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Quantum mechanically guided materials design has been used to predict the
mechanical property trends in crystalline materials. Thereby, the identification of
composition-structure-property relationships is enabled. However, quantum mechanics
based design guidelines and material selection criteria for ultra-strong metallic glasses
have been lacking. Hence, based on an ab initio model for metallic glasses in
conjunction with an experimental high-throughput methodology geared toward revealing
the relationship between chemistry, topology and mechanical properties, we propose
principles for the design of tough as well as stiff metallic glasses. The main design notion
is that a low fraction of hybridized bonds compared to the overall bonding in a metallic
glass can be used as a criterion for the identification of damage-tolerant metallic glass
systems. To enhance the stiffness of metallic glasses, the bond energy density must
be increased as the bond energy density is the origin of stiffness in metallic glasses.
The thermal expansion, which is an important glass-forming identifier, can be predicted
based on the Debye-Grlneisen model.

Keywords: metallic glass, ab initio, quantum mechanical materials design, toughness, stiffness, micro-mechanics

INTRODUCTION

Today, 60 years after metallic glasses were first introduced by Klement et al. (1960), a large
number of metallic glass compositions have been identified (Li et al., 2017) and their characteristic
topological, magnetic, corrosive and mechanical properties have been widely explored (Ashby and
Greer, 2006). Metallic glasses are amorphous alloys, lacking long-range order and microstructure
(Ashby and Greer, 2006). They are produced by rapid quenching below the glass transition
temperature T, where kinetic limitations prevent crystallization. Therefore, they are frozen in a
local minimum of the energy landscape, exhibiting higher energy than their crystalline counterparts
and are hence metastable (Stillinger, 1995; Debenedetti and Stillinger, 2001).

Traditionally, three rules are followed in designing metallic glasses with a high glass
forming ability (Inoue, 2000). These rules require for a metallic glass: (a) a multi-component
system with more than three constituents; (b) a large atomic size difference between
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the main constituents, i.e., larger than 12%; (c) negative
enthalpies of mixing between the main constituents (Greer,
1993; Inoue, 2000; Greer, 2009). However, deviations from these
rules have been found, for instance in the Pd-(Cu)-Ni-P system.
Despite not following the empirical rules, a high glass forming
ability was reported to be due to the coexistence of two types
of short-range ordered clusters in these glasses, namely trigonal
prisms and tetragonal dodecahedra in case of the Pd-Cu-Ni-
P glass that hinder atomic rearrangements in this material
(Inoue, 2000).

Due to their amorphous nature, mechanical properties such
as hardness, yield strength, and toughness of metallic glasses are
often promising for structural applications (Ashby and Greer,
2006). Metallic glasses can exhibit high resilience together with
low damping (Ashby and Greer, 2006), allowing the efficient
storage and release of elastic energy. In addition, metallic glasses
cover a wide range of fracture toughness together with a high
yield strength (Ashby and Greer, 2006; Demetriou et al., 2011).
However, tough metallic glasses appear to fail in a brittle manner
as shear is concentrated in shear bands leading to work softening
(Greer, 2009; Greer et al., 2013). Confinement of shear bands
can prohibit catastrophic failure from a single shear band (Greer,
2009; Kumar et al., 2011). Mechanical properties depend on
the chemistry but also on sample dimensions and processing
history (Greer, 2009; Greer et al., 2013). Processing influences
the atomic configuration and especially the free volume in
the glass (Li et al., 2007; Cheng and Ma, 2011). The fracture
toughness, which is a crucial material parameter for any load-
bearing structural material, is enhanced as the free volume
is increased (Xu et al, 2010). While intrinsic toughening of
metallic glasses focuses on crack initiation, extrinsic toughening
strategies focus on crack propagation and utilize finely dispersed
phase fractions (Xu et al., 2010) to counteract brittle failure
of the material.

Next to their mechanical properties, the soft-magnetic
properties of metallic glasses favor their application in
transformer sheets and electronic communication (Inoue
et al., 2004; Chen et al., 2018). The magnetic moment in metallic
glasses is weakened by the introduction of metalloids due to
hybridizing bonds (Hostert et al., 2012).

In this review on quantum-mechanically guided design
of metallic glasses, we focus on the influence of chemical
composition on the electronic structure as well as on the
mechanical properties of metallic glasses, especially on stiffness
and toughness in monolithic metallic glasses. We investigate
composition induced changes in the electronic structure and
relate those to property changes to derive design principles
that are more precise than the traditional empirical rules. To
validate our design approach, we combine ab initio modeling
with experimental high-throughput characterization methods to
investigate the chemistry-topology relationship and probe the
validity of the predicted mechanical properties on the most
promising samples thereof.

In the following sections, we review our work on ab initio
modeling of metallic glasses as well as on high throughput
methods to characterize metallic glasses. Finally, we show that
fracture toughness is related to the fraction of hybridized bonds

on the overall bonding and stiffness of metallic glasses originates
in the bond energy density.

AB INITIO MOLECULAR DYNAMICS
MODEL OF METALLIC GLASSES

Due to the dense packing and the formation of short-range
ordered clusters of atoms in metallic glasses, the modeling
of metallic glasses needs to take chemical effects and many-
body interactions into account (Greer, 2009). As the selection
of reliable interatomic potentials for classical, semi-empirical
potential molecular dynamics (MD) is challenging due to the
anharmonicity in metallic glasses (Lambson et al., 1986; Crespo
et al, 2016; Aitken et al, 2018), density functional theory-
based ab initio MD has been used to calculate the properties
of a vast number of materials as it does not require the input
of interatomic potentials while being able to cover many-body
interactions. By ab initio modeling, an in-depth analysis of the
structure-property relationship of metallic glasses is possible that
is otherwise challenging to probe only by experimental means,
including parameters such as the partial pair correlations (Qin
et al., 2007; Ganesh and Widom, 2008; Hui et al., 2008b, 2009;
Fang et al,, 2009; Tian et al, 2011; Zhang et al., 2015; Hunca
etal., 2016; Yu et al,, 2016), coordination polyhedra (Ganesh and
Widom, 2008; Fang et al., 2009; Fujita et al.,, 2009; Hui et al.,
2009; Hirata et al.,, 2011; Tian et al., 2011; Kumar et al,, 2011;
Durandurdu, 2012; Wu et al,, 2012; Zhang et al., 2015; Huang
et al., 2016; Yu et al,, 2016) and bonding (Kumar et al., 2011;
Hunca et al., 2016). However, modeling the dynamics involved
in relaxation and rejuvenation phenomena is out of reach for ab
initio molecular dynamics due to the limitations of time steps and
cell size as discussed below.

To reveal the structure-property relationship in metallic
glasses and predict stiffness and toughness based on the electronic
structure, we performed large scale ab initio calculations in
the past years. This allows for an in-depth analysis of the
electronic structure, which cannot be obtained by classical
molecular dynamical calculations. However, the aim of predicting
mechanical properties of metallic glasses from ab initio
calculations raises two major challenges: First, while the elastic
properties and thermal expansion can be directly calculated
from ab initio configurations, mechanical properties involving
the rearrangement of atoms such as fracture toughness cannot
be predicted directly. This requires new predictor functions
and their validation. Second, the ab initio configuration has to
be representative of the corresponding synthesized materials.
Hence, high-throughput synthesis and characterization of
topology and microstructure by pair distribution functions
and atom probe tomography are employed to compare the
synthesized material with the configuration obtained by ab initio
calculations. Finally, the predictor functions need to be validated
by extracting the mechanical properties by experimental means
such as micro-mechanical bending tests. Specifically, we define
a cubic supercell with specific chemical composition and obtain
an amorphous structure by ab initio heating-quenching cycles.
From this glassy cell, mechanical properties are calculated either
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directly or by the introduction of new predictor functions. These
introduced predictor functions are then validated experimentally
and revisited to improve their predictive power.

Our ab initio approach starts with a cubic supercell containing
in the order of 115 atoms (Hostert et al., 2011), which is in line
with the typical size of a supercell for glassy structures found
in literature (Hui et al.,, 2008b; Fang et al., 2009; Fujita et al,,
2009; Hirata et al,, 2011; Tian et al,, 2011; Kumar et al,, 2011;
Galvan-Colin et al., 2015; Zhang et al., 2015; Huang et al., 2016)
and represents the lower limit required for physically significant
models (Holmstrom et al., 2010). This cell is then annealed
at an extremely high temperature such as 4000 K for 400 fs
(Hostert et al., 2011), then quenched to 0 K (Hostert et al., 2011;
Schnabel et al., 2015) or room temperature (Zhang et al., 2015)
with infinite quenching rate. At the final temperature, the atomic
structure is equilibrated (Hostert et al., 2011; Zhang et al., 2015;
Yu et al,, 2016). The heating — quenching - equilibration cycle
is done once (Fang et al., 2009; Fujita et al., 2009; Galvan-Colin
et al., 2015; Zhang et al., 2015) or repeatedly until the volume is
self-consistent (Hostert et al., 2011).

Alternative approaches to obtain an amorphous configuration
include: stepwise cooling to simulate a cooling rate (Hui et al,,
2008b; Fang et al., 2009; Fujita et al., 2009; Hirata et al., 2011;
Tian et al., 2011; Kumar et al., 2011; Durandurdu, 2012; Wu et al,,
2012; Hunca et al,, 2016; Yu et al., 2016); cooling a supercell
from melt, equilibration below the melting point and subsequent
cooling to room temperature with an imposed cooling rate (Qin
etal., 2007; Jakse and Pasturel, 2008; Hui et al., 2009; Huang et al,,
2016); or by conducting several tempering steps (Ganesh and
Widom, 2008; Hui et al., 2008a). Thereby, structures consistent
with physical samples can be achieved (Galvan-Colin et al,
2015). The ab initio models are probed for consistency with
physical samples by comparison with experimentally obtained
X-ray scattering data (Ganesh and Widom, 2008; Hui et al., 2009;
Hirata et al., 2011; Hostert et al., 2011; Wu et al., 2012; Galvan-
Colin et al,, 2015; Huang et al., 2016; Yu et al., 2016), extended
X-ray absorption fine structure (EXAFS) (Fujita et al., 2009;
Kumar et al., 2011), electron nano-beam diffraction (Hirata et al.,
2011), density (Hostert et al., 2011) and coordination numbers
(Fang et al., 2009).

To obtain an amorphous structure in silico, one option
to reconstruct the structure from experimental topology data
(X-ray scattering, neutron scattering, EXAFS) is the use of
Reverse Monte Carlo modeling (RMC) (Jovari et al, 2007;
Mattern et al., 2009; Senkov et al., 2010). In RMC, a starting
configuration with N atoms is iteratively fitted to the available
experimental data. In every iteration, the difference X2y of
the structure factor of the starting configuration and the
experimental structure factor is calculated. Then, one atom
is randomly moved. The move is rejected, if it results in an
atomic distance smaller than a predefined cut-off distance.
After the move, the difference X2y between the structure factor
of the new configuration and the experimental structure is
calculated. If X2y < X2y, the move is accepted. Otherwise,
it is accepted with a probability of exp(—(X*n—X20)/2). This
iteration is repeated until X? reaches an equilibrium value
(McGreevy, 2001).

We investigated the influence of the quenching rate for the
Co-Ta-Fe-B system (Hostert et al., 2011). Comparing supercells
quenched with 1014 and 1016 K s~ ! and infinite cooling rate, the
total energy differences between the two finite and the infinite
quenching rates are —0.5% for 1016 K s~! quenching rate and
—1.2% for 1014 K s~! quenching rate (Hostert et al., 2011).
The comparison of Young’s modulus and mass density of the
infinitely fast quenched ab initio configuration is consistent with
values obtained experimentally from a sample synthesized by
magnetron sputtering. To compare the topology of the simulated
material with a physical sample, the total pair distribution
function (PDF) obtained for the simulated material with an
infinite quenching rate is shown in Figure 1 together with the
experimental PDF obtained by high-energy X-ray scattering. The
calculated PDF shows the same features as the experimental PDF
(Hostert et al., 2011). The calculated principal peak indicating the
first coordination shell coincides very well with the experimental
first coordination shell, while the agreement between theory
and experiment of the second and third coordination shell
is weaker due to the limited size of the calculated supercell
(Hostert et al., 2011).

HIGH-THROUGHPUT
CHARACTERIZATION

To validate the representativeness of the ab initio configuration
and the properties predicted directly by ab initio calculations, a
high-throughput synthesis and characterization route is required.
To explore a large compositional range, the use of sample
libraries with spatially resolved analysis techniques has been
proven efficient (Sakurai et al., 2007.; Deng et al., 2007; Li et al.,
2008, 2017, 2019; Aono et al, 2010, 2011; Guo et al, 2011;
Sakurai et al., 2011; Wang et al., 2011; Ding et al., 2012, 2014;
Gregoire et al., 2012; Tsai and Flores, 2014, 2016; Liu et al., 2016;
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FIGURE 1 | Pair distribution function g(r) of experimentally and ab initio
calculated Cogs 5FenqTagBos 5. Inset: structure factor S(q) of the experimental
sample (Hostert et al., 2011). © IOP Publishing. Reproduced from Hostert

et al. (2011) with permission from IOP. All rights reserved.
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Schnabel et al., 2016b; Bordeenithikasem et al., 2017; Ren et al,,
2018; Zhang et al., 2018; Zheng et al., 2019). Examples of synthesis
routes for combinatorial samples are physical vapor deposition
(Sakurai et al., 2007, 2011; Deng et al., 2007; Li et al., 2008, 2017,
2019; Aono et al,, 2011; Guo et al,, 2011; Wang et al., 2011;
Ding et al., 2012, 2014; Gregoire et al., 2012; Liu et al.,, 2016;
Schnabel et al., 2016b; Bordeenithikasem et al., 2017; Ren et al.,
2018; Zhang et al,, 2018; Zheng et al, 2019) or laser additive
manufacturing (Tsai and Flores, 2014, 2016) of metallic glasses.

Our high-throughput approach to correlate chemistry,
topology and mechanical properties is based on magnetron
sputtering of combinatorial samples with the same sputtering
parameters on silicon and polyimide substrates, enabling to
screen samples with in-plane chemical gradients (scheme shown
in Figure 2) by energy-dispersive X-ray spectroscopy, high-
energy X-ray scattering, atom-probe tomography (APT) and
nanoindentation (Schnabel et al., 2016b). The analysis of the Co-
Ta-Zr-B system (Figure 2) shows a chemically induced bond
weakening of the metal-metal bonds (i.e., increase of bond
distances, 1% bond distances correspond predominantly to Co-
Co bonds, while 2" bond distances correspond predominantly
to Zr-Zr bonds) with increasing boron content as inferred from a
shift in peak positions in the pair distribution function (Schnabel
et al.,, 2016b). However, due to the increased B content, the
stiffness is enhanced along the Co-B gradient (Schnabel et al.,
2016b). With increasing Zr content, the presence of two Co-
and Zr-rich amorphous phases is suggested from the PDF (not
shown here, c.f. Schnabel et al., 2016b) and confirmed on selected
samples by APT. The periodicity is 20-30 nm independent of
composition (Schnabel et al., 2016b). The correlation between
composition and mechanical properties can also be revealed by
studying thin film metallic glasses on micro-cantilever arrays
(Guo et al., 2011).

In addition to mechanical properties, topology, and
composition, the glass forming ability can be investigated
by high-throughput methods. Ding et al. placed a gas releasing
agent below combinatorial magnetron sputtered thin film
metallic glasses to investigate thermoplastic formability by
blow molding along the concentration gradient (Ding et al.,
2014). Sheet resistivity (Li et al., 2019), resistivity (Zhang et al.,
2018, Zheng et al, 2019), thermography (Aono et al, 2010,
2011), laser spike annealing (Bordeenithikasem et al, 2017)
and image contrast (Ding et al., 2012) have been employed
to explore glass forming ability. The use of nanocalorimetry
allows the determination of glass transition temperature and
glass transition enthalpy (Gregoire et al., 2012). Combinatorial
synthesis and characterization are also used to investigate
corrosion (Sakurai et al., 2011; Li et al., 2017), antibacterial
properties (Liu et al., 2016) and biocompatibility of metallic
glasses (Li et al., 2017).

While magnetron sputtering allows for high cooling rates
that enable the synthesis of a large range of amorphous
compositions, laser deposition allows the high-throughput
synthesis via melting which is closer to synthesis conditions of
bulk metallic glasses (Tsai and Flores, 2014, 2016). In contrast
to magnetron sputtering, this allows the screening of alloys for
glass forming ability and mechanical properties as shown by
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FIGURE 2 | Co and B concentration, 15t and 2" bond distance and Young’s
modulus along the composition gradients of a combinatorial Co-Zr-Ta-B
metallic glass as sketched in the lower right scheme of a combinatorial
sample. The color scheme indicates the value of the quantity shown along the
respective gradients. Each box in the gradient correlates to the measurement
location on the investigated sample. Reproduced from Schnabel et al. (2016b)
with permission from Elsevier.

Ta

Tsai and Flores for Cu-Zr (Tsai and Flores, 2014) and Cu-Zr-
Ti (Tsai and Flores, 2016). However, this method requires more
preparation for the investigation of topological changes along the
gradients, as samples have to be taken out of the gradient for
electron or X-ray scattering experiments.

Despite experimental high-throughput methods, systematic
screening by ab initio and experimental means of all possible
metallic glass compositions based on the elements in the periodic
table would take extremely long. Hence, Ren et al. introduced
a machine learning model to predict the glass forming ability
(Ren et al,, 2018). Starting with a limited amount of data, the
predictions of the machine learning model are validated by
combinatorial magnetron sputtered samples. The experimental
results are fed back into the machine learning model, thereby
improving the model (Ren et al.,, 2018). By the combination of
machine learning and combinatorial testing, Ren et al. accelerate
the screening of ternary alloys by 100 times compared to
traditional methods.

ORIGIN OF STIFFNESS IN METALLIC
GLASSES

The stiffness in terms of bulk modulus of metallic glasses is
defined by the chemical composition and topology (Davis et al.,
1982). Bulk modulus is usually lower in the amorphous structure
compared to the crystal structure. This is proposed to originate
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from strongly bonded metal-metalloid clusters connected by
weaker bonds in the amorphous structure (Davis et al., 1982). The
lower bulk modulus in the glass compared to the corresponding
crystal infers a lower internal bond energy density of the glass
compared to the crystal (Gilman, 1975). It has been reported that
the bond stiffness and bond strength critically affect the elastic
moduli (Zhao et al., 2016). Other work claims variations in bulk
modulus are a density effect (Cheng and Ma, 2009). In terms of
electronic structure, the origin of stiffness is the valence electron
density (Gilman, 2008; Pang et al., 2013), if covalent bonding
does not prevail (Pang et al., 2013). The elastic constants can
be calculated on the continuum scale from the curvature of the
total energy-volume curve of the supercell (Zhang, 2013). As the
elastic constants originate from the atomic bonding, they reflect
the topology (Davis et al., 1976) and atomic bond strength on a
macroscopic scale (Zhang, 2013).

We found, however, that the valence electron density does not
scale universally with bulk modulus for metallic glasses (Schnabel
et al., 2017). Schnabel et al. (2017) report two different linear
relations between B and valence electron density for metal-
metal glasses and for metal-metalloid glasses. The comparison

of density, electronic structure, and bond energy, obtained
by integration of the crystal orbital Hamilton population
(Dronskowski and Bloechl, 1993), with bulk moduli of different
metal-metal and metal-metalloid metallic glasses indicates the
bond energy density as the origin of stiffness in metallic glasses
(Schnabel et al, 2017). This underlines the early notion by
Gilman that the internal energy density of a glass correlates with
the elastic moduli (Gilman, 1975). The fit of bulk modulus as a
function of bond energy density (Figure 3) shows the universality
of this correlation for metallic glasses. Thereby, the bond energy
density is consistent with previous literature as it combines
the notions of strong metal-metalloid bonds and the valence
electron density.

QUANTUM MECHANICAL DESIGN
PROPOSAL FOR FRACTURE
TOUGHNESS

Next to stiffness, the combination of the mutually exclusive
properties strength and toughness (Ritchie, 2011), also referred to
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FIGURE 3 | Comparison of bulk modulus as a function of average bond energy (A), bond density (B) and bond energy density (C) based on ab initio calculations.
The table (D) summarizes chemical composition, average bond energy, bond density, bond energy density, molar density, bulk, shear and Young’s modulus of data
points shown in (A=C). B is the bulk modulus, G shear modulus and E Young’s modulus. © IOP Publishing. Reproduced from Schnabel et al. (2017) with permission
from IOP. All rights reserved.
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as damage tolerance, is of importance for structural applications.
While the elastic constants can be directly calculated from the
ab initio configuration, for the fracture toughness new predictor
functions have to be developed. Therefore, the origin of fracture
toughness in metallic glasses needs to be understood. In metallic
glasses, a large bulk to shear modulus ratio (B/G) favors damage
tolerance, as a low shear modulus facilitates the formation of
multiple shear transformation zones, while a high bulk modulus
prevents cavity formation inside the glass (Demetriou et al., 2011;
Ritchie, 2011). As B/G is proportional to the Poisson’s ratio, a
brittle to ductile transition at a Poisson’s ratio of 0.31-0.32 was
proposed by Lewandowski et al. (2005). This brittle-to-ductile
transition has been proven not to be universal for all metallic
glass systems (Raghavan et al., 2009; Zhu et al., 2011; He et al,,
2012; Schnabel et al., 2016a). Instead, the shear modulus, the
homologous temperature Troom/Tg (Zhu et al., 2011), and the free
volume content (Raghavan et al., 2009) are proposed as design
guidelines for tough metallic glasses.

Shear transformation zones and free volume are considered
as defects in metallic glasses (Spaepen, 2006) and determine
the plasticity of metallic glasses (Sun and Wang, 2015). Hence,
the toughness of metallic glasses is sensitive to the composition

and topology, such as geometrically unfavored structural motifs
(Greer et al., 2013; Xu and Ma, 2014). Temperature rises in shear
bands are large for brittle and small for tough metallic glasses
(Yang et al.,, 2016). Local fluctuations in the elastic properties
are found for metallic glasses with macroscopic plasticity, while
they are lacking for brittle metallic glasses (Wang et al., 2009;
Stoica et al., 2010). The influence of free volume content on shear
band evolution can be observed in nanoindentation (Li et al.,
2007). Wang et al. (2010) report a critical free volume content
of 2.4% as the onset of yielding for metallic glasses. However,
most investigations on the mechanism of plasticity in metallic
glasses focus on the topology, whereas the focus should be on the
chemical bonding - being the basis of atomic cohesion and hence
mechanical properties.

Thus, based on ab initio calculations, the fraction of
hybridized bonds has been proposed as a qualitative fingerprint
for fracture toughness in metallic glasses (Schnabel et al,
2016a). Comparing the electronic density of states (DOS)
of CuypZrzp and PdsyAly4Cup;Ys metallic glasses exhibiting
fracture toughness of 2.7 and 49.0 MPa.m®-%, respectively, a larger
band overlap and hence stronger hybridization has been observed
between Cu and Zr compared to the major constituents Pd and Al
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(Figure 4). This is consistent with the analysis of bonding states
via crystal orbital Hamilton populations (COHP), where the Pd-
based glass shows more anti-bonding states than CuzZr3 and
hence weaker bonding (Schnabel et al., 2016a). A lower fraction of
hybridized bonds hence promotes shear relaxation and enhances
toughness by easing the formation of shear transformation zones
(Schnabel et al., 2016a). In a sheared metallic glass, the DOS
is shifted toward the Fermi level. Therefore, the bonds become
weaker and the glass softer. This is consistent with the effects of
micro-alloying that affects the hybridization of the constituents
(Sun and Wang, 2015).

Based on the notion that the toughness of metallic glasses is
defined by the electronic structure (Schnabel et al., 2016a), we
predicted quantitatively that the fracture toughness of metallic
glasses is maximized as the fraction metallic bonds is maximized
(Evertz et al., 2020). However, as it is not possible to quantify
the metallic bonds, focusing on the minimization of hybridized
bonds enables the quantitative prediction of fracture toughness.
Calculating the bond overlap by means of crystal orbital overlap
populations (COOP) (Hoffmann, 1987), the hybridized bonds
can be analyzed. In a pure metallically bonded material, all
electrons at the Fermi level E¢ are delocalized and shared in a free
electron gas. Hence, the ideal metallic glass in terms of toughness
has a COOP(E¢) = 0.

The experimental fracture toughness of metallic glasses scales
with COOP(E¢) as shown in (Figure 5A) (Evertz et al., 2020).
Considering the COOP(Ey) for a metallic glass with unknown
fracture toughness such as Pdsy 4Aly3 5Y7 gNij; 3, which has a
low fraction of hybridized bonds based on a qualitative analysis
of the density of states (Evertz et al., 2020), the fracture toughness
can be predicted based on the fit of the data in Figure 5A.
This results in a fracture toughness of 95 4 20 MPa.m®>
for Pdsy 4Aly3 5Y7 gNip 3. Thereby, not only the fraction of
hybridized bonds is crucial, but also the antibonding bonding
character at Eg, as antibonding states increase the total energy of
the system and promote bond separation (Smith, 2000; Evertz
et al., 2020). Comparing the COOPs of the glasses shown in
Figure 5A (Figure 5B), a bonding to antibonding transition
is observed for all metallic glasses between —5 and —3 eV,
while the amount of states at E¢ differs significantly. However,
the difference in the COOP(Ef) depends mainly on the major
constituent of the alloy (Evertz et al., 2020). By this, the design
guideline based on the Poisson’s ratio (Lewandowski et al,
2005) may be understood as a useful indicator of the major
constituent of tough metallic glasses, while the quantitative
prediction of fracture toughness requires the analysis of the
electronic structure.

To appraise critically the predicted fracture toughness
of 95 £ 20 MPa.m®> for Pds; 4Aly3 5Y7 gNij; 3 and the
new predictor function introduced in Evertz et al. (2020),
micro-mechanical beam bending experiments were employed.
In these experiments, the Pds; 9Alys 0Y4.9Nijp 2 metallic
glass cantilever did not break while showing the formation
of multiple shear bands that are confined by the stress
gradient in the bent cantilever (Evertz et al., 2020). Moreover,
since no crack extension has been observed, the fracture
toughness exceeds the boundaries of micro-mechanical fracture

experiments (Evertz et al., 2020). This is consistent with the high
fracture toughness predicted based on the electronic structure
(Evertz et al., 2020).

PREDICTION OF THERMAL EXPANSION

The thermal expansion is important for dimensional accuracy
and thermal stresses during near net shape processing of metallic
glasses (Telford, 2004; Schroers, 2010). The thermal expansion of
metallic glasses is similar to that of crystalline metals such as steel
(Telford, 2004). Due to the lack of a first-order phase transition,
the volume shrinkage is already reduced to a minimum compared
with crystalline materials (Schroers, 2010) but the maximum
thermal expansion before Tg is only 25% of the expansion of
metals before melting. Thermal expansion is related to the glass
transition, as the product of thermal expansion coefficient and
Ty is constant (Kato et al., 2008) and can hence be employed to
predict the glass forming ability (Li et al., 2009). Experimentally,
the thermal expansion of metallic glasses can be measured by
high energy X-ray scattering as it is connected to the shift of the
principal peak in the structure factor during heating (Mattern
et al., 2003, 2004, 2012; Hajlaoui et al., 2004; Yavari et al., 2005;
Louzguine-Luzgin et al, 2006; Louzguine-Luzgin and Inoue,
2007; Bednarcik et al., 2011) or by dilatometry (Nishiyama et al.,
2000; Gonchukova and Drugov, 2003; Jing, 2003; Jing et al., 2007;
Kato et al., 2008; Li et al., 2009).

The coefficient of thermal expansion had been predicted by
the volume change of an ab initio configuration as a function of
the temperature (Hunca et al., 2016), which is rather expensive
in terms of computational resources. Theoretically, the thermal
expansion coeflicient of metallic glasses can be predicted by the
Debye-Griineisen model. For Pds; 4Al3 5Y7 gNij; 3 the thermal
expansion coefficient has been predicted to be 3.4-107> K~ ! at
room temperature, which is in agreement with the experimental
value 3.5-107> K~! obtained by high energy X-ray scattering
(Figure 6; Evertz et al, 2017). However, the prediction of
thermal expansion for higher temperatures is only possible as
long as no structural changes appear. The deviation between
predicted and measured thermal expansion coeflicient does
indicate structural relaxation or rejuvenation in the physical
sample (Evertz et al., 2017). The time scales of the relaxation
and rejuvenation processes are too large to cover with ab initio
calculations and computational resources which are available
today. However, after complete relaxation, the thermal expansion
is reversible (Bednarcik et al., 2011) and could hence be covered
by ab initio calculations.

The nature of the thermal expansion for metallic glasses is not
associated with an increase of interatomic distances but rather
with an increase in free volume content between the short-range
ordered clusters (Bar’yakhtar et al., 1989; Qu et al., 2011). This
is because the principle peak of the structure factor describes
medium to long-range order, as can be observed by comparing
pair distribution functions calculated from the principal peak
of the structure factor and from the complete structure factor
(Bednarcik et al., 2011). However, more recent studies report that
the thermal expansion is not equal to changes in free volume,
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et al., 2020). The vertical dashed blue line indicates the COOP of Pds7 4Alx3.5Y7.8Ni11.5 (B) COOP of the glasses shown in (A). Reproduced from Evertz et al.
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as free volume is annihilated during annealing (structural longer negligible, hence the volume change in the supercooled
relaxation) by atomic rearrangements in the glass (Chen, 1978; and liquid states cannot be attributed to pure thermal expansion
Nishiyama et al., 2000; Jing, 2003; Hajlaoui et al., 2004; Meng  (Mattern et al., 2003, 2012; Georgarakis et al., 2011). The change
et al., 2006). Especially above Ty atomic rearrangements are no  of thermal expansion, thereby, can serve as an indicator of the
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fragility of the glass (Bendert et al., 2013). This can be understood
in terms of an energy landscape, where at low temperature
the glassy state is dominated by local energy minima or basins
(Debenedetti and Stillinger, 2001). At high temperatures,
the glass can sample the whole potential energy landscape
due to enhanced atomic mobility. Hence, in the landscape
dominated region, thermal vibrations dominate thermal
expansion, while in the high temperature range, structural
changes are more important (Bendert et al., 2012) and surpass
thermal expansion.

DISCUSSION

Based on the literature discussed above, ab initio calculations
are the state of the art to investigate the structure and topology
of metallic glasses in depth. The protocols to create a glassy
structure representing real physical glasses are thereby similar
while differing in the number of cooling steps, heating rates,
and heating-quenching cycles. To evaluate the relevance of the
ab initio structures, the topology of the simulated samples is
compared to the topology of the experimental samples. If the
overall topologies are consistent, the structural analysis of the
prediction often yields more detail than experimental studies
(Qin et al., 2007; Ganesh and Widom, 2008; Hui et al., 2008b;
Fang et al, 2009; Fujita et al., 2009; Hui et al., 2009; Hirata
et al,, 2011; Tian et al., 2011; Kumar et al., 2011; Durandurdu,
2012; Wu et al,, 2012; Zhang et al,, 2015; Huang et al.,, 2016;
Hunca et al., 2016; Yu et al., 2016). However, the electronic
structure of metallic glasses is analyzed in only few studies

(Hostert et al., 2011; Kumar et al.,, 2011; Hunca et al., 2016;
Schnabel et al., 2016a, 2017).

High-throughput characterization techniques have been
applied for metallic glasses to investigate glass forming
ability, thermoplastic formability, composition, topology, and
mechanical properties. However, most high-throughput studies
are purely experimental, relying on trial and error (Sakurai
et al., 2007, 2011; Deng et al, 2007; Aono et al., 2010, 2011;
Guo et al, 2011; Wang et al,, 2011; Ding et al, 2012, 2014;
Gregoire et al., 2012; Tsai and Flores, 2014, 2016; Liu et al,,
2016; Bordeenithikasem et al., 2017; Li et al., 2017, 2019;
Zhang et al., 2018; Zheng et al, 2019); or empirical, such
as machine learning approaches (Ren et al., 2018). In recent
years, we combined ab initio calculations with high-throughput
characterization techniques. Therefore, we propose quantum-
mechanically based design guidelines of crucial properties for
structural applications of metallic glasses (Schnabel et al., 20164,
2017; Evertz et al., 2017, 2020). These quantum mechanical
design proposals are: a) the fraction of hybridized bonds is the
fingerprint for damage tolerance in metallic glasses (Schnabel
et al., 2016a); b) the bond energy density is proposed to be the
origin of the stiffness of metallic glasses (Schnabel et al., 2017);
and c) the Debye-Griineisen model is suitable to predict thermal
expansion (Evertz et al., 2017).

However, ab initio calculations still have some drawbacks due
to their high computational cost, leading to the analysis of some
hundred atoms only, which means that only the short-range
order, but not the medium-range order in metallic glasses can be
studied. Moreover, ab initio produced metallic glasses are exposed
to very high cooling rates (Hostert et al., 2011), originating in
the small time scales accessible by ab initio methods. Hence, the
simulation of structural relaxation and rejuvenation in metallic
glasses is not achievable with conventional DFT codes and
available resources today, which might result in different free
volume contents compared to physical samples, affecting the
mechanical properties (Li et al., 2007; Wang et al.,, 2010; Sun
and Wang, 2015), especially plastic deformations. No systematic
ab initio studies on the correlation between free volume and
electronic structure are known to the authors so far. Hence, the
effects of free volume on the electronic structure remain an open
question for future studies.

CONCLUSION

Ab initio calculations have been used to explore composition
induced changes of the topology and properties of metallic
glasses. In recent vyears, we correlated theoretical and
experimental approaches to propose design guidelines for
fracture toughness and stiffness of metallic glasses. These
predictions have been validated experimentally by micro-
mechanical experiments. One grand future challenge is that the
effect of free volume has to be included in the ab initio models
to enhance the quantum-mechanical design for metallic glasses.
Further, the formation of shear bands has not been understood
and the role of the electronic structure for the onset of shear
bands needs to be investigated.
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