tprocess (200441 = 460°C) and 410°C (T (zn) = 420°C) under 30 MPa
pressure, respectively. Their behavior under quasi-static loading is shown in Figure 4.9.
The initiation strength of ZrssTizoCuzsBesrs cellular structure exceeds those of other
considered materials; it is almost three orders of magnitude higher than for PE, around
thirty times higher than for PEEK, and three times higher than that for 2004Al cellular
structure. When normalized by density, the initiation strength difference between Zr-MG

and 2004Al is still two times (Table 4.1) [30, 31].
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Figure 4.9 Stress-strain curves of cellular structures with p/ps = 24.0% (It = 3),

covering four orders of magnitude fabricated from  ZrzsTizCu;sBeyrs,

Pts7.5Cu14.7Nis 3P225, 2004Al, zinc, polyether ether ketone (PEEK), and polyethylene (PE).

Note that the control cellular structures are made of much lighter materials (except Zn),

which partially explains their lower mechanical properties [30].
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p*/ps = 24.0% Zr35Ti30Cu7_5Be27_5 Pt57,5CU14_7Ni5_3P22,5 2004Al Zn PEEK PE

o1 [MPa] 80.9 72.5 33.7 2.2 2.7 0.1

o, [MPa] 45.7 60.8 35.2 4.4 3.2 0.1
ep [%] 68.4 65.8 41.6 66.5 68.6 64.6

Ur [MPa] 31.0 38.6 15.0 2.8 2.0 6.0E-02

Aoz [MPa] 19.4 15.7 4.3 1.9 0.7 1.0E-02
ge1 [%] 5.4 7.5 4.2 0.2 2.7 27.4

E"[MPa] 1730.0 1840.0 1220.0 103.0 45.0 0.2

p [g/cm?] 3.9 15.0 2.8 7.1 1.3 0.9

Table 4.1 Mechanical properties of cellular structures from different materials. Errors are on the order of the last digit shown.

AL . : : . 1 <
g, =7 (elastic strain), W = fOSD ode (energy absorption per unit volume), o, = o Zai (average value of the stress plateau),
0 i=1

o : 1< . : -
oi = Initiation stress, g = Initiation strain, Ac, =\/—Z(q. —o-p)2 (amplitude of stress undulations (standard deviation of ap)), ep =

i=1

Densification strain, A&, =&, —¢&, (plateau strain), E'=Modulus of the cellular structure (slope of the linear elastic region) [30].
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4.2.4.4 Enerqy Absorption Capacity

According to the experiments conducted in this study, MG-cellular structures are
found to be high energy absorbing materials due to the high oy together with high plateau
strength when p"/ps < 40.0%. Figure 4.10 shows the energy absorption per unit volume
(W) until densification (ep) for different p*/ps ratios of ZrssTizCuzsBesrs cellular

structures calculated through:
— (%D
W= fo ode (4.3)

where ¢ and ¢ represent the instantaneous stress and strain values, respectively.

The distinct deformation modes affect the energy absorption capacities. Even
though the initiation strength is very high in structures with densities exceeding 40.0%,
the energy absorption values are lower than for the low-density structures. This is due to
catastrophic failure after reaching o,. Below a density of 40.0%, cellular structure deforms
without losing its overall integrity. As a consequence, they can absorb larger energies
prior to overall collapse. W reaches a maximum value of ~31.0 MPa at p /ps ~ 24.0%,
which is more than twice of its bulk value.

It is found that porosity can be used as an effective design tool to enhance energy
absorption mechanism for metallic glasses. For example, W of a cellular structure
normalized by p /ps =~ 2.5% exceeds that of the monolithic MG, however, at only 10% of
its weight (Figure 4.10 inset). Compared to other MG cellular structures, the energy
absorption measured here for the MG cellular structure represents the upper bound
(Figure 4.11) [30].

In comparison with the other materials considered in Figure 4.9, the MG cellular

structure (p*/pS ~ 24.0%) absorbs approximately four orders of magnitude more energy
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than PE, one order of magnitude than PEEK and Zn, and twice that of 2004Al. When
energy absorption is normalized by material’s density, MG and 2004 Al cellular structures

are comparable (Table 4.1) [125, 145-147].
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Figure 4.10 Energy absorption per unit volume as function of density. W increases with
increasing density up to ~25.0%, where the best compromise of strength and plasticity is
present for 18.0% < p/ps < 24.0%. W decreases after this point due to the change in the
deformation mode from localized to global failure. The errors indicate the average value
of three tests for W. The inset shows the energy absorption values normalized by the

relative density of the cellular structure, where the normalized energy absorption
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(WI(p"Ips)) for p/ps = 24.0% is around an order of magnitude higher than that of the bulk

MG sample [30, 31].
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Figure 4.11 A comparison of energy absorption of MG cellular structures including
Zr3sTizpCursBeyrs cellular structure (present study), Zrs;CuissNigogAligNbs open-cell

foam, Pd43Cus,7NiigP2o foam, and FessNissMo7Bs cellular structure [30, 31].
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Due to the ability of some of the MG honeycombs to elastically buckle,
variations in resilience (elastic energy absorption per unit volume) as a function of p /ps

can be expected. The resilience (Ug) is defined as:

U, = J‘Og”m’g_ (4.4)

Figure 4.12 shows the elastic energy absorbed for different p*/ps. Ug increases in
an approximately linear fashion up to a certain density after which the resilience almost
stabilizes. On the other hand, total elasticity of the cellular structures follows an

exponential decay as p"/ps increases, which is reflected on the elastic energy absorption.
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Figure 4.12 Resilience and elasticity (linear and non-linear) vs. I/t. Black squares
represent the resilience values, which are calculated according to equation 3 using the

elastic recovery data () indicated by the red square.
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4.2.4.5 Microstructural Optimization

Our artificial microstructure approach allows to identify a hierarchy of
microstructural features. The knowledge of the relative and absolute importance of
individual features can be used to optimize microstructures. As a design tool to enhance
MG cellular structures’ performance, we considered cellular structure cell corner-fillets
to reduce stress concentrations (see Figure 4.1d). To study the effectiveness of filleting,
we used cell joints of different radii in p/ps = 5.0% MG cellular structures, and
considered fillets with radius ranging 1-50 um (Figure 4.13). CAD design and two-step
replication process of MGs provides an unparalleled control in corner-filleting which can
not be achieved by any other fabrication methods. For a structure with t = 20 um, Our
results reveal a critical filleting radius (r) of 6 um above which the strength of the cellular
structure increases. Enlarging this radius beyond 6 pm did not enhance the effect on
initiation strength further. Our finding of such a critical ratio provides an effective design
tool for increasing the strength of MG cellular structures; strength doubled when corner-
fillets are introduced at the expense of only 0.2% density increase. This finding was in
excellent agreement with the other cellular structures with different relative densities,
therefore, a critical fillet ratio of r/t = 0.3 was selected as the design criteria.

For a cellular structure with p'/ps < 12.0%, elastic buckling occurs. Because
stresses are maximal at the cellular structure cell joints, yielding initiates at these regions.
Microstructural analysis is carried out for ZrssTizCursBesr s cellular structures to reveal
the fraction of the MG cellular structure that plastically deforms, which indicates the
effectiveness of the structure for energy absorbing applications (Figure 4.14). Our

findings reveal that deformation through shear banding occurs up to the densification
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limit (ep) without an indication of fracture. The shear bands, which carry plastic
deformation, are most densely present at the joints of the cellular structures. However, in
cellular structures with corner-fillets, shear bands distributed more evenly throughout the
cellular structure cell, hence utilizing a larger fraction of the cellular structure cell, which

results in higher energy absorption (Figure 4.14(iii) and 4.14(iv)) [30].
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Figure 4.13 Effect of filleting corners of the cellular structure cell on the initiation
strength of ZrssTizCu;sBey7 s cellular structure (p*/ps ~ 5.0%). Significant increase in g,

is achieved for corner-fillet radius > 6 um [30].
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Figure 4.14 Corresponding SEM images of ZrssTizCuzsBeszs MG cellular structures
after deforming until ep. (i, i) Shear bands are localized at joints for corner fillets with r
<1 um (p /ps = 5.0%), and no shear band is observed at the ligaments (iii, iv) Shear
bands are more homogenously distributed throughout the cellular structure when using
corner-fillets with r > 6 um with a shear band spacing of ~ 30 um ((iii) p"/ps = 5.0% and
(iv) p /ps = 12.0%, respectively), which spread out up to (iii) ~30 um and (iv) ~130 um

[30].
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To identify geometries where corner-fillets are most effective for
Zr3sTizoCuysBesrs cellular structures, we compared the effects of filleting for various
p /ps ratios. As a measure, two kinds of corner-fillet geometries were considered, r/t = 0.3
(6 um for p*/ps ~ 5.0%) and r/t < 1 pm (smallest radius possible with the resolution of
photolithography) (Figure 4.15). The effect of filleting on ¢, is most pronounced for 0 /ps

~ 7.5% [30].
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Figure 4.15 Effects of fillets on the plateau stress of Zr-MG cellular structures as a

function of I/t. Data points represent the comparison of the cellular structures with r/t =

0.3 and r <I um. The effect of corner-fillets is most pronounced for p*/ps = 7.5%. Aoy 18

defined by the difference between the propagation strength of the cellular structures with

r/t =0.3 (op2) and r <1 um (op1) [30].
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4.2.4.6 Embrittlement of Metallic Glasses

The properties of MG forming alloys can be dramatically altered by annealing,
which results in structural relaxation or crystallization [30]. During annealing, metallic
glasses relax into the supercooled liquid, and extended sub-Tg annealing changes the
structural configuration of the atoms, which generally result in severe embrittlement of
the material. The embrittled MG sample, where the degradation is highly composition
dependent, shows very low bending ductility and fracture toughness compared to its
amorphous state [52, 88, 148-151].

To explore the effect of MG properties on the performance of the cellular
structures, we annealed the Zr-MG cellular structures at temperatures below and above
the glass transition temperature for comparable times with structural relaxation and
crystallization. Sub-T, embrittlement is achieved by annealing the as-formed cellular
structure at 275°C for 18 hr, whereas the crystallized cellular structure is formed by
heating to 400°C (above-Tg) for 30 min [52, 152, 153]. Their performances are compared
to the as-formed cellular structure of the same p’/ps ratio (Figure 4.16). The embrittled
and crystallized cellular structures show pronounced shear localization and a yield plane
close to 45° to the applied load where cell walls fracture (Figure 4.16b). The as-formed
cellular structure, on the other hand, deforms through row collapsing parallel to the
applied stress achieved by plastic deformation of the ligaments without fracture.
Initiation, propagation strength, and elastic strain limit of the embrittled and crystallized
cellular structures are lower than those of the amorphous cellular structure. These

findings, together with the comparison of MG cellular structure with cellular structures
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made of different materials, demonstrate the importance of the material’s property for the

cellular structure’s performance (Table 4.2) [52].
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Figure 4.16 Influence of sub-Ty (embrittlement) and above-Ty (crystallization) annealing
on mechanical properties of Zr-MG cellular structures with p /ps = 5.0% (constant). (a)
Mechanical properties and (b) deformation behavior of as-formed, embrittled, and
crystallized cellular structures are compared. (c) Normalized heat flow and (d) XRD

spectrum of the differently processed cellular structures [30].
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I/t 50 25 20 16.7 125 10 6.7 5 2.5 20 cryst 20 emb  Bulk®

p /ps

[%0] 24 4.7 5.8 6.9 9.2 11.6 17.3 23.3 46.8 4.7 4.7 100.0
€el [%0] 24.0 11.4 10.4 7.8 6.7 6.5 6.2 54 5.2 1.0E-02 0.1 2

w

[MPa] 0.8 4.3 6.4 6.8 10.2 13.9 22.6 31.0 64.8 1.2 1.8 14.3
Gp

[MPa] 0.9 5.2 8.4 8.6 13 18.8 31.2 457 108.3 1.48 2.36 -

(o]

[MPa] 1.0 54 7 10.1 12.2 22.3 49.2 80.9 301.2 2.7 2.8 1430.0
O|_theo

[MPa] 0.2 1.3 2.5 3.5 6.3 9.8 22.1 39.2 - 1.3 1.3 -

AG,

[MPa] 0.2 1.0 1.3 1.4 3.1 51 10.5 194 46.0 0.7 0.3 -

ep [%0] 85.4 84.2 78.3 81.4 81.7 75.8 72.2 68.4 64.8 82.3 77.1

E*

[MPa] 8.9 46 61 130 215 365 920 1730 5600 46 38 -
E*theo

[MPa] 1.6 12.8 25 43.2 102.3 199.9 674.6 1599 - 12.8 12.8 86900

Table 4.2 Mechanical properties of MG cellular structures for different I/t ratios. Errors are on the order of the last digit
At 2 [tV
shown. E iieo :2.3E(;j (calculated theoretical modulus of the cellular structure), o, ,,, :Say(}j (calculated theoretical

initiation strength of the cellular structure). 20_cryst & 20_emb: crystallized and embrittled sample (I/t = 20) [30].
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Table 4.2 shows the theoretical strength (oy meo) calculated by equating the
maximum moment in the beam to the fully plastic moment of the cell wall in bending

conditions [30]:

M, =%O'ysbt2 (fully plastic moment) (4.5)

max

M_ = %qbl2 (maximum moment in the beam when 6 = 30° and h = 1) (4.6)

It can be extracted from this table that the real measurements of the initiation
strength (o) is always higher than the estimated theoretical values, which can be
explained by the microstructural optimization of the joint sections of the MG cellular
ligaments. o1, 01 teo decreases from 5 to ~2 as the relative density increases from 2.5% to
24.0%, which reveals that the stress optimization is most effective when used for cellular
structures with lower relative density. The theoretical stiffness (E eo) is calculated from

the standard beam deflection theory and the moment tending to bend the cell wall:

Pl

M = S 4.7)
3
P13
6= 2Bl (4.9
_ & _ apl®
€2 = 5 = Tov3El (4.10)
E; = ? (4.11)
2

E”iheo is found to be smaller than the measured stiffness (E*). The difference
between these two values gets smaller as the relative density increases, which can also be

correlated with the structural optimization of the cell joints.
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The deformation behavior of the cellular structures, as discussed above, is linked
to the standard beam deflection of the ligaments, and the plastic deformation at the joint
sections. Therefore, one can estimate the deformation behavior of a variety of materials
because the geometrical effect of deformation is correlated with the internal properties as
discussed in equation 4.2. An equation can be derived using the formulas given 4.9 and

4.10, by which the elastic modulus of any hexagonal cellular structure can be estimated:

Ef Ej _4V3 (t)3

e - O (4.12)

Similarly, derivation of these formulas in equations 4.5 — 4.12 can also be
manipulated for calculating in-plane stiffness and yield strength of other periodic metal

honeycombs with respect to the geometry of the cells [134].

4.2.4.7 Comparison with Numerical Simulations

Based on the equation given above, Finite element modeling analysis has been
conducted for the in-plane compressive deformation of an aluminum honeycomb sample
with p"/ps~3.0%. The results indicate that numerical simulations of the selected cellular
structure reproduced all the major deformation characteristics of the real deformation of
this honeycomb carried out simultaneously (Figure 4.17) [154]. ¢, was found to be
higher than the experimentally measured data which can be linked to the small geometric
imperfections within the structure. On the other hand, o, is showing excellent agreement
with the experimental data and the location of the stress plateaus. There is a negligible
difference for the estimation of the stress fluctuations (Aay ), which confirms the accuracy

of the simulation techniques. In general, FE simulations have found to be reliable tools
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to estimate the properties of cellular structures, particularly for the ones with low p /ps

ratio where the cells deform row-by-row and remain intact throughout the deformation.
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Figure 4.17 Two experimental results compared to the numerical simulation data for

p lps = 3.0% cellular structure [136].

4.2.4.8 Mechanical Characterization Under Uniaxial Tension

Compressive fracture is insensitive to defects like flaws, cracks, or a few

exceptionally large cells. But this is not true for tensile fracture. Since all materials

include imperfections which induce stress concentrations, crack is initiated after

exceeding the yield strength of the cellular structure. This leads to sudden fracture of the

ligaments and catastrophic failure.

Stress-strain curves of p*/ps ~ 9.5% Zr35Ti3gCu75Be,7 5 cellular structures under in-

plane tensile and compressive deformations are compared in Figure 4.18. Unlike the low
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yield strength followed by smooth stress serrations observed in compressive deformation
of cellular structures, the uniaxial tension creates a stretching effect on the ligaments and
results in a linear-elastic curve until the sample fractures from one cell joint, which
causes a sharp decrease in stress value. Stress fluctuations are observed after this point
due to individual ligament fractures as the crack propagates across the cellular structure.
Despite the oy is ~50% higher for tensile sample due to this stretching effect, early
fracture of the ligaments causes W to be only ~40% of the compression sample of the

same relative density (9.5%).
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Figure 4.18 Stress-strain curve for tensile and compressive deformation of Zr-MG
cellular structure with the same p"/ps ratio of ~ 9.5% (l/t = 12.5). Tensile forces acting on

the cellular structure causes early crack initiation, which triggers the crack growth
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across the cross-section and thereby, the failure happens at an earlier stage compared to

the compression mode.

4.2.4.9 Mechanical Characterization at Different Orientations

Figure 4.19a shows the comparison of the hexagonal cellular structures
characterized in two different orientations. The experimental results show that for regular
cellular structure cells with 6 = 30°, o in the X; and X, directions is very similar as
suggested in [155]. However, o, and o, values are higher for the deformation in X
direction, resulting in ~%20 higher W. This can be due to the contribution of the high
amount of non-linear elastic buckling of the vertical ligaments in MG cellular structures
in X, direction prior to plastic deformation of each row. Since there are no vertical
columns distributing the initial loading to the same row in X; direction, unlike the row-
by-row collapse observed for the X, direction, the deformation for the p /ps = 9.5%
sample occurs at an angle where the resolved shear stress is maximum (Figure 4.19b).
For this reason, to obtain better mechanical properties, in-plane compression of all the

cellular structures in this chapter was conducted at X, orientation.
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Figure 4.19 (a) Stress-strain curves of cellular structures (hexagonal) at different
orientations. (b) Deformation is highly localized on the direction having the highest

stress concentration when the sample is compressed along X; direction.

4.2.5 GENERAL FINDINGS & CONCLUSIONS

By artificial microstructure approach, we introduced an effective method to
manipulate MG honeycombs. Characteristics of the cellular structure such as the ligament
length, thickness, and radius of curvature at the joints of the cells are varied all
individually to determine how changes in these characteristics affect properties under
uniaxial in-plane compression test. We found that the deformation behavior of MG
cellular structures can be controlled through microstructural design, from brittle to
ductile, by changing the relative density of the cellular structure through changing length
to thickness ratio of the ligaments. The deformation of cellular Zr-MGs with a wide range
of relative densities from 2.5% to 86.0% was investigated, and three distinctive
deformation regions are revealed. With increasing density, the deformation changes from

collective buckling with high elasticity and plasticity at the expense of low strength (p"/ps
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< 12.0%) to local failure causing shear band-like fracture with high strength and plasticity
(12.0% < p"Ips < 40.0%). Global failure with high strength but negligible plasticity is the
dominating deformation mechanism when p /ps > 40.0%. The optimal density for energy
absorption of ~25.0% represents the best compromise of strength and plasticity, and
thereby, energy absorption capacity in the local failure region.

Furthermore, we identified cell corner-fillets as effective design features; a 0.2%
increase in density doubles strength and energy absorption. Results also have revealed
that MG cellular structures absorb energy more than twice as much in the bulk monolithic
form and exceeding cellular structures of most other materials. This is because in the

cellular structure a size effect is utilized, which promotes plastic deformation [134].

4.3 Toughening Mechanisms in Metallic Glasses

As a second example in the material class of metallic glasses, we used our
artificial microstructure approach to understand toughening mechanism in MG
heterostructures. One emerging strategy to couple the attractive properties of MGs with
plasticity is to introduce a second phase, which reflects and/or absorbs shear bands [30,
31]. It has been suggested that this strategy should be particularly successful when the
spacing of the second phase coincides with the plastic zone size of the metallic glass
matrix phase [34, 64, 73, 99, 121, 156-160]. However, verifying this hypothesis as the
origin of the toughening mechanism has been challenging since the fabrication methods
of the MG-composites and foams are complex, and do not allow independent and

systematic variation of microstructural features such as phase spacing, size, shape, and
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volume fraction. We will use our artificial microstructure strategy and vary the feature

aspects independently, which will allow us to quantify their individual contributions.
4.3.1 UNIAXIAL TENSILE TEST

Mechanical characterization of the MG heterostructures was conducted using
Instron 5543 Tensile Tester with 1 kN maximum load capacity under quasi-static
conditions (strain rate of 0.001 s™). A pair of flat steel molds was used to pin the MG
heterostructures from the top and bottom parts through four pinholes on each side. The
sample was placed vertically on the loading direction, and the tensile grips of the Instron
held the steel molds tight by pneumatic (air) pressure. Slack correction was used to
eliminate the errors caused by sample positioning and instant loading at the beginning of
the test. An extensometer having a gauge length of 8 mm was utilized to measure the
exact displacement of the sample during deformation. Stress-strain curve data were
retrieved by using the software tool of Instron, where the plots were subsequently

generated by Origin 8.5 graphing program [34].

4.3.1.1 Effect of Pore Size

Tensile stress-strain curves for various MG-heterostructures (MG & pores), and
as a comparison for a monolithic MG sample, are shown in Figure 4.20. The monolithic
MG fabricated with our method exhibits an elastic strain limit of 2% and yield strength of
1750 MPa, which is almost identical to the elastic strain limit of 2% and yield strength of
1765 MPa, typically measured in the as-cast state of bulk monolithic rod-shaped samples
in tension [36]. These almost identical values confirm that our fabrication method itself
does not affect the mechanical properties. MG heterostructures with specific
microstructural architecture exhibit a remarkably different mechanical response. For a
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circular microstructural architecture with pore diameter (d) and spacing (s) of 50 um, the
fracture strain increases dramatically to & = 7.5%. At the same time, Young’s Modulus of
the heterostructure decreases, whereas the nominal fracture strength, of remains

relatively unaltered [161].
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Figure 4.20 Quasi-static tensile characterization of MG heterostructures with various
pore sizes compared to monolithic MG. Nominal fracture strength of the samples is
calculated from the effective area, where the effective width is the sample size minus the

size of the pores [36].
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4.3.1.2 Effect of Morphology

In order to deconvulate elastic and plastic deformation, we carried out cyclic
loading with gradually increasing loads (Figure 4.21a). A heterostructure with d = 100
um and s = 50 um was selected, which is much easier to fabricate than a d = s =50 um
heterostructure due to TPF conditions and stress concentration cracking of the Si features
while etching. We found that of the 5.5% strain to failure, ~70% (3.9% overall)
corresponds to elastic and ~30% (1.6% overall) corresponds to plastic deformation. The
large elastic deformation originates from the AB pore stacking order. A heterostructure
with the same density (same pore size and spacing) but AA-stacking exhibits a
significantly lower strain to failure of 2.6%, where only ~54% (1.4% overall)
deformation is elastic (Figure 4.21b) [36]. Table 4.3 compares the amount of elastic and
plastic deformation at several unloaded conditions. Total plasticity increases linearly with
increasing fracture strain (gf), where the AB-stacking morphology creates a geometric

effect which allows to reach such high strain values.

2% 0.2% 1.8% 10
4% 0.8% 3.2% 20
5.5% 1.6% 3.9% 29
2.6% 1.2% 1.4% 46

Table 4.3 Distribution of plastic to elastic strain under cyclic loading at different strain

values for AB-stacking. The percentage of plastic deformation (%ep), which increases
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linearly until fracture, gives an idea of the plastic strain at any point of deformation. The

last row (shaded in pink) represents each strain value at the last cycle of A-A stacking.
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Figure 4.21 Increased cyclic loading of MG heterostructures with d = 100 wum and s = 50
um, and the corresponding engineering stress-strain data. (a) AB-stacking reveals ~3.9%

elastic deformation and ~1.6% plastic deformation. (b) The amount of deformation in
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AA-stacking is ~1.4% elastic and ~1.2% plastic [36]. Change in the slope after the
applied stress reaching to a certain level in both cases is due to multiple shear band
formation around the same stress level after this point, where these bands carry the

plastic deformation until fracture.

4.3.1.3 Effect of Pore Spacing

When comparing MG heterostructures of identical pore size, but increasing pore
spacing from 25 um to 100 pum, both of and & increases. However, when the spacing
exceeds 100 um, both values drop dramatically (Figure 4.22). The highest performance
in terms of ofand &; is present in heterostructures with a spacing between 100 um and 200
um. This spacing coincides with the plastic zone ahead of a crack tip, Ry =~ 159 um, of
Zr3sTizoCuzsBesys. It has been previously stated that [34] plasticity can be generated in
the material as long as R, exceeds the thickness of the sample (in our case it is the
spacing (s) between two closest pore) under tension. For a Mode | opening crack, this
value is calculated according to [34, 162]:

R 1(&j | (4.12)

P = 5
27\ o

with o = 1742 MPa (fracture strength of the monolithic MG measured). Ky value is taken

from another medium-range Zr-MG as ~55 MPa.m*[36, 88].

Figure 4.23 illustrates the CAD drawings of the gauge sections of MG

heterostructures with individual variation of pore diameter and spacing.
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Figure 4.22 Quasi-static tensile characterization of MG heterostructures with various
pore spacing. Tensile ductility and strength increases with increasing pore spacing until

this spacing exceeds the plastic zone size [88].
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DIAMETER VARIATION
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SPACING VARIATION
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d100s50 d100s100 d100s200

Figure 4.23 Variation of diameter and spacing as the other parameters kept constant.

4.3.1.4 Effect of Pore Shape

Stress concentration around the pores can be manipulated by changing the shape
of the pores (Figure 4.24). Although diameter and spacing of the pores are similar, ~two
times higher strain value and ~20% higher fracture strength is observed in circular pores
due to high stress concentrations on the sharp tips of microcrack/oval pore features (see
Figure 4.24 inset). This effect is reflected on shear band distribution between the pores,
where uniform shear band distribution is observed in circular pores, unlike the
heterostructure with microcrack/oval pores which breaks along single shear plane with
showing only a few shear bands between neighbor pores perpendicular to the loading

direction before fracture.
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Figure 4.24 Comparison of horizontal oval pores with 150 um major diameter along the
deformation axis, circular pores having notched tips (maximum diameter of the

microcrack: 130 um-inset), and regular circular pores with 100 um in diameter.

4.3.1.5 Effect of Material Type

One main criterion for the selection of these heterostructures is their suitability for
our fabrication process. ZrssTizCuzsBeyr s sample outperforms Pts75Cuig 7Nis 3P2 5 and
PEEK samples in terms of fracture strain (Figure 4.25). Overall toughness of the Zr-MG
heterostructure is 10% and ~20 times higher than the Pt-MG and the PEEK
heterostructures, respectively. In addition, the specific strength of the Zr-MG
heterostructure (¢ divided by the density of the related material) is 3 times bigger than the

Pt-MG one. However, it is noteworthy to mention that the reason why Pt-MG has a lower
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fracture strain might be because the casting diameter of this MG rod is only 2mm, and
hot-rolling at its processing temperature is used to bring the MG into the desired width in
multiple sidewise passes, which can induce nanocrystallinity due to exceeding its
processing window. Unlike MGs, AB-stacking of pores has an adverse effect on PEEK,
resulting in dramatic stress drops after reaching to a certain strain. Therefore, periodic

pore alignment is a particular technique for MGs creating multiple shear bands and delay

in fracture.
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Figure 4.25 Stress-strain diagram of heterostructure tensile samples (d = 100 um and s
= 50 um) fabricated from MGs (Zr and Pt-based), and PEEK. As a reference, monolithic

Zr-MG and PEEK samples were compared to their heterostructures.
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4.3.1.6 Effect of Pore Number

Figure 4.26 shows the effect of change in pore number in a row. Pore numbers of
20 and 30 are selected for comparison. The sample with the number of 30 pores is
distributing the applied stress more homogenously across the pores, which increases the
ultimate strength. This is because when a shear is initiated between two pores, this region
cannot carry the tensile load, and the stress is dissipated between the neighboring pores in
the same row. Therefore, increasing the number of pores up to a certain point is predicted

to reduce the amount of stress drop during deformation.
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Figure 4.26 Pore numbers of 20 and 30 are selected, where the sample with the higher

number of pores show higher o; due to more homogenous stress distribution across the

Cross section.
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4.3.1.7 Effect of Electroplating

To understand the effect of coating on the mechanical properties, the Zr-MG
heterostructure sample was electroplated with Ni at a formerly optimized current rate and
duration (90 mA, 1h). Uniaxial tensile test shows that electroplating has an effect on
improving the fracture strain by ~10% at the expense of ~10% decrease in . The coating
surface is uniform with a thickness varying between 3-5 um (Figure 4.27). This finding
shows that Ni coating has a subtle improvement on the overall plasticity. SEM images
(Figure 4.28) confirm that Ni coating provides a shield for some pores by absorbing
some of the deformation energy and facilitating the pores to elongate on the deformation

axis.
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Figure 4.27 Electroplated sample shows higher fracture strain compared to as-

fabricated heterostructure with the same d/s ratio.
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(a) (b)

Figure 4.28 Electrocoated tensile heterostructure with d =75 um and s = 50 um. (a-b)

Some of the pores along the fracture surface perpendicular to the loading direction
remain intact as the sample fractures along the horizontal plane due to the contribution
of the coated Ni on the elongation mechanism. (c) As a result, some of the Ni coated
pores remain intact and become oval-like by tensile deformation. (d) The thickness of the
coating shown is ~3 um, which is detached from MG heterostructure feature after the
fracture. SEM images, together with the stress-strain curve in Figure 4.27, confirm that

electrocoating creates an additional reinforcement.
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4.3.1.8 Microscopic Analysis of the Deformation Mechanism

In order to understand the microscopic origin of the MG heterostructures’ tensile
ductility, we carried out scanning electron microscopy (SEM) imaging (Figure 4.29). For

the d = s = 50 um heterostructure which was deformed until failure (e = 7.5%), a large

number of shear bands form between the pores throughout the entire gauge length
(Figure 4.29a). These shear bands carry the plastic deformation, and their large number
results in observed global tensile ductility. Shear bands initiate at pores, where they
follow the direction towards the neighboring pore, in a similar pattern like observed in

double notched MG samples (Figure 4.29b) [36].

COMSOL Multiphysics Modeling and Simulation Software was utilized to
conduct structural element analysis for A-B stacking MG heterostructures. Linear elastic
material model was used to approximate the mechanical behavior of the Zr-MGs. The
thickness of the specimen was set to be 300 um. The surface was divided into refined
triangular meshes, and an applied stress of 1000 MPa is evenly distributed among the
pores. Von Mises stress, shear stress, and elastic strain around the pores were measured
and compared with A-A stacking MG heterostructure, and other A-B stacking MG
heterostructures with a second phase such as polymer, soft metal and graphite. Finite
Element Modeling (FEM) simulations show that, as deformation proceeds, the complex
stress field (Figure 4.29c) redirects shear bands towards neighboring pores. Fracture
occurs typically along the shortest distance between pores, which is for the considered
sample dimensions, perpendicular to the uniaxial loading direction (Figure 4.29d). At the
edges of the sample, fracture chooses a different path by following the shortest distance

in the diagonal pore direction (inset in Figure 4.29d).
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It should be mentioned that the magnitude of the stress concentrations depends
also on the shear modulus of the second phase, where a second phase with significantly
different shear modulus than the matrix causes high stress concentrations (see Figure
4.34, 4.35 and 4.36). From FEM results we conclude that the lowest stress concentrations
are present for a second phase with a modulus similar to the matrix. However, in this

situation, elastic strain values as shown in Figure 4.21a cannot be achieved [163].
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Figure 4.29 Microscopic analysis of the deformation mechanism in MG heterostructures.
(a) Global tensile ductility originates from the formation of multiple shear bands
throughout the sample. (b-c) Shear concentrations at the pores initiate the formation of
shear bands, and redirect their propagation towards the nearest neighbor pore. (d)
Fracture of the MG-heterostructure occurs perpendicular to the loading direction.
Fracture is redirected at the sample’s edges, following the shortest distance between the

pores (inset) [36].
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4.3.1.9 Mechanical Property Optimization through d/s

The experimental results (Figure 4.20 and 4.22) reveal the pores’ diameter to
spacing ratio (d/s) as the critical feature which controls the mechanical behavior of MG-
heterostructures (Figure 4.30a). Fracture strength decreases with increasing d/s. Fracture
strain, on the other hand, exhibits a maximum at d/s = 1. The maximum in & originates
from an increase in the elasticity and plasticity of the AB-stacking heterostructure with
increasing d/s, which is eventually overcompensated by rapidly increasing stress

concentration between pores. As a consequence, the toughness of the MG-heterostructure

(U, = f ode) exhibits a maximum at d/s = 1 of Ut = 72 MJ/m®, which is 4.5 times higher

0

than for the monolithic ZrssTizCursBesr s MG of Ur =~ 16 MJ/m® (Figure 4.30b). It is
noteworthy to state that the change in d and s have negligible effect on fracture stress and
strain for the same d/s = 1 sample. Therefore, we concluded that d/s ratio is the prominent
factor in controlling the stress distribution between the pores, and thereby, the fracture

stress and strain.

To reveal the microscopic origin of the dependence of Ur, ¢, and o on d/s, we
investigated the shear band propagation and distribution across the pores. Specifically,
we characterized shear band patterns for different d/s ratio, and compared those with
stress fields, which we determined through finite element modeling (FEM). For d/s = 1,
multiple shear bands form throughout the sample (Figure 4.30c). FEM analysis indicates
that resultant von Mises stress in the middle region between the pores perpendicular to
the loading direction of approximately 800 MPa is lower than the applied stress of 1000

MPa. Stress concentrations are confined to small, non-percolating regions adjacent to the
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pores (Figure 4.30d). For d/s = 4, only a very small number of shear bands form prior to
fracture (Figure 4.30f). Thus, the resulting toughness of the heterostructure is low
(Figure 4.30b). FEM results reveal that resultant von Mises stresses for d/s = 4 are
significantly higher (~3200 MPa) for an applied stress of 1000 MPa, and stress
concentrations overlap between pores (Figure 4.30g). As a consequence, MG
heterostructures with d/s = 4 yield at a lower applied load level, and hence, the total
amount of plastic deformation until fracture is much smaller (see Figure 4.22). Thus,
only a small number of shear band form before they develop into cracks. The mechanical
properties of tensile heterostructures with various d/s ratios are summarized in Table 4.4.
An order of magnitude change in the fracture strain of the heterostructure can be deduced
from the table as the sample varies from monolithic state to d/s = 1 at the expense of a

negligible stress drop [36].
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Figure 4.30 Effect and origin of d/s on mechanical properties, and comparison between
stress fields and shear band patterns in MG-heterostructures with different d/s values. (a)
Fracture stress and fracture strain as a function of the ratio of diameter to spacing of the
pores (d/s). (b) Toughness (Ur) vs. d/s exhibits a pronounced maximum at d/s = 1. Error
bars represent the standard deviation of the mean values from at least three test samples.
(c) Corresponding SEM image of MG heterostructures with d/s = 1 showing multiple
shear bands. (d) For an applied average stress of 1000 MPa, the spatially confined stress
concentrations between the pores perpendicular to the loading direction are lower
compared to heterostructures with d/s = 4, hence multiple shear bands form without
crack formation. (e) Shear bands initiate at the shear stress concentration regions adjacent
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to the pores. (f-h) For d/s = 4, stress concentration pathways between the pores already
exceed oy for the same average applied stress, resulting in early fracture from only a few

shear bands [36].

d/s Omax (MPQ) | &max (%) Eav (GPa) | Ur (MI/M°)

0 (monolithic) 1742 1.94 94.3 16.0
0.5 (d100s200) 1679 3.37 47.7 325
1 (d50s50) 1704 7.41 22.6 71.8

1 (d100s100) 1732 6.42 24.8 59.1
1.5 (d75s50) 1702 6.76 23.8 64.2
2 (d100s50) 1542 5.50 27.2 42.2
3 (d75s25) 1059 3.18 36.5 17.9

4 (d100s25) 938 2.13 435 10.6

Table 4.4 Mechanical properties of MG heterostructures as a function of d/s compared to

MG bulk monolithic sample.

4.3.1.10 Comparison with Numerical and Empirical Models

FEM simulation results for d/s = 1 and 4 are compared to mathematical models of
for linear elastic behavior under uniaxial tension. Figure 4.31 shows the stress applied
normal to the infinite number of holes [36] create maximum stress concentration around
the pores: omax theo = 3230 MPa for d = s = 100 pum which is slightly lower than the
simulation result of omax Fem =~ 2950 MPa. Similarly, d/s = 4 ratio sample has omax theo >

5000 MPa is slightly higher than the FEM results omax rem =~ 4900 MPa. This is because
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AB-stacking morphology contributes slightly to the overall deformation mechanism by

reducing stresses perpendicular to the loading direction [164].
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Figure 4.31 Stress concentration factors for a thin infinite element with infinite circular

pores [165].

We have also compared the experimental results of our tensile heterostructures

with the generalized empirical and theoretical models using the formulas given in [164]:
Ejpp = Ee®*P) (4.13)

« _ EQ@-P)?
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Where E = 94.0 GPa, Ky, = 3 - 2v. The empirical constant b was determined to be 3.6 by
taking the production methods into account (casting and thermoplastic forming). Figure
4.32 shows a similar exponential decay of the models as the volume fraction porosity (P)
increases, which confirms our experimental findings for a wide porosity range of MG

heterostructures.

35 ! | ! | ' I ! I ! I

Experimental Results
A -/ - Empirical Model
N\ - (O- Theoretical Model

03 04 05 06 07 08

Figure 4.32 Experimental results compared to empirical and theoretical models. Our
experimentally found elastic modulus values fit into exponential decay curve as porosity
of the MG heterostructure increases, which is in line with the calculated values. It is
noteworthy to indicate that stress values were normalized with respect to the overall

width of the monolithic sample.
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4.3.1.11 Effect of Isothermal Annealing on Mechanical Properties

In addition to the study on the effect of pore spacing on the MG-heterostructures’
performance, we also varied the properties of the matrix material, and thereby, its plastic
zone size. An effective strategy to vary the plastic zone size is to structurally relax the
metallic glass through thermal annealing [166], where structural relaxation

(embrittlement) can be studied in a wide range of MG alloys.

Tensile samples are fabricated out of ZrssTizCu;sBezzs MG former with d/s =
1.5, which were annealed at 558K, ~25K below its calorimetric glass transition
temperature. The degree of structural relaxation is determined through enthalpy recovery
[52, 131, 151, 153, 167-170], and its effect on mechanical behavior through bending tests
(Figure 4.33b). The crystallization was achieved by heating the MG heterostructure to
420°C (above-Tg) for 1h. DSC and XRD measurements were conducted to determine the
effect of different annealing processes on thermal and structural properties. Tensile
characterization shows that strain to failure and Ut are dramatically affected by annealing
(decrease in Rp) and crystallization (Figure 4.33a-b). The completely structurally relaxed
MG’s for 36h and longer, as well as the crystallized MG former approximate ideal brittle
behavior with K,c < 5 MPaVm [171], and exhibit a plastic zone size below 1um. In such
MG heterostructures Rp < s, and as a consequence, the overall strain decreases to the
elastic limit of approximately 2%. Even though K¢ is not directly quantified in this work,
it can be concluded from Figure 4.33b that for the as cast and 28h annealed

heterostructures Rp > s, hence showing large tensile ductility [66, 88].
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Figure 4.33 Influence of sub-Ty annealing and crystallization on the ductility of
heterostructures with d/s = 1.5. (a) For samples that are completely structurally relaxed
at 558K, as well as for crystallized samples, ductility decreased dramatically. (b)

Bending test reveal a significant decrease in plasticity for annealing times exceeding 28h

at 558K [36].
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4.3.2 INVESTIGATION of MG COMPOSITES USING FEM ANALYSIS

In this chapter, it has been shown that the properties of MG heterostructures can
be manipulated by tailoring the properties of the pores as the second phase. To
understand the influence of the second phase material in a MG heterostructure of A-B
stacking morphology, we also conducted FEM simulations with ZrssTizoCu7sBezzs MG
including different second phases (Ggraphite ~ 3.8 GPa, Gai ~ 26.3 GPa, Gni ~ 76.3 GPa)
(d/s = 1) comparatively with MG heterostructures (Zrss TizgCu;sBes7s MG & pores) with
Gmatrix@zr-me) = 31.7 GPa in linear elastic mode. Von Mises stress distribution (Figure
4.34) indicates that when the shear modulus (similarly the elastic modulus) of the second
phase is smaller than the matrix MG, which is the case for graphite and aluminum, part of
the stress can be transferred to the second phase. This results in less stress percolations in
the matrix along the pores perpendicular to the deformation axis. However, when the
elastic modulus of the second phase is much higher than the MG, higher stress
concentrations are observed within the second phase, as well as in the MG matrix

between the pores parallel to the loading direction.

Similarly, the evaluation between the shear stress values show that the best
compromise is obtained when the Elastic modulus of the second phase is relatively lower
than the matrix MG, i.e. Aluminum (Figure 4.35). Shear stress between the diagonal
second phase features is an order of magnitude smaller than for the heterostructures with
pores, graphite and Ni. Very high stress accumulations are present on the 45° angle for

the second phases except Al, causing the material to yield at lower stresses.
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Strain values in y-axis shown in Figure 4.36 indicates that the heterostructure
with pores are showing maximum of 5% elasticity in comparison with the sum of the
total strain in the second phase and MG matrix compared to heterostructures with

graphite (3.9%), Al (3%) and Ni (3%) second phases.

To summarize, the softer second phase additions dissipates the stress more
homogenously throughout the material and create less stress percolations. On the other
hand, in real experiments, the soft and hard second phase additions (except pores) of the
heterostructures yields at much lower strains, which would cause the MG matrix phase to
carry the stress only by itself after reaching to oy of the second phase. According to these
findings, the heterostructures with pores is predicted to be a very good combination of
elastic strain and the stress distribution around the pores, but can further be enhanced by
an addition of a second phase with high elasticity and fracture strength together with a

slightly lower shear modulus (e.g. MG — MG composites).
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Figure 4.34 Von Mises stress distribution of the AB-stacking heterostructures with a

second phase of different shear modulus. A second phase with significantly different

shear modulus than the matrix results in very high stress concentrations.
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Figure 4.35 Shear stress comparison of heterostructures with different second phases.

The best compromise has been achieved when the shear modulus of the second phase is

relatively lower than the matrix MG.
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Figure 4.36 Amount of elasticity as a function of normal strain in the loading direction.

The highest elastic strain (~5%) is obtained for Gangghase = 0 (pores).
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4.3.3 GENERAL FINDINGS & CONCLUSIONS

The aim of our artificial microstructure study has been to identify and understand
the mechanisms that result in tensile ductility in MG-heterostructures such as foams,
cellular heterostructures, and to a limited extent, composites. The strength and purpose of
our method is the ability to precisely vary individual microstructural features completely
independent, and determine the effect of such isolated variation on the mechanical
response. As such, our method is not intended as a scalable method to fabricate MG-
heterostructures for applications, but as a method to help understand the effectiveness of
some MG heterostructures to guide design and synthesis of MG foams, cellular

structures, and composites.

Our results revealed three critical aspects of a MG heterostructure, which control
mechanical behavior. One is the difference between the second phase spacing and the
plastic zone size of the MG, s-Rp. For s-Rp < 0, shear bands that form between pores do
not grow to a length where they transform into a crack. As a consequence, global tensile
ductility is achieved through the formation of multiple shear bands. For s-Rp > 0, a shear
band can develop into a crack prior to strain energy release into the pore and
consequently, only one or a few shear bands form prior to crack formation, which impairs
tensile ductility. Our finding is broadly confirmed in MG heterostructures with a soft
second phase, i.e. Gong < Gnarix, SUch as foams, cellular structures, and composites [36],

however, up to date could not be quantitatively proven due to experimental limitations.

The s-Rp criterion alone is insufficient in predicting the performance of MG

heterostructures with a soft second phase due to the effect of stress concentrations on the
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deformation mechanism. In addition to s-Rp, we identified the ratio of second phase size
to spacing as the second criteria for toughness and tensile ductility optimization.
Maximum toughness is achieved for d/s = 1, which corresponds to a density of ~50%.
This value for d/s exhibits the best compromise between enhanced stress concentrations
which limits plastic deformation, and thin interporous regions, which enhance plasticity

in cellular structures.

Even though our design criteria can be applied to cellular MGs, the applicability
for the effective design of MG composites is limited, which is due to the complex nature
of the composites. Experimental findings suggest the influences of shape and volume
fraction of the second phase, interfacial strength and toughness, softness of the second
phase reflected in shear modulus, and even dislocation and twinning in the second phase.
Our finding of the drastically different mechanical response between MG heterostructures
with AB and AA stacking exemplifies the importance of the second phase morphology,

and the overall complex nature of the toughening mechanism in MG composites.

We argue that the effectiveness of MG heterostructures also depends on the size
(cross-section width perpendicular to the loading direction) of the sample, w, in
comparison to s. Such a size effect originates from the fact that shear bands do not
support tensile forces during the actual shearing event. Since the cross-sectional area
supporting a tensile load in samples, where w is not much larger than s, is significantly
reduced when one shear band forms, the applied load results in exceeding oy throughout
the sample. Therefore, small samples with w comparable to s fail catastrophically along
one shear band. In large samples, w >> s (assuming s-Rp < 0), upon formation of a shear

band between two neighboring pores, stresses between most of the other pores typically
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do not exceed oy since the stress increase with the area reduction, w—s, due to the initial
shearing event is small. This finding also explains why all reported MG composites

exhibiting tensile ductility obey w >>s.

Our results also reveal the possibility to design elasticity through the elasticity and
the modulus of the second phase in MG heterostructures. We have demonstrated up to
6.0% of elastic strain for the heterostructure with d = 100 um and d/s = 2, and an AB
stacking order. Morphology in MG foams and composites is AB-like; however, in MG
foams and composites, an increase in elasticity compared to the monolithic MG has not
been reported yet. For MG composites, this is due to the properties of the second phase,
which exhibits low elasticity (typically below 0.5%, and comparable modulus to the MG
matrix), thereby preventing increased heterostructure elasticity. MG foams with

controlled features have not been tested in tension yet.

In summary, we identified the most effective porous heterostructure to create
tensile ductility and toughness in metallic glasses by featuring a spacing of the second
phase, which coincides with the plastic zone size of the MG and with the second phase
size. In addition, we found that heterostructure morphology is crucial and the size of the
sample should be large compared to the second phases’ spacing [34, 73, 121, 156, 158-

160].
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5. GENERAL CONCLUSIONS and OUTLOOK

5.1 General Conclusions

Within this thesis, we introduced a novel approach called artificial
microstructures to determine microstructure-property relationships in complex materials.
The biggest advantage of this technique over other conventional methods is the
systematic data analysis and quantification of results, where we determined the effect of
each feature on mechanical properties through completely independent feature variation.
We utilized this approach to address two important problems in metallic glasses. The first
problem was to understand the behavior of metallic glasses in hexagonal cellular
structures. Here we found that the deformation can be controlled and manipulated by
changing the relative density. As a consequence, three major deformation regions are
discovered: collective buckling showing non-linear elasticity, localized failure exhibiting
a brittle-like deformation, and global sudden failure with negligible plasticity. The ideal
density for optimal mechanical properties was determined to be ~25.0%, which is within
the local failure deformation regime. Enhancement in mechanical properties in MG
cellular structures was achieved by stress optimization through corner-fillets, which
doubled strength at the expense of 0.2% density increase. Besides, energy absorption of
MG cellular structures exceeds cellular structures of most other materials due to the
utilization of a size effect.

The second problem was to create a toughening mechanism in MG tensile
heterostructures. An important design criterion is that second phase spacing should be
larger than the plastic zone size of the MG, which was quantitatively determined by the

experimental results for the first time in this study. Another important criterion was
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determined to be the sample size, which should be large compared to the second phases’
spacing (w >> s). We revealed the pores’ ratio of diameter to spacing (d/s) is one of the
other major factors in controlling the mechanical properties of MG heterostructures,
where the optimum strength/strain values were obtained when d/s value is set to ~1. Our
results also provide a guidance to design elasticity through second phase morphology
(AB pore stacking) in MG heterostructures, which depends on the second phase elasticity

and the shear modulus.

5.2 Push the Limit: 3D Metallic Glass Structures

Two-dimensional artificial microstructure approach provides versatility and
predictability to analyze microstructure-property relationships, where the first systematic
study about metallic glass heterostructures has been presented in this thesis. However,
this approach can only draw conclusions about the base layer of three-dimensional
cellular structures, which is the two-dimensional cut. It has to be determined how well the
2D cuts represent the behavior of 3D structures. To address this question, our current
objective is to fabricate 3D MG structures by combining multiple processes such as
joining, compression molding and blow molding of metallic glasses.

Figure 5.1 shows the fabrication steps of expanded cellular material production.
Metallic glass sheets are produced by heating the MG cast rods to the processing
temperature, at which they become malleable and can be rolled to a sheet form. BMG
sheets are glued together using an adhesive (i.e. hot cure epoxy), where the glued section
will act as joints once we form 3D cellular structures. The sheets will then be hot rolled to
establish strong adhesion of these joints. The cellular structure is consequently shaped by

stretching the deformed shape from the joint sections until it forms the periodic 3D
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structure.

Another technique considered is to utilize direct imprinting method. The features
patterned on the rollers can easily be transferred as the MG sheet is rolled at its T process.
Figure 5.2-a shows the repetitive pattern formed using the TPF-based hot rolling of the
MG. The patterned MG sheets can further be bonded together using epoxy cure or

reaction bonding (Figure 5.2-b).
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Figure 5.1 Schematics of three-dimensional cellular structure fabrication by uniaxial

expansion of the cells
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Figure 5.2 (a) Transfer of the desired features through direct imprinting. MG sheet is
forced into the rotating mills with the embedded patterns. (b) The thermoplastically
formed sheets can be subsequently bonded to each other using an adhesive or a welding

method.

5.3 Multiple Material Artificial Microstructures

Within this thesis, only one material with pores as second phases was considered
so far. Our new target is to create more versatility by introducing a second phase. The
challenge to add a different second phase with this adopted technique is that a relatively
weak interface between the matrix and the second phase is very likely to form due to the
difference in thermal expansion coefficients, which results in relatively different linear

shrinkage when cooled down to room temperature:

AL
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with AL/Ly = Linear Shrinkage, a = Thermal expansion coefficient (°C™Y), AT =
Temperature difference between the processing temperature of the second phase and the

room temperature.

We are now proposing a new method to create MG composites with the
systematically arranged second phase structures. To estimate the stress and strain
distribution, Finite Element Simulations were conducted with different second phase
materials. Chapter 5.3.4 indicates that stress concentration can be more homogenously
distributed throughout the structure especially when the second phase has slightly lower
shear modulus. The design consists of pores with AB-stacking etched into the Si mold
through photolithography and DRIE (Figure 5.3). The fabrication is in two-fold: firstly,
the base layer with the pillars standing on top is fabricated out of second phase material
using TPF based compression molding (Figure 5.3a). The Si mold is subsequently etched
out using KOH. The second step consists of compression molding of a matrix MG, which
fills the gaps between the pillars (Figure 5.3b-c). Thereby, the glassy matrix contracts the
pillars of the second phase (the second phase remains solid through TPF) while cooling,
resulting in a strong mechanical interlocking system. In order to retain the fully
amorphous state of the second phase and have a relatively stiffer matrix phase, the matrix
material should have a lower processing temperature and a higher modulus compared to
the second phase. The possible candidates for the glassy matrix phase are
Zr35Ti30Cu75Be275 (G = 31.7 GPa [36], Tprocess ~ 420°C), Pts75Cu147Nis 3P225 (G = 33.3
GPa [56], Tprocess = 260°C), PdazCuz7NioP2 (G = 33.4 GPa [63], Tprocess = 310°C),
whereas for the second phase a ductile crystalline metal such as Superplastic Aluminum

Alloys (e.g. SUPRAL 100, G = 27.7 GPa [172], Tyrocess = 470°C) or tin (G = 18.0 GPa
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[141], Tprocess = 320°C) can be selected in accordance with the matrix material.
Alternatively, two different MG alloys with different linear expansion coefficients can
also be utilized. The ex-situ composite sample, where the second phase features can be
tailorable by CAD design, will be characterized under quasi-static uniaxial tension, where
the stress-strain curve is going to provide information for design improvements for
optimum mechanical properties in composite structures. Incorporation of this technique
into microstructural-property investigation is the preliminary goal to understand the

mechanical behavior of these composite structures under tension.

Cross-sectional view
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Figure 5.3 Fabrication steps of two-phase composite sample out of different metallic
glasses. The first metallic glass replicates the embedded features of the Si mold by TPF.

The silicon mold is etched out, and the matrix material is filled into the cavities of the
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second phase using TPF at a relatively lower processing temperature. The cross-
sectional view of the final shape shows the AB-stacking morphology of the second phase,

where the second phase features can be precisely controlled.

5.4 Non-Periodic Cellular Structures & Flaw Tolerance

Understanding the microstructure-property relationship is intimately connected to
understanding the effect of defects or imperfections on mechanical properties. The
proposed method is suited to the assessment of these effects, since it allows one to create
both individual defects and any combination of defects. Furthermore, imperfections in the
microstructure, e.g., size, spacing, shape, and their distribution, can be precisely created.
We are currently involved in designing periodic and non-periodic (stochastic) foams
having different imperfections to understand the flaw tolerance in MG cellular structures
(Figure 5.4 top).

We are also interested in biomimicking the natural structures and examine their
mechanical properties under different loading conditions. We replicate cross-sections of
microstructures such as leafs or insect wings, or 2D spider webs from the real images.
We use multiple steps to realize these microstructures out of MGs: Image processing
(Photoshop), conversion of the image into a drawing format (Layout Editor) and
structural manipulation (AutoCAD), and finally, realization of the structure through

photolithography and TPF based compression molding (Figure 5.4 bottom).
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Figure 5.4 Sample microstructures with imperfections and randomness compared to
perfect hexagonal honeycombs (top), as well as replication of structures using image
conversion. Wide range of geometrical versatility and intricacy is possible with

photolithography and TPF-based compression molding.

5.5 Algorithmic Topological Optimization

Another subject we are currently interested in is to improve multiple mechanical
properties of MGs concomitantly using computational algorithms. Our current target
comprises of three different designs: Superelastic cellular structures, structures showing
negative Poisson’s ratio, and structures with strength of a ceramic and plasticity of a
polymer. The preliminary designs optimized for different properties, and the illustrative
deformation matched with the stress-strain data in Figure 5.5 will give us guidance for

multiple property optimization of MG heterostructures.
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Figure 5.5 Optimization of cellular structures using computational algorithms. The
stress-strain data obtained by in-plane compressive deformation will be used to evaluate
the mechanical properties of the related cellular structure, as well as to create complex

microstructures optimized for multiple properties.

5.6 Fracture Toughness in MG Heterostructures

The correlation between spacing of the second phase features and the critical
plastic zone size for crack initiation can only be established by precise measurement of
the fracture toughness of the MG sample. However, measuring the K,c of the metallic
glass is very challenging, and the measured value differs a lot from one to another [173]
for the same MG sample. This is because as soon as a crack initiates, it propagates quite

rapidly due to no plasticity.

The primary target of this work is to determine K¢ values for MG

heterostructures with different pore features. For this reason, we proposed the notched
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heterostructure design shown in Figure 5.6. The preliminary results show that the
deformation of the sample creates shear bands between the pores in the vicinity of a

crack, as well as at the tip of the crack, which is an indication of plasticity.

Figure 5.6 Fracture toughness sample designed for tensile MG heterostructures. Shear

bands between the pores and at the crack tip reveals plasticity.
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