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Abstract

A paramount challenge in materials science is to design glasses that exhibit not only
high strength but also toughness, i.e., the ability to resist brittle failure. This property
combination constituting damage tolerance appears to be self-excluding; tough
materials need to dissipate energy, for example, by plasticity, whereas high-strength
materials are designed to prevent irreversible energy dissipation, thus plastic
deformation’. Hence, materials exhibiting concomitant high toughness (where bond
breakage occurs) and high strength (where bond breakage should not occur) are
chimeric from the perspective of chemical bonding, imposing severe challenges on
the design of these materials. Even though there are damage-tolerant glasses
reported in literature?, which are predominantly developed applying empirical alloying
guidelines®*, the underlying physical and chemical mechanisms are not understood
on the atomic scale. Hence, this work focuses on identifying the origin of damage-
tolerant glasses. It has been reported in literature® that the elastic limit of metallic
glasses exhibits a strong decrease with increasing temperature, which goes in hand
with an increase in plastic deformation and hence an increase in toughness. To
identify the origin of the temperature dependence of the plastic behaviour, in situ
high-temperature X-ray diffraction experiments using high-energy photons and
ab initio molecular dynamics simulations are performed to probe the temperature
induced changes in topological short-range order in magnetron sputtered Coe7B33
metallic glass thin films. Based on this correlative experimental and theoretical study
the presence of B-Co-B rigid second order structures at room temperature and the
temperature induced decrease in population of these strongly bonded building blocks
is inferred. This notion is consistent with experimental reports® delineating the

temperature dependence of elastic limit.



In addition to temperature, chemical composition is reported® to induce a change in
brittle-ductile behaviour. Hence, within this work, ab initio molecular dynamics
simulations are used to systematically explore the influence of alloying on the
stiffness and plasticity of Co-Fe-Ta-B metallic glasses. The Cos35Tas.1Bso4 metallic
glass studied in this work, with a Young’s modulus of 295 GPa, is the stiffest metallic
glass known in literature. From the analysis of the density of the states it is
suggested that the very large stiffness is due to strong covalent metal to B bonding.
Furthermore it has been observed that by alloying with Y, Zr, Nb, Mo, Hf, W, C, N
and O the Poisson’s ratio can be varied from 0.293 to 0.342. As noted by
Lewandowski et al.® a brittle-to-plastic transition for metallic glasses can be identified
in the range of 0.31-0.32. The here observed increase in Poisson’s ratio can be
attributed to a change from predominately covalent to predominately metallic bond
character. Thus, it can be perceived that the mechanical properties of metallic
glasses are strongly affected by the interplay between chemistry and topology.
However, up to now there is no high throughput method present in literature to study
the chemically induced topological evolution of metallic glass thin films. Hence, a
novel method is introduced which enables spatially resolved short range order
analysis along concentration gradients of combinatorial metallic glass thin films. For
this purpose a Co-Zr-Ta-B metallic glass thin film with a thickness of 3 ym is
deposited on a thin polyimide foil, which is investigated by high energy X-ray
diffraction in transmission mode. Through a correlative chemistry-topology-stiffness
investigation along the Ta-B concentration gradient it is observed that an increase in
metalloid concentration from 26.4 to 32.7 at.% and the associated formation of
localized (hybridised) metal — metalloid bonds induce a 10 % increase in stiffness.
Concomitantly, along the same composition gradient, a metalloid-concentration-

induced increase in first order metal - metal bond distances of 1 % is observed,



which infers itinerant (metallic) bond weakening. Hence, the metalloid concentration
induced increase in hybridised bonding dominates the corresponding weakening of
metallic bonds. To evaluate the relevance of hybridisation for metallic glasses in
general, the Poisson’s ratio based design proposal of Lewandowski et al.® and
Greaves et al.* is critically appraised. It is observed that data from this work, as well
as results in the literature*®, are in conflict with the concept of Poisson’s ratio serving
as a universal parameter for fracture energy®. Here, the chemical origin of damage-
tolerant glasses is identified at the electronic structure level. The correlative
theoretical and experimental data reveal that the fraction of bonds stemming from
deep core, hybridised states compared to the overall bonding defines damage
tolerance in glasses. Consequently, Poisson’s ratio alone is not sufficient to
determine the brittle-ductile transition in glasses, and the contribution of hybridised

states to the overall bonding defines the change from ductile to brittle behaviour.



Zusammenfassung

Eine zentrale Herausforderung in der Materialwissenschaft ist das Design von
Glasern, die nicht nur eine hohe Festigkeit sondern auch eine ausreichende
Zahigkeit gegen Sprodbruch aufweisen. Diese Eigenschaftskombination aus
Festigkeit und Zahigkeit, die auch als Schadenstoleranz bezeichnet wird, ist in sich
Widersprichlich. Wahrend zahe Materialien bei Verformung Energie aufnehmen
kénnen, zum Beispiel durch Plastizitdt, sind hoch feste Materialien entwickelt,
irreversible Energieaufnahme und somit plastische Verformung zu vermeiden'.
Deshalb sind Materialien, die sowohl eine hohe Zahigkeit (Bindungen werden
gebrochen) als auch eine hohe Festigkeit aufweisen (Bindungen sollten nicht
gebrochen werden), aus der Perspektive des chemischen Bindungstyps
widersprichlich, was grofe Herausforderung fiir die Entwicklung solcher Materialien
darstellt. Obwohl Berichte? von schadenstoleranten, metallischen Glasern publiziert
sind, wurden diese vorwiegend auf Basis von empirischen Legierungsrichtlinien®*
entwickelt ohne die zugrunde liegenden physikalischen und chemischen
Mechanismen auf atomarer Ebene erfasst zu haben. Deshalb konzentriert sich diese
Arbeit darauf den Ursprung schadenstoleranter Gléaser zu identifizieren. Aus der
Literatur® ist bekannt, dass die FlieRgrenze von metallischen Glasern eine starke
Abnahme als Funktion der Temperatur aufweist, was mit einem Anstieg an Plastizitat
und somit Zahigkeit einhergeht. Um den Ursprung dieser Temperaturabhangigkeit zu
verstehen werden in situ, Hochtemperaturbeugungsexperimente mit Hilfe von
hochenergetischen Photonen und ab initio molekulardynamische Simulationen
durchgefiihrt um die Temperatur induzierte Nahordnungsénderung von Dinnschicht
Cog7B33 metallischen Glasern zu untersuchen. Basierend auf dieser korrelativen,

experimentellen und theoretischen Studie wird die Prdsenz von steifen B-Co-B
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Strukturbausteinen zweiter Ordnung bei Raumtemperatur und die Temperatur
induzierte Abnahme der Population von diesen Strukturbausteinen nachgewiesen.
Diese Aussage ist konsistent mit experimentellen Arbeiten®, die eine Temperatur
induzierte Abnahme der FlieBgrenze beschreiben. Wie in der Literatur® berichtet,
kann zusatzlich zu der Temperatur auch eine Anderung der chemischen
Zusammensetzung zu einem Ubergang von sprédem zu plastischen Verhalten
fihren. Deshalb wird in dieser Arbeit auch der Einfluss von Legierungselementen auf
die Steifigkeit und Plastizitdt von Co-Fe-Ta-B metallischen Glasern systematisch mit
Hilfe von ab initio molekulardynamischen Simulationen untersucht. Das hier
simulierte CosssTas 1Bso4 metallische Glas, weist mit einem E-Modul von 295 GPa
die héchste in der Literatur beschriebene Steifigkeit eines metallischen Glases auf.
Die Elektronendichteverteilung dieses Glases deutet darauf hin, dass die hohe
Steifigkeit auf starke, kovalent gebundene Metall — Bor Bindungen zuriick zu fihren
ist. In dieser Arbeit wird gezeigt, dass durch Legieren mit Y, Zr, Nb, Mo, Hf, W, C, N
und O eine Poissonzahl zwischen 0.293 und 0.342 eingestellt werden kann. Wie von
Lewandowski et al.® berichtet wurde, kann ein spréd-plastischer Ubergang zwischen
0.31-0.32 identifiziert werden. Die hier beobachtete Anstieg der Poissonzahl kann auf
eine Anderung von (berwiegend kovalenten zu Uberwiegend metallischem
Bindungscharakter zurlckgefiihrt werden. Folglich sind die mechanischen
Eigenschaften stark durch das Zusammenspiel von Chemie und Struktur bestimmt.
In der Literatur wird keine effiziente Methode zur Untersuchung des
Zusammenhangs von Chemie und Struktur bei metallischen Glasdiinnschichten
beschrieben. Aus diesem Grund wird hier eine neue Methode eingefiihrt, die die
ortsaufgeléste Nahordnungsanalyse entlang eines Konzentrationsgradienten von
kombinatorischen, metallischen Glasdiinnschichten ermdglicht. Diese neue Methode

bei der eine metallische Glasdiinnschicht auf eine diinne Polyamidfolie aufgetragen
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und mit hochenergetischer Réntgenbeugung im Durchstrahlverfahren untersucht
wird, ermdglicht die hier durchgefiihrte Untersuchung einer kombinatorischen
Co-Zr-Ta-B Glasdiunnschicht. Mittels einer korrelativen chemischen-strukturellen-
Steifigkeitsanalyse entlang des Ta-B Konzentrationsgradienten ist festzustellen, dass
mit steigender Halbmetallkonzentration von 26.4 bis 32.7 at.%, und damit
zusammenhadngender Bildung von lokalisierten, hybridisierten Metall-Halbmetall
Bindungen, ein Steifigkeitsanstieg von 10 % erreicht wird. Entlang desselben
Konzentrationsgradienten wird ein Halbmetallkonzentration induzierter Anstieg der
Metall-Metall Bindungsdistanz von 1 % beobachtet, woraus auf eine Abnahme der
Metallbindungsstarke  geschlossen werden kann. Somit dominiert der
Halbmetallkonzentration induzierte Anstieg von hybridisierten Bindungen die
einhergehende Abnahme der Metallbindungsstarke von Co-basierten metallischen
Glasern. Um die Relevanz der Hybridisierung fir die Plastizitdt von metallischen
Glasern generell einschatzen zu kénnen wird der Ansatz von Lewandowski et al®
and Greaves et al.* basierend auf dem Konzept der Poissonzahl kritisch begutachtet.
Die Ergebnisse dieser Arbeit als auch Berichte aus der Literatur*® stehen im
Widerspruch mit dem Konzept, dass die Poissonzahl als universeller Parameter fir
die Bruchenergie dienen kann*. In dieser Arbeit wird der chemische Ursprung fir
schadenstolerante Glaser auf der Elektronenstrukturebene identifiziert. Aus den
korrelativen, theoretischen und experimentellen Daten zeigt sich, dass der Anteil an
Kern nahen, hybridisierten Bindungszustdnden im Verhéltnis zur Gesamtheit der
Bindungszusténde, die Schadenstoleranz von Glasern definiert.

Folglich ist die Poissonzahl nicht ausreichend um den spréd-duktil Ubergang von
Glasern zu beschreiben. Vielmehr definiert der Beitrag von hybridisierten
Bindungszustdnden im Verhaltnis zu der Gesamtheit von Bindungszustdnden den
spréd-plastischen Ubergang.
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1 Introduction

Metallic glasses are amorphous solids with a high degree of topological and chemical
short range order” which exhibit fascinating structural and functional properties®. For
example Co-Fe-Ta-B based bulk metallic glasses have an extremely high maximum
permeability of 500,000 and very low coercivity® of 0.26 A/m. Due to such excellent
soft magnetic properties Co,Fe-based bulk metallic glasses show great potential for
consolidated magnetic cores for power supply applications®. Also, Inoue et al. report
with > 5000 MPa a very large elastic limit®. The combination of the high elastic limit
and the smooth surface render these metallic glasses suitable for micro components
e.g. micro gears for high precision endoscopes® ', spring microactuators'! and micro
electro-mechanical systems devices'?. However, it has been observed that Co-based
metallic glasses exhibit brittle behaviour at room temperature®, whereas other e.g.
Pd-based? or Zr-based' systems exhibit large plastic deformations upon fracturing,
which is essential for tough behaviour. The combination of both high strength and
toughness appears to be self-excluding from the chemical bond perspective. Tough
materials are designed to exhibit large plastic deformation, whereas high strength
materials, exhibiting large elastic limits are designed to prevent plastic deformation.
This inverse bond character imposes challenges on the design of these materials.
Yet, the property combination of both high strength and toughness, constituting
damage tolerance? is very attractive for applications®'®'2, However, for metallic
glasses the underlying physical and chemical principles constituting damage
tolerance are not identified. It is the main goal of this work to identify the origin of
damage-tolerant glasses at the electronic structure level. Hence, it is of key
importance to apprehend the chemically induced brittle-tough transition in metallic
glasses. Furthermore, it has been reported that the brittle-tough transition in Co-

based metallic glasses is also induced by increasing temperature®. Before
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1 Introduction

addressing the main goal the temperature induced topological changes, as well as

the chemical induced stiffness and plasticity changes are investigated.

1.1 Damage tolerance

Damage tolerance, as well as production costs, stiffness, weight, wear rate, thermal
expansion, electrical and thermal conductivity are possible criteria for materials
design™. Furthermore, layout, application and economic boundary conditions
determine the relevance of these criteria for commercial products. In the case of
damage tolerance the application also defines, which materials properties constitute
damage tolerance. To illustrate the dependence of damage tolerance on the
application, the materials selection processes for a pressure vessel and a micro gear
are discussed.

For a pressure vessel the most devastating failure is brittle fracture induced
bursting™. Hence, pressure vessels are designed to either leak or yield before brittle
fracture. Brittle failure is induced for crack lengths exceeding stable crack growth,
which is determined by the material fracture toughness'® (K;c). At a constant pristine
crack length and defined pressure, the fracture toughness of a pressure vessel
material should be as high as possible to assure tough behaviour. Furthermore, the
“yield before break” criterion™ implies that the chosen material should exhibit a high
tendency towards yielding or in other words a low elastic limit (s;). Hence, in the case
of pressure vessel materials damage tolerance constitutes a combination of high
toughness and low elastic limit. By considering this combination a materials selection
parameter €7 (Eq. 1.1) can be defined, which needs to be large for the selection of

damage-tolerant pressure vessel materials.
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K,
c1="%
or

Equation 1.1
A materials selection guideline with a constant value of 0.1 m®® for C7 is depicted in
Fig. 1.1, where the fracture toughness is presented as a function of the elastic limit
for polymers, foams, silica glasses, technical ceramics, Ti-alloys, Al-alloys, steels,

SiON thin films and conventional metallic glasses ' '1°.

Al-alloys

SiON

Fracture toughness

Conventional
metallic glasses

J 10 100 1000 10000
Elastic limit [MPa]

Figure 1.1: The fracture toughness is presented as a function of the elastic limit for
polymers and foams, silica glasses, technical ceramics, Ti-alloys, Al-alloys, steels, SION

12,14,16

thin films and conventional metallic glasses . The black line indexed with C7

represents the chosen selection guideline for damage-tolerant pressure vessel materials.

Every material above the selection guideline indicated by C7 e.g. some polymers,
some Al-alloys, some Ti-alloys, some steels and some high toughness metallic
glasses meet the defined damage tolerance criterion. However, as described by
Eq. 1.2, for a spherical pressure vessel with a thin wall the pressure p, radius R and
wall thickness ¢ correlate to the stress oin the vessel wall™.

_PR
T2

Equation 1.2
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In case the ratio of pressure, radius and thickness is exceeding the elastic limit, the
pressure vessel material starts to yield, which is not intended under stable operation.
As an example polypropylene™ (PP) with o, = 29 MPa, stainless steel" with o, =
400 MPa and Pd7gAgs sPeSig sGez bulk metallic glass, which is considered to be a
benchmark glass in terms of damage tolerance?, with ay= 1500 MPa are compared
as pressure vessel materials. By applying Eq. 1.2 on a defined working pressure of
200 bar and a vessel radius of 1 m the wall thickness of the vessel should be larger
than 345, 25 and 7 mm for PP, stainless steel and metallic glass, respectively, in
order for the vessel not to yield under operation. In Table 1.1 the elastic limit, fracture
toughness, the ratio of fracture toughness to elastic limit ¢ and the calculated
minimum wall thickness are summarized for PP, stainless steel and the metallic
glass, respectively. All three materials exhibit fracture toughness to elastic limit ratios
larger than the defined selection guideline of € equal to 0.1 m®®. Even though the
applied Eq. 1.2 is an analytical description for pressure vessels with thin walls, the
comparison shows that vessels under high pressure made out of polymers are not
practical even though the requirements regarding damage tolerance are met,
whereas stainless steel and metallic glass may still be feasible solutions considering
the above defined damage tolerance selection guideline. Hence, next to the damage
tolerance at least one more design criterion, of a maximum wall thickness should be
defined. Furthermore, it can be learned from the materials comparison that high
strength metallic glasses are outstanding materials when size matters. This
conclusion is also reflected in the second example, namely micro gears for
endoscopes.

Next to optical systems, endoscopes can contain instrumentation e.g. clamps,

tweezers or slings for the execution of surgical actions'’. Today’s endoscopic
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t17

surgeries are capable of inflicting minimal trauma upon a patient'’, which is due to

8,17

the continuous size decrease of endoscopes (Fig. 1.2a)

a) b)
X

3 mm 1 mm

Figure 1.2: a) Schematic drawing of an endoscope equipped with a micro clamp

(adopted from”). b) Schematic drawing of micro gears with a diameter® of 1.5 mm.

As the size of the endoscope decreases the mechanical parts e.g. gears decrease in
size as well, whereas the average force to clamp a vein stays unchanged. Hence, the
load acting on the face of the gear’s tooth, which is coloured in red in Fig. 1.2b is
maintained. However, for decreasing gear sizes also the tooth size and the tooth face
area decreases. Though, a maintained load acting on a decreasing area implies
increasing stress, which for gear diameters below 3 mm leads to stresses exceeding
the elastic limit of metallic materials e.g. steels'®. Due to plastic deformation of the
teeth, micro steel gears exhibit a low durability in acceleration tests of micro gear
motors'®. In contrast high strength metallic glass gears with GPa elastic limits®®
exhibit a 313 times higher durability'®.

However, next to plastic deformation, brittle fracture of the micro components should
be prevented®®. For the prevention of brittle failure also a high toughness is required.
Consequently, in the case of micro gears damage tolerance is constituted by the
combination of high strength and toughness. Hence, as presented in Table 1.1 only
the metallic glass exhibits the required combination of both high strength and

toughness.
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Material or Kic c t Suitable Suitable
MPa MPa'm®® m% mm vessel micro gear
material material
not practical
Polypropylene 29 3.8 0.13 345 (high t) no (low or)
Stainless steel 400 150 0.38 25 yes no (low or)
Pd79Ags5PeSis 5Gez, 1500 200 0.13 7 yes yes

Table 1.1: Summary of the elastic limit o fracture toughness Kj; the ratio of fracture
toughness to elastic limit ¢ and the calculated minimum wall thickness ¢ for
polypropylene, stainless steel and the Pd;gAgs sPsSissGe, metallic glass, respectively“.

Furthermore, the summary of the materials selection process is presented.

One could also expand the term damage tolerance to e.g. wear and thermal
behaviour, which leads to the conclusion that the application determines the term
damage tolerance. However, since high strength and high toughness appear from
the bond character as mutually exclusive materials properties, imposing severe
challenges on the design of these materials, this work concentrates on damage-
tolerant glasses, which combine high strength and toughness, indicated by the red

arrow in Fig. 1.1. Furthermore, the material strength is evaluated by the elastic limit.

1.2 Current alloying guidelines

According to Lewandowski et al.® the bulk modulus B to shear modulus G ratio is an
indication for a transition from brittle to plastic behaviour. Equivalently, Rouxel et al."®
have proposed Poisson’s ratio v (Eq. 1.3) to relate to the packing density and
network dimensionality of glasses and hence serves as a universal parameter for
fracture energy®. However, Poisson’s ratio by definition describes only elastic

behaviour; for materials with a small Poisson’s ratio and hence a small bulk-to-shear
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modulus ratio, a pressure-induced elastic volume change is favoured over a shape
change by shear. On the other hand, materials exhibiting a large Poisson’s ratio
resist a volume change in favour of a shape change by shear.

_3B/G-2

V=8B/G+2

Equation 1.3

In literature the Poisson’s ratio is proposed as an alloying guideline for tough
glasses?, which is inferred to be due to the correlation between topology, toughness
and Poisson’s ratio. Greaves et al.* propose that cross-linked structures oppose both
elastic transverse contraction, which is reflected in Poisson’s ratio and plastic
deformation, being essential for high toughness. As a transition range a Poisson’s
ratio of 0.31-0.32 from brittle to plastic behaviour is proposed for metallic glasses.

Similar observations are made by Pugh®

, who studied the transition from brittle to
plastic behaviour of crystalline phases as a function of their B/G ratio. Pugh identified
for cubic close-packed (ccp) metals a lower transition range with a Poisson’s ratio
ranging from 0.26-0.31%°. Hence, it can be concluded that the mechanisms that
govern plastic deformation in metallic glasses may be different from metals.
Furthermore, the necessary Poisson’s ratio to govern plastic deformation in metallic
glasses needs to be larger compared to ccp metals.

Even though the mechanisms that are proposed in literature to govern plasticity in
metallic glasses e.g. shear transformation zones?' may be complex, Poisson’s ratio
as a simple criterion based on elastic constants seems to predict the tendency
towards plastic behaviour well for some metallic glasses®. However, data from this

work as well as results in the literature*®, are in conflict with the concept of Poisson’s

ratio serving as a universal parameter for fracture energy4. By unravelling the
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chemical origin of the transition from brittle to tough behaviour at the electronic
structure level, this work enables knowledge-based design of novel damage-tolerant
metallic glasses using ab initio predictions while explaining previous reports of

deviation from expected behaviour.



2 Methods

2.1 Theoretical methods

The time-independent Schrddinger equation (Eq.2.1) describes the quantum

behaviour of atoms,

72 N N N
_ 2 ) T =
o Z Vi + Z Nr) + ZZ Uy | y=E¢Ey
j= =1 =1 j<1
Equation 2.1

where m denotes the electron mass, /4 denotes Planck’s constant, & denotes the
number of electrons, i denotes the electron wave function, £ is the ground state
energy of the electrons and the three terms within the brackets denote the kinetic
energy of each electron, the interaction energy between each electron and the
collection of atomic nuclei, and the interaction energy between different electrons,
respectively’?. Hence, Schrodinger's equation for a solid material is a many-body
problem. The complexity of this problem can significantly be decreased by density
functional theory (DFT), which rests on the Hohenberg-Kohen theorem? that the

ground-state energy is a unique functional of the electron density n (r),
&= & [n()]
Equation 2.2

and that the electron density, which minimizes the energy of this functional is the
electron density fully solving Schrédinger's equation?®. A reasonable description of

the Hohenberg-Kohen theorem is expressed in Eq. 2.3,
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E[tbi}] = EnownlEDi I+ Exclthil]

Equation 2.3

where the &wmown term includes the electron kinetic energies, the Coulomb interactions
between the electrons and the nuclei, the coulomb interactions between pairs of
electrons, and the Coulomb interactions between pairs of nuclei, whereas the
exchange-correlation functional & includes all the quantum mechanical effects that
are not included in the first term?2. Commonly used approximations for the exchange-
correlation function are the local density approximation (LDA) and the generalized
gradient approximation (GGA), or more distinctively the Perdew-Wang functional
(GGA PW91)?*, which is used within this work?. Furthermore a 3x3x3 Monkhorst-
Pack grid® for reciprocal-space integration, an energy cut-off of 500 eV and a
convergence criterion of 0.01 meV was applied for the ground state calculations.
Within this thesis two codes based on DFT were employed. Ab initio molecular
dynamics (MD) simulations were conducted using the Open source package for
Materials Explorer (OpenMX)® code, version 3.7. The calculations at 0 K were
performed using the Vienna Atomic Simulation Package (VASP), version 5.2.12%.
OpenMX was used for the molecular dynamic simulations, because it has an
advantage regarding computational speed compared to VASP.

For the MD simulations electronic potentials with the generalized gradient
approximation and basis functions in the form of linear combination of localized
pseudoatomic orbitals were applied?®?°. The following basis functions were used
Co5.5-s2p1d1,  Fe5.0-s1p2d1, Ta7.0-s2p1d1f1, B4.5-s2p2, Y6.5-s3p2d1,
Zr7.0-s2p1d1, Nb7.0-s2p1d1, Mo6.0-s2p1d1, Hf6.0-s2p1d1f1, W6.0-s2p1d1f1,
C4.5-s2p1, N4.5-s2p1, 04.5-s2p1, Pd5.0-s2p1d1, Al6.0-s2p2 and Cu4.5-s1p1d13.

Here the first symbol denotes the chemical name, followed by the cutoff radius and
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the set of primitive orbitals applied. An N-point grid larger than 72x72x72 and a cutoff
energy of 150 Ry was used.

To assure a realistic representation of the short-range order within the ab initio
molecular dynamic simulations the method® previously validated by Hostert et al. for

Co-Fe-Ta-B* and Co-Fe-Ta-Si*' was applied as schematically depicted in Fig. 2.1.

n=2to4

4000 K

‘oinde
o 0 o 0f
b P

aog’o
ek

* Bulk modulus (7)
* Shear modulus (&)

* Young's modulus (£)

* Poisson‘sratio (v) _ o_
+ Density of states Vo= Vo1 [

» Topology

o8

Figure 2.1: Schematic representation of the ab intio molecular dynamics simulation

method applied.

The initial configuration of the atoms was a bcc super cell with 128 lattice sites
containing 115 atoms and 13 vacancies. An amorphous structure was obtained by
performing ab initio MD simulations, through heating the cell to 4000 K by scaling the

velocity for 400 fs. A step size of 1fs was applied. Afterwards the structure was
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quenched with an infinite quenching rate to 0 K and relaxed in terms of atomic
positions and volume.

Using the amorphous, stress free structure the cell was heated up to 4000 K again
for 400 fs to enable a stress free diffusion. The process of heating the amorphous
structure at 4000 K and calculating the stress free volume at 0 K was performed two
to four times until the volume after the last heating and the second to last heating
converge within 2 %.

The elastic properties, the electron density distributions and the topological
information were obtained at 0 K from the stress free configurations after the last
heating cycle. For the ground state calculations spin-polarization was taken into
account, whereas it was neglected within the MD simulations of the melt. The bulk
modulus was obtained using the Birch-Murnaghan equation of state®. The shear
modulus according to Hill*® was calculated from the elastic constants Czz, Czzand Cys,
which were obtained by distorting the cubic symmetry and fitting with a second-order
polynomial function®. The Poisson’s ratio and Young’s modulus £was obtained from
the shear and bulk moduli®*,

The pair distribution functions® (PDF) g(r) of the structurally relaxed systems were
obtained from the atomic positions of the individual species within the simulation by

applying Eq. 2.4,

1 b,
g(r):WZZWJ(FGj)

Equation 2.4

where the sum goes over all pairs of atoms 7and jwithin the model system separated
by ry. In order to be able to compare to experimental work, the X-ray scattering power

was taken into account. The b; denotes the scattering power of atom 7and (b} is the
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average scattering power of the model. The average atomic number density and
atomic distance is denoted by ppand r, respectively.

For the investigation of the temperature induced topological evolution of the Cog7B33
system the super cell from the last heating cycle was quenched to 2000 K and held at
this temperature for 1000 fs. Thereafter, a stepwise structure analysis was
performed. The temperature step size was chosen to be 100 K and the time held at
each step was 500 fs. This yields in an approximate cooling rate of 210" K/s. For
the structural analysis the last 250 fs of each temperature step was taken into
account. The MD time step was set to 1 fs. The topological evolution was examined
by calculating total and partial pair distribution functions, bond angle distribution and
Voronoi tesselation.

Based on Voronoi tessellation the atom specific nearest neighbor coordination was
estimated® by utilizing the atomic coordinates of the relaxed ab initio MD data as
input, defining the configuration for each temperature. In this work, the radical plane
method was applied, which takes the atomic radii of the atoms into account®. When
projected planes meet, edges are formed and consequently faces of polyhedra.
These polyhedra are described by the Voronoi index [ns, ns, ns, ng], where n; denotes
the number of i-edged faces of the Voronoi polyhedron. For the analysis and

»37

visualization of OpenMX data the “Atomic structure analysis package™’ was used.
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2.2 Experimental methods

2.2.1 Magnetron sputtering

Metallic glass thin films were synthesised by magnetron sputtering, using the ultra-
high vacuum system schematically depicted in Fig. 2.2 with a base pressure lower
than 6-10° Pa. Elemental targets, with a diameter of 50 mm were used. For the
metallic targets separate direct current power supplies and for the B target radio
frequency power supplies were utilized. The elemental targets had a purity larger
than 99.9 % and 99.5 % for the metals and B, respectively. During deposition the

argon partial pressure was 0.4 Pa. The target to substrate distance was 10 cm.

Figure 2.2: Schematic drawing of the ultra-high vacuum sputtering system used. The

magnetron cluster flange, substrate holder, load lock system and turbo pumps are

depicted in red, blue, green and orange, respectively.

For the investigation of the temperature induced topological evolution of the Cog7B33
metallic glass, homogeneous thin films were deposited using substrate rotation with

30 rpm. The target power densities were set to be 1.6 W-cm for Co and 8.4 W-cm™
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for B. The deposition time was 6 hours, resulting in a film thickness of 3 um. As a
substrate, polycrystalline sodium chloride was used, which was later removed from
the metallic glass thin film by rinsing it with demineralized water, acetone and
methanol. The so obtained powder was later examined by energy dispersive X-ray
analysis (EDX) and high energy X-ray diffraction (XRD).

For the investigation of the chemistry-topology-mechanical property relationship
along a composition gradient of Co-Zr-Ta-B metallic glass thin films, combinatorial
films were magnetron sputtered onto Si and polyimide substrates. The film deposited
onto the 50.8 mm Si (100) substrate was used for chemical and mechanical
characterization, while the films on 50 ym thick radiation damage tolerant polyimide
foil*® were employed for structural analysis. The base pressure® of the system was
6:10° Pa. The films were synthesised from circular elemental targets with a diameter
of 50 mm and a purity of 99.95 % for Co, Zr and Ta and 99.5 % for B. The applied
power densities were 2.0, 1.6, 0.3 and 8.4 W/cm? for Co, Zr, Ta and B targets,
respectively. The three metals were sputtered using separate direct current (DC)
power supplies, whereas B was sputtered with a radio frequency power supply. As a
sputtering gas Ar with a pressure of 0.4 Pa was employed. The targets were tilted by
19° normal to the substrate as described in Fig. 2.3 and the target to substrate
distance was 10 cm. The deposition time was 3 hours resulting in a film thickness of
3 um. A spacing between the individual measuring points of 4 mm was chosen,

corresponding to a gradient of 0.2 at.% B per mm along the Ta-B gradient.
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—

Figure 2.3: Schematic drawing of the combinatorial deposition setup. The chemical
symbols denote the direction of the elemental sputtering sources, which results in the
schematic compositional gradient depicted. The measurements were performed along the
B — Ta and the Co — Zr gradient with a spacing of 4 mm between the individual

measurement points.

For the micro-fracture experiments homogeneous  Pds70Al39CU114Y77,
Cosz.0Fe132Zri07TaseBo7.5, CosgaFeroBass CusreZrsz2 and CosgsZrasz metallic glass
thin films were synthesised. As substrate material single crystal (001) Si wafer were

used.

2.2.2 Chemical characterisation

The chemical composition and purity of the Cog7B33 thin film powder was analysed by
standard less EDX analysis at an acceleration voltage of 4 kV using a JEOL, JSM-
6480 scanning electron microscope equipped with an detector from EDAX performing
a background, atomic number, absorption and fluorescence correction. All other EDX
measurements were performed with the same equipment at an acceleration voltage
of 16 kV using atom probe tomography (APT) measurements as a standard. 3D-APT
samples of the metallic glass thin films were prepared using a focused ion beam

(FIB) (FEI Helios Nanolab 600i dual-beam FIB) equipped with a micromanipulator.
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The APT tips were prepared according to a standard lift-out procedure®, and final
shaping was performed with low energy (5 keV) to prevent Ga implantation. The APT
measurements were performed on a commercial local electrode atom probe (LEAP
3000X HR, CAMECA Instruments) in voltage mode at a base temperature of 60 K,
200 kHz pulse repetition rate, 15% pulse fraction and 1% target evaporation rate.
The acquired datasets were analysed using the reconstruction software IVAS 3.6.8*'

28,29

(CAMECA Instruments). In particular, frequency distribution analysis was used to

determine the homogeneity of the compositions (block size 100 atoms).

2.2.3 Topological characterisation

The topology analysis was performed applying high energy X-ray diffraction at the
P02.1 beamline of the PETRA |IIl electron storage ring at DESY (Hamburg,
Germany). For the in situ investigation of the Coes7B33 metallic glass thin film high-
energy, high-temperature XRD experiments were performed in transmission
geometry using a Linkam THMS 600 heating stage. The separated metallic glass thin
film sample was put into a quartz capillary with a wall thickness of 20 ym and a
diameter of 1 mm. The sample was heated from room temperature up to 863 K at a
heating rate of 10 K/min. Heating was done under protective Ar atmosphere. The
sample was instantaneously illuminated with a monochromatic photon beam
(wavelength A=0.02073 nm). Diffracted photons were recorded with a fast image
plate detector Perkin Elmer 1621. Two-dimensional XRD patterns were acquired
every 12's. The sample to detector distance was set to 32.3 cm. Due to heater
geometry the maximum wave vector q (g=41 sinB/A) was limited to 14 A™'. The
topological anaylsis along the concentration gradient of the Co-Zr-Ta-B thin films was
done in transmission with a beam size of 0.7x0.7 mm using the thin film sample

deposited on polyimide foil. Each measuring point was illuminated for 30 s. The
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sample to detector distance was set to be 24.6 cm, whereas the g vector up to 14 A™
was used*.

Two-dimensional XRD patterns were integrated to the g-space using the software
package FIT2D*. The data were then converted to the total structure factor, S(g),

using standard procedures described elsewhere®**

. The integrated data were
corrected for sample absorption, fluorescence contribution and inelastic (Compton)
scattering. The total structural factor S(q) was obtained from the normalized
elastically scattered intensity. The pair distribution functions were obtained from the

structure factor through a sine Fourier transform using standard procedures

described elsewhere®.

2.2.4 Mechanical characterisation

To obtain the reduced Young’s modulus a depth-sensing nanoindenter (Hysitron
TribolndenterTM) was utilized. A Berkovich indenter with a tip radius of 100 nm was
used. The maximum load was set to correspond to a contact depth of less than 10 %
of the film thickness. 24 indentations were performed for each film composition. The
Oliver and Pharr method®® was applied to extract the reduced Young’s modulus.

For the micro-fracture experiments the Si substrate was etched out using 30% KOH
solution at 70°C to obtain free-standing thin films of the sputtered metallic glasses.
Focused ion-beam (FEI Helios Nanolab 600i dual-beam FIB) milling was used to
prepare the micro-cantilevers. Coarse cuts were made at 2.5 nA (30 kV), and final
polishing was performed at 80 pA (30 kV) to obtain cantilevers of approximately
18 um x 2.5 um x 2.5 um. The cantilevers for fracture toughness measurements
were pre-notched at a lower current of 7.7 pA (30 kV). Both the notched and un-
notched specimens were loaded in situ into the scanning electron microscope (JEOL-

JSM 2000) using the ASMEC UNAT-2 indenter. A conical tip (1 ym tip radius) was
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used to load all microbeams in displacement control at a constant rate of 5 nm/s. The
loading sequence involved numerous loads/unloads over multiple cycles. The pop-
in/fracture load corresponding to the crack propagation event in the notched beams
was used as input in the analytical formula for determination of K- from either linear
elastic fracture mechanics (LEFM) for the brittle glasses or from J-integral
measurements for the ductile metallic glasses. The testing technique and analysis

1.® and Wurster et al.*® for K- and Jie

follows the procedure established by Matoy et a
determination, respectively. The fracture toughness of the Cogs 3Zr31.7 thin films was
also calculated using extended finite element simulations of the cantilever bending in
Abaqus 10.1 to cross-check the validity of the results from the analytical formula. The
fracture load of the unnotched beams was used to determine'® the maximum bending
(yield/fracture) strength o.. A total of 80 samples were tested, with 8 un-notched and
8 notched beams for each composition. The beams were imaged both before and
after fracture to follow the crack trajectory. The strain energy release rate (fracture

546

energy) (G.) is obtained from Eq. 2.5™ using either the K. or /i values for all metallic

glass thin films.

K211

GC :/ Ic— E

Equation 2.5
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3 Results and discussion

3.1 Temperature induced topological evolution of Cog;B3;3

Co,Fe-based bulk metallic glasses show a strong temperature dependent elastic limit
from the ultra-high strength of 5185 MPa at room temperature to 1100 MPa at 873 K,
while the elastic modulus of 268 GPa appears to be preserved®. It is proposed in
literature that deformation within the super cooled liquid state the apparent viscosity
is sample size dependent, due to confinement of collective shear events*’. The very

high stiffness of these metallic glasses at room temperature is according to

I.48 /. 30

Wang et al.™ and Hostert et al.”” caused by the presence of strong, covalent Co-B
and (Co,Fe)-B bonds, respectively.

Since temperature induced changes in topology and/or chemical ordering have not
been investigated by theoretical or by experimental means the underlying cause of
the strong temperature dependence of the elastic limit in Co,Fe-based bulk metallic
glasses is unknown. The objective of this work is to identify the temperature induced
topological evolution of the Cog7B3sz metallic glass thin films, to enable knowledge
based design of new metallic glasses with high strength and plasticity at room
temperature. To this end in situ high temperature, high-energy X-ray diffraction

experiments*® in combination with ab initio molecular dynamics simulations® is

employed.
3.1.1 Experiments

The temperature induced topology evolution is initially examined by comparing the
PDFs obtained from in situ high-energy, high-temperature XRD experiments with the
PDFs simulated with ab initio MD. Fig. 3.1 shows series of the structure factors of the

Cos7B33 powder as a function of temperature in a three dimensional plot at the top
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and a colour intensity plot at the bottom. A common feature for the structure factors
below 758 K is that they exhibit broad principal peak located at 3.21 A" followed by
rather broad peaks of rapidly decaying intensity towards larger g-values. This is a
fingerprint of missing long range order in the material studied and confirms its fully
amorphous nature. However, the number as well as the intensity of the individual
structure factor peaks drastically increase at 758 K as crystallization of the Cog7B33
metallic glass powder sets in. The structure of the crystallized material is consistent
with the stoichiometric Co,B phase (JCPDS 25-0241). Hence, the onset of
crystallization for CogrBss is at 758 K, which is lower than the crystallization
temperatures of quaternary Co-Fe-Ta-B bulk metallic glasses, which have been
reported to be in the range of 940-980 K. This is expected as it is known that for
binary systems as compared to systems with a larger number of components the
number of possible local atomic configurations is lower leading to a decrease in glass

stability®.

a
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Figure 3.1: Structure factor of Cog;Bs; as a function of temperature (T) measured by

in situ high temperature XRD.

-22-



3 Results and discussion

In Fig. 3.2 the PDFs obtained by XRD experiments and MD simulations at selected
temperatures are shown. All the PDFs discussed describe the order prior to
crystallization (see Fig. 3.1). Comparing the experimental PDFs with the ones
obtained by MD simulation one can see that all main features, such as the peaks’
heights and their positions, are in very good agreement. Hence, the computational

1.2° and Music et al.*” appears to be useful to

methodology based on Hostert et a
describe the temperature dependent topology of Co-B metallic glass thin films. In
Fig. 3.2 the first structural peak at 1.98 A corresponds to the first coordination shell of
Co-B interatomic bond length distribution, which is learned from the partial PDFs
obtained by ab initio MD (see Fig. 3.3). The second peak at 2.55 A corresponds to
the first Co-Co coordination shell. The amplitude of Co-Co bond length distribution is
higher compared to Co-B bond length distribution, which is due to the larger
weighting factor of Co compared to B. Furthermore, there are no distinct features of
B-B bonds visible in the total PDFs shown in Fig. 3.2. Peaks at distances larger than
2.55 A can be attributed to the second and third coordination shells. The position of
the first bond length distribution maxima does not change by increasing the
temperature from 300 to 700 K. The bond length distribution of the second
coordination shell is characterized by two, equally temperature independent maxima

at 4 and 5 A, which according to van de Waal®'

may imply some spatial orientation
coherence between the first and second coordination shell as well as the presence of

dense tetrahedral packing®2.
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Figure 3.2: Comparison between the in situ measured and ab intio molecular dynamics,
total pair distribution data in the temperature range of 300 to 700 K. For better

comparison curves are vertically offset.

From the investigation of the structure factors and the total pair distribution functions
very good agreement between theory and experiment is observed. However no
cause of the experimentally observed temperature dependent mechanical behaviour
could be identified as all total PDFs, which are dominated by Co-Co interactions
appear to be temperature independent.

To probe the temperature induced changes in structure further the partial PDFs

obtained by ab initio MD simulation shown in Fig. 3.3 are examined. In an attempt to
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overcome the limitations posed by the extensive simulation time requirements during
ab initio MD simulations®, the analysis of partial PDFs obtained at temperatures

exceeding the experimentally studied temperature range is performed.

e 1600 K e Co
— 1200 K o B
900 K W 1stshell
e 600 K A 2nd shell
—300 K °
L)
b o,

Co-B partial pair distribution function [a.u.]
B-B partial pair distribution function [a.u.]
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Figure 3.3: The atomic Co-B (left panel) and B-B (right panel) partial pair distribution
function data obtained by ab inito molecular dynamics simulation in the temperature
range of 300 to 1600 K are shown. The vertical lines correspond to the square and the
triangular symbol indicates the location of the first and second B-B coordination shell,

respectively.

On the left side of Fig. 3.3 the partial Co-B PDFs are shown in a temperature range

of 300 to 1600 K. For the partial PDFs the r-range shown is 1 to 5 A. The first peak at
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1.98 A corresponds to the first coordination shell of Co-B pairs. With a deviation of
1 % such bond length is in good agreement with the Co-B bond distance as observed
in case of the quaternary Co-Fe-Ta-B metallic glass®’. With increasing temperature
the peak broadens and its amplitude decreases, which is due to a wider distribution
of Co-B bond lengths. At 300 and 600 K the second peak and the third peak
corresponding to the second coordination shell of Co-B bond length exhibit maxima
at 3.5 and 4.3 A, respectively. The two peaks broaden and finally merge as the
temperature is increased, which can be explained by the loss of coherence between
the first and second Co-B coordination shell®'.

On the right side of Fig. 3.3 the B-B partial PDFs from the temperature range of 300
to 1600 K are shown. At room temperature there are three peaks visible, whereas at
1600 K the B-B partial PDF is dominated by the first peak as the second and the third
peak have merged to a broad peak which is strongly reduced in amplitude. The first
B-B coordination shell, which corresponds to the first peak at 1.85 A is indicated by
squares. The distance of the second B-B coordination shell (indicated by triangles) is
2.9 A. At room temperature the second B-B coordination shell shows a higher
amplitude than the peak of the first coordination shell. This observation is consistent

2% |t is evident that the partial

with other B containing metallic glass systems
distribution functions of both B-B and Co-B are strongly affected by temperature.
However, at this point it is unclear which building blocks can be associated with the
decrease in bond length distribution amplitude that has been observed as the
temperature is increased.

To determine which building block(s) can be associated with the second B-B peak,
the angular distribution of the B-Co-B structure is examined. On the left side of

Fig. 3.4 the angular distribution of B-Co-B bonds in the temperature range of 300 to

1600 K is shown. For all temperatures there are three peaks visible at 55°, 90° and
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140°. The peak at 90° shows the largest fraction of B-Co-B bond angles for all
temperatures. However, the peak at 90° broadens indicating a population density
decrease as the temperature is increased. From the partial PDFs shown in Fig. 3.3
one can learn that the first Co-B shell distance is equal to 1.98 A at 300 K. B-Co-B
structures with a Co-B distance of 1.98 A and a bond angle of 90°, result in B-B
distance of 2.82 A. This value is in very good agreement with the second
coordination shell distance obtained in the calculation of the B-B partial distribution
function shown in Fig. 3.3. Therefore, it is evident from the correlative analysis of the
partial distribution functions and the bond angle distribution data that the population
of B-Co-B building blocks with a 90° bond angle that are present at room temperature
is drastically reduced as the temperature is increased. It is reasonable to assume that

d30,48’ and

this temperature induced decrease in population of covalently bonde
therefore stiff B-Co-B building blocks has implications for the mechanical properties:
As mentioned above the elastic limit of Co-based metallic glasses shows a strong
temperature dependence®. According to Inoue etal® the elastic limit of
CoysFexTassBs1s drops by 80 % as the temperature is increased from room
temperature to 873 K. The temperature dependence of the elastic limit is consistent
with the temperature induced loss of coherence between the first and second Co-B
coordination shell and the temperature induced decrease in population of stiff B-Co-B
building blocks, which is inferred from the partial PDFs and the B-Co-B bond angle
analysis. Even though there is a difference in absolute temperature between the
experimentally observed drop in elastic limit® and the observed loss of coherence
between the first and second Co-B coordination, the inferred topology evolution
provides insight towards designing high strength (Co,Fe)-based metallic glasses.
This difference may be due to the different chemistry, sample size or limitations

posed by the extensive simulation time requirements towards relaxation.
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Figure 3.4: The bond angle distribution of the B-Co-B bonds in the temperature range of
300 to 1600 K obtained by ab inito molecular dynamics simulation is shown (left panel).
The fraction of Frank-Kasper like Voronoi polyhedra is shown in the same temperature
range (right panel). Furthermore, an example of the most dominant B centred bicapped

square Archimedean antiprism, with the Voronoi index of (0,2,8,0) is given in the upper

It is proposed by Zhang et al.®® that plastic behaviour is promoted by decreasing the
fraction of Frank-Kasper like polyhedra. With a decrease in fraction of densely
packed polyhedra the fraction of ready to flow region increases, which on the one
hand promotes plastic behaviour and on the other hand decreases the chance for

severe shear localization®®. An increase of ready to flow regions may cause a change
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in deformation mode from shear band dominated mode to homogeneous deformation
mode as it is seen for many metallic glasses®*®%". On the right side of Fig. 3.4 the
fraction of densely packed Co and B centred Frank-Kasper like Voronoi polyhedra is
shown in the temperature range of 300 to 1600 K. The most dominant polyhedron at
300 K is the B centred bicapped square Archimedean antiprism (Fig. 3.4), with the
Voronoi index of (0,2,8,0). Hence, the B centred short range order present in the
crystalline phase is also present in the glass structure. In contrast to the crystalline
phase, in which every B atom has the same short range order only 12 % of the B
centred polyhedra in the glass have that particular coordination. The fraction of
densely packed Frank-Kasper like Co and B centred polyhedra decreases from 50 %
at 300 K to about 35 % at 1600 K. This implies a significant increase in fraction of
ready to flow regions as the temperature is increased®®, which is consistent with the
experimentally observed drop in elastic limit®. The temperature induced decrease in
population of Frank-Kasper like polyhedra is also consistent with above presented
notion on the temperature induced loss of coherence between the first and second
Co-B coordination shell and the structural changes derived by the partial PDFs.

A key issue in designing ductile metallic glasses is controlling shear band nucleation
and propagation®. The here reported temperature induced changes in topological
and chemical order cause an increase in the population of ready to flow regions,
which facilitates ductile behaviour®. Future materials design strategies may focus on
decreasing structural coherence between the first and second coordination shell, by

alloying to stabilize ready to flow regions at lower temperatures.
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3.2 Ab initio stiffness and toughness prediction

In addition to temperature depend plastic behaviour, also composition depended

brittle-ductile transitions are reported®*. Ab inito calulations have been proven to be

59-61 / 30,31

well suited for calculation of elastic constants . Furthermore, Hostert et a
have observed good agreement between experiment and ab initio molecular
dynamics simulation of Co-based metallic glasses, regarding topology, correlations
between electronic structure, elasticity, density and magnetism. Therefore it is shown
that ab initio MD simulations are suitable to do knowledge based design of Co-based
metallic glasses. Large experimental effort is needed in order to evaluate the

plasticity of metallic glasses'?6%3

and the existing alloy strategies are based on
heuristic principles®. The present MD simulation studies from literature are either on
the origin of deformation mechanisms® or evaluate only a narrow range of
composition®®. For Co-B based metallic glasses the Co-Ta-B*®, the Co-Fe-Ta-B* and
the Co-Fe-Ta-Si system® have been individually investigated by MD simulation.

However, up to now there is no systematic quantum mechanically guided materials
design study available on the influence of substantial chemical composition variations
on the stiffness and plasticity of Co-based metallic glasses. The goal of this work is to
understand the influence of chemical composition on the stiffness and plasticity of
Co-based metallic glasses by systematically alloying and investigating the electronic
fingerprint responsible for plastic or stiff behaviour. In literature the metal to metalloid
interaction has been identified to be of key importance for the mechanical properties
of these type of high stiffness metallic glasses®®®”. The initial selection of alloying
candidates is based on the work of Hostert et al.>’, who identified strong, covalent

(Co, Fe)-B bonds to cause the high stiffness of Co-Fe-Ta-B metallic glasses. In order

to affect the covalent nature of the metal to B bond, the first computational strategy
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focuses on systematically varying the valence electron concentration and size by
substituting Fe with transition metals namely Y, Zr, Nb, Mo, Hf and W. The second
computational strategy focuses on systematically investigating the metal to non-metal
interactions by substituting B with other non-metals namely C, N and O. The third
computational strategy focuses on the influence of non-metal concentration by

increase the B content up to 50 at.% by substituting Fe.

3.2.1 Molecular dynamics simulations

The change in Young’'s modulus, which is a measure for stiffness, is shown in
Fig. 3.5 as a function of chemical composition for the transition metal alloying
strategy. For each transition metal there are 6.1 and 9.6 at.% of Fe replaced by Y, Zr,
Nb, Mo, Hf and W, respectively. To study the influence of low alloying concentrations
there is a third simulation performed for 1.7 at.% of Nb. The intercept of the horizontal
line with the vertical axis at 273 GPa represents the Young’s modulus of
CoysFexTassBs15 obtained by Hostert et al®® by ab initio MD simulation. This line
represents the benchmark in terms of stiffness for metallic glasses in general and is

included as a guide for the eye.
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Figure 3.5: The Young's modulus obtained by ab initio calculations for
Coy35Fe20xTMTag 1B3o4 as a function of chemical composition x in at.%, where TM
stands for Y, Zr, Nb, Mo, Hf and W respectively. The intercept of the horizontal line with
the vertical axis at 273 GPa represents the Young's modulus of CossFeyTassBais

obtained by ab initio MD simulation® .

All the Young’s modulus values presented in Fig. 3.5 are lower than the reference
value of CossFeyTassBsis. The highest Young’s modulus of 263 GPa is calculated
for CosssFesoZrs1Tas1Bsps. The lowest value of 193 GPa is calculated for
CoussFe13gYs1Tas1Baoa. It can be observed that the stiffness decreases, as the Zr
and Hf content is increased from 6.1 to 9.6 at.%. On the other hand for W, Mo, Y and
Nb the stiffness increases, as the content is increased from 6.1 to 9.6 at.%. In the
case of Nb alloying the calculation of 6.1 at.% is showing a minimum and the
stiffness increases towards the low content of 1.7 at.%. What can be learned from the
results of the first computational alloying series is that the Young’s modulus can be
varied in the range of 193 to 263 GPa. However to maximize the stiffness, Fe should
not be replaced by the metals examined in this work, for all compositions examined

within the transition metal alloying strategy yield lower stiffness compared to the
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quaternary CousFesoTassBs15 studied by Hostert et al.*°. Hence, varying the valence
electron concentration by alloying with the transition metals Y, Zr, Nb, Mo, Hf and W

does not increase the stiffness of the CossFezgTas sB31.5 metallic glass system.
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Figure 3.6: The Young’'s modulus obtained by ab initio calculations for
CoussFezTas1BsosyNM, as a function of chemical composition y in at.%, where NM
stands for C, N and O, respectively. The intercept of the horizontal line with the vertical
axis at 273 GPa represents the Young’s modulus of CossFesgTassBsrs obtained by ab

initio MD simulation®.

The effect on the Young’s modulus for the non-metal alloying strategy is shown in
Fig. 3.6. In this case up to half of B is replaced by either C, N or O. For all three
elements there are simulations performed for 8.7 and 14.8 at.%. In addition there are
simulations performed for low C and N contents of 1.7 at.%. Also in Fig. 3.6 the
reference of CossFexTassBa1s is shown>®.

Within the non-metal alloying strategy, the carbon containing systems exhibit the
highest Young’s modulus, which varies only slightly with C content between 217 and
224 GPa. The second highest Young's modulus values are observed for the N

containing systems in a range of 185 to 202 GPa. In this case a maximum for the N
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content of 8.7 at.% is observed. The lowest stiffness is observed if B is replaced with
O, which leads to Young’s modulus values of 166 and 174 GPa. From Fig. 3.6 it can
be seen that in the case that B is replaced by C, N or O the Young's modulus is
reduced by more than 30 GPa. Therefore, it can be concluded that lowering the B
content in the CossFeyTassBsis system leads to a decrease in Young’s modulus.
This observation is consistent with the proposal of Hostert et al.* that strong covalent
(Co,Fe)-B bonds are responsible for the high stiffness of this group of metallic
glasses. In the case that the population of metal to B bonds is responsible for the
high stiffness of these type of metallic glasses, an increase in B content should lead
to more of these stiff structures and thereby leading to a higher Young’s modulus. In
order to study the influence of increased B content the third alloying strategy
mentioned above is employed.

In order to investigate the influence of increased non-metal concentration on the
stiffness of the CossFezpTassB315 system the Fe concentration is decreased from 20
to 10.4 and O at %, by replacing Fe with B. In Fig. 3.7 the calculated Young’'s
modulus is shown as a function of increasing B content. The calculated Young’s
modulus for the CosssFeipsTas1Bao system is 256 GPa, whereas the Young’s
modulus of the CosssTas 1Bsos system is 295 GPa, which is 8 % higher compared to
the reference CossFexgTassB315 metallic glass3°. Hence, the Cos35Tas 1Bsg4 metallic
glass composition calculated here yields the highest stiffness ever reported for a
metallic glass. For knowledge based design of metallic glasses with a high Young’'s
modulus it is important to identify the origin of the high stiffness of the Co435Tas.1Bs0.4

metallic glass.
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Figure 3.7: The Young's modulus obtained by ab initio calculations for
CoyssFeqn,Tas1Bsos+, as a function of chemical composition z in at.%. The intercept of
the horizontal line with the vertical axis at 273 GPa represents the Young’s modulus of

CoysFeyTas sB3q 5 obtained by ab initio MD simulation®.

As already mentioned above the very high stiffness of the Co-based metallic glasses

l.48 /. 30

at room temperature is according to Wang et al.™ and Hostert et al.” caused by the
presence of strong, covalent Co-B and (Co,Fe)-B bonds, respectively. Hence, in
order to identify the cause for the large variations in Young’s modulus the total and
partial density of states for the very stiff Cos35Tas.1Bso4 System and the low stiffness
CoszsFexTas1B1580148 System are investigated. The total and partial density of
states for the Cos35Tas1Bsos System are shown on the left side of Fig. 3.8. The
magnetic moment for Co present in this system is with up to 1.04 yg very low,
therefore no distinction between spin up and spin down states are presented. It is
observed that even with the high B content the overall bonding character is metallic
since the Fermi level is occupied. The most dominating region in the total density of
states is from 0 to -5eV. Furthermore, all three elements are contributing

considerably to the total density of states. The largest contribution to the density of
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states for Co, Ta and B originates from the 3d, 5d and 2p orbitals, respectively. The
most dominating region for all partial density of states is from -2.5 to -5eV.
Furthermore there are deep core states occupied for Co and B at -10 eV. In the most
dominating region from -2.5 to -5 eV, strong hybridisation between all three species is
observed, indicating strong covalent metal to B bonding. It is proposed that the
strong hybridisation in the region of -2.5 to -5 eV and the strong hybridisation in the
deep core states at -10eV cause the extraordinary high stiffness of the

Co435Tag 1Bsos system.
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Figure 3.8: The total and partial density of states for the Co435Tas1Bso4 System is shown
on the left. The Fermi level is set to 0 eV. The total and partial density of states for the

CouzsFexTas 1Biss0145 System is shown on the right.
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The total and partial density of states for the CosssFexnTas1B1580148 System are
shown on the right side of in Fig. 3.8. Comparing the total density of states of the two
systems studied, one can see that the peaks of the Co43sFexnTas 1B155014.5 System
are shifted to higher energies. This is a first indication for the weaker bonding nature.
Also with the oxygen content of 14.8 at.% the Fermi level is occupied and the overall
bonding character is metallic. The magnetic moments for the Coss sFexpTas 1B1550148
system are 2.11 and up to 1.63 yg for Fe and Co, respectively. As for the
Coys5Tas.1Bso.4 system no distinction between spin up and spin down is presented. It
can be seen that the total density of states are dominated by the partial Co and Fe
density of states, where Co and Fe partial density of states show a similar behaviour.
Therefore it can be concluded that Co and Fe are similar in their bonding behaviour
within this system. The most dominating region for the Co partial density of states is
between -2.5 and 0eV, which is closer to the Fermi level compared to the
Co435Tas.1Bsoa system. In contrast to the CoszsTas 1Bso4 system the Ta 5d orbitals
are less occupied in the Cos3zsFexpTas 1B1580148 system and the Ta 6s orbitals are
occupied at an energy of about -10 eV. For B the most dominating region is also at
about -10 eV, where the 2s orbitals are occupied. For O the 2p orbitals are
pronounced, which are mainly occupied between -5 and -7.5eV. As mentioned
above the total density of states is dominated by the partial Co and Fe density of
states. Hence, the contributions of Ta, B and O to the overall bonding are small.
Furthermore there is less hybridisation in the CosssFezTas1B15s014s system
compared to CosssTas1Bsos system. The difference in hybridisation in the energy
range of -2.5 to -5 eV and the shift of the total density of states closer to the Fermi
level are proposed to be the cause for the low stiffness of the oxygen containing

systems studied in this work. Hence, the observations made within this work are
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consistent with literature, where the strong covalent metal to B bonding*>*® is
proposed to cause the high stiffness of Co-based metallic glasses.

In order to correlate the electronic structure with the present topology, PDFs for the
stiff Cos3s5Tas.1Bso.4 System and the low stiffness Coss sFeznTas 1B155014.5 System are
presented in Fig.3.9. In the wupper part of Fig.3.9 the PDF for the
CoyssFexnTas 1B1580148 System is presented, whereas in the lower part the PDF for
the Coss5Tas.1Bso4 System is presented. For both systems the presented distance is
between 1.5 and 8.5 A. In both systems there can be three short range order
features observed. For the Cosss5Tae.1Bso.4 system the first feature at a bond distance
of 1.75 A can be attributed to first order B-B bonding. The second feature at 2.05 A
can be attributed to first order metal to B bonding and the third feature at 2.55 A,
which has the highest amplitude, can be attributed to first order metal to metal
bonding. The amplitude of the first and second feature is lower compared to the third
metal — metal feature, due to the low weighting factor®® of B. The bond distances
observed are in good agreement to literature®*>%®°. Comparing the amplitude of the
metal to non-metal bond population of the CosssTas1Bsosa and the
CoyzsFexTas1B15s014s system it can be observed that the metal to non-metal
population of the Cos35Tas1Bso4 system is higher. It is reasonable to assume that a
higher population of the covalently bonded metal to non-metal bonds leads to the
observed increase in stiffness, which is consistent with the density of states analysis.
Hence, through the correlative electronic structure and topology analysis it can be

inferred that the Cos35Tae.1Bso 4 System exhibits a large population of strongly bonded

metal to non-metal bonds, which leads to the high Young’s modulus of 295 GPa.
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Figure 3.9: The pair distribution function for the Co35FexTas1B15s0148 and the

Co435Ta6.1Bso 4 System.

For many highly loaded micro components a material is demanded, which exhibits
next to a high stiffness also moderately ductile behaviour®. Therefore, a plasticity
design strategy based on ab initio calculations is proposed: It has been observed
experimentally by Inoue et al® that CossFexpTas sB31.5 shows brittle behaviour at room
temperature. This quaternary metallic glass has a Poisson’s ratio of 0.283°. Hence,
the observed brittle behaviour is consistent with the notion of Lewandowski et al.3,
who observed a threshold range of 0.31 to 0.32 for a transition from brittle to plastic
behaviour. Metallic glasses with a Poisson’s ratio lower than this range have a
tendency to show brittle behaviour and metallic glasses with Poisson’s ratios higher
than this range are observed to show plastic behaviour with energy release rates® of
up to 100 kJ/m. In order to predict the tendency towards plastic behaviour of the alloy
compositions studied in this work the Poisson’s ratio is calculated. The Young’s
modulus as a function of Poisson’s ratio for all alloy compositions is shown in

Fig. 3.10. The shaded region is indicating the reported transition range from brittle
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behaviour on the left, towards plastic behaviour on the right®. With a Poisson’s ratio
of 0.283% the CossFesTassBsrs metallic glass is exhibiting brittle behaviour. The
same holds for the very stiff Cos3s5Tas1Bsos metallic glass system and the two
compositions containing Zr. However, most of the other systems studied in this work
exhibit Poission’s ratios larger than the threshold region, and therefore more
homogeneous deformation behaviour is expected, which infers more plasticity®.
From Fig. 3.10 one can learn that the Poisson’s ratio exhibits compositional induced
changes from 0.293 to 0.342. This allows for designing the plastic behaviour by
alloying. Substitution of B with N or O leads to a large Poission’s ratio and the
substitution of Fe with Nb, W and Mo also leads to Poisson’s ratios above the critical
threshold. It can also be seen from Fig. 3.10 that with increasing Poisson’s ratio,
which is an indication for a tendency towards plastic behaviour, the Young’s modulus
is decreasing. From the density of states evaluation above, it can be learned that the
very stiff Coss5Tas 1Bso4 System shows a high degree of hybridisation and therewith
strong covalent metal to B bonds, which may also explain the tendency towards
brittle behaviour. On the other hand the density of states for the
CoyzsFexTas 1B1580148 System is dominated by the partial density of states of Co
and Fe. Furthermore, the degree of hybridisation is lower, which indicates a
metallically dominated bonding character. Hence this may explain the tendency
towards plastic behaviour, which is consistent with the high Poisson’s ratio of 0.340.

As it can been seen from Lewandowski’s work® the energy release rate increases
logarithmically with increasing Poisson’s ratio above the threshold range. Hence, for
some applications it can be desirable to design for plastic behaviour by alloying even

if this means compromising the ultrahigh stiffness.
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Figure 3.10: The Young’s modulus obtained by ab initio calculations as a function of
Poisson’s ratio for all systems studied in this work. The shaded region is indicating the
transition range from brittle behaviour on the left, towards plastic behaviour on the right,

which was proposed by Lewandowski et al®.
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3.3 Chemistry, topology and stiffness relationship

It can be perceived from the work presented so far that both chemistry and topology
strongly affect the mechanical properties of Co-based metallic glasses. Also in
literature the chemistry-topology-property relationships of metallic glasses have been
a topic of intense discussion®7%7®, Metallic glasses fall into two groups, namely

h67

those with® and those without metalloids™. The most common synthesis techniques

577 and melt spinning’. In these studies,

for metallic glasses are bulk casting
chemical composition is varied through multiple synthesis experiments. By employing
conventional bulk synthesis techniques, metallic glasses are developed as a result of
multiple, sequential bulk synthesis experiments, often based on trial-and-error
approaches®®® 77981 |n contrast, combinatorial thin film synthesis has been used to
systematically study the chemistry-topology-property relationship of various material
systems®%2. Recently, combinatorial metallic glass synthesis by physical vapour
deposition has been employed to study the chemistry — mechanical property
relationship of metallic glass thin films®®. Furthermore, literature has shown clear
agreement between bulk and thin film properties of Co-based metal-metalloid metallic
glasses regarding elasticity, density and magnetism®®3'. Ergo, combinatorial thin film
synthesis can be an efficient tool to investigate the chemistry-topology-property
relationship of metallic glasses in general. However, up to now there is no high
throughput method present in literature to study the chemically induced topological
evolution along a defined compositional gradient of metallic glass thin fims®. The
short range order of metallic glasses is usually studied by sequential synthesis of
homogeneous specimen and analysis employing high energy diffraction

30,31,70,73

experiments , which is an inefficient way of investigating the chemistry-

topology-mechanical properties relationship.
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The topology of metallic glasses without metalloids is strongly determined by dense

55,74

packing> ", whereas the topology of metal-metalloid metallic glasses is additionally

influenced by strong covalent bonding®*43¢7:73

. Due to the complex chemistry-
topology-property relationships the design of metal-metalloid metallic glasses is
challenging®®". The metal-metalloid Co-based metallic glasses discussed here

488973 \which leads to the combination of

possess a unique local atomic configuration
extraordinary high fracture strength of 5185 MPa and high Young’s modulus of
268 GPa°. It is inferred in the literature that through chemically induced topology

67,70,71

changes, properties such as glass formability , magnetic properties®® and

30,71,72,85 30,48

mechanical properties can be enhanced. The Young's modulus as well
as the elastic limit’® have also been reported to exhibit a strong topological
dependence. In the case of Co-based metallic glasses it has been observed that the
metal-metalloid short range order is strongly affecting the mechanical
properties®**"*373  Furthermore, it has been reported for Fe-Cr-Mo-P-C-B metallic
glasses that an increase in metalloid concentration increases the number of strongly
bound metal-metalloid clusters, which on the other hand weakens the metal-to-metal
bonds®’. These chemical-induced topology changes have implications on how shear
stress may be accommodated®’. Hence, an influence on the Young’s modulus, shear
modulus and plasticity of these type of metal-metalloid metallic glasses has been
observed®. The discussion above suggests that understanding the chemistry-
topology-property relationship is an essential prerequisite to the knowledge-based
design of strong metallic glasses.

The objective of this work is to describe the chemically induced topology and stiffness
changes of Co-Zr-Ta-B metallic glass thin films. A novel method is introduced, where

the chemically induced topology and stiffness changes are measured along a

composition gradient of Co-Zr-Ta-B metallic glass thin films. For this purpose a
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combinatorial metal-metalloid Co-Zr-Ta-B metallic glass thin film is deposited by

physical vapour deposition®*-

on low X-ray scattering and radiation damage tolerant
thin polyimide foil*®®. The topological analysis of the combinatorial thin film is

performed in transmission, using high energy X-ray diffraction®?.

3.3.1 Experiments

Chemical analysis

Due to the geometrical arrangement of the magnetrons with respect to the substrate
normal (Fig. 2.3) and the chosen 10 cm target to substrate distance, the deposition of
the chemically graded thin films is achieved. The Co content obtained by the
combinatorial deposition ranges from 31.9 to 45.5 at %, the Zr content from 26.1 to
34.4 at %, the B content from 26.4 to 32.7 at %, and the Ta content from 1.0 to
2.6 at %. The magnitude of the composition gradients are a consequence of the
power supplied to the magnetrons and the difference in sputter yield of the

elements®’.

Short range order analysis

Four representative pair distribution functions obtained from measurements along the
B-Ta concentration gradient are presented in Fig. 3.11 in a range of 2 to 4 A. The
PDFs are presented with an equally spaced offset in vertical direction for better
comparison purposes. The dashed lines in Fig. 3.11 represent the total PDFs,
whereas the solid and dotted graphs represent Gaussian deconvolutions of two
individual bond population distributions. It can be observed that for all compositions
the first order coordination shell is split into two separate bond distance populations.
The chemical composition corresponding to the individual PDFs are presented next
to the graphs. For the composition with the lowest B content at the bottom, the solid
and dotted vertical lines indicate the maxima, (2.61 and 3.01 A), of the first and
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second bond population, respectively. As observed in Fig. 3.11, both maxima shift
continuously to higher distances with increasing B content from bottom to top. Peak
positions of the first and second maxima for the highest B content are at 2.63 and
3.05 A, (respectively), which yields a chemically induced change in relative bond
distance of more than 1 %. The error by deconvolution on the measured bond
population maxima is below 0.1 % in relative bond distance. By correlation with
literature data on the Co-Zr-Ta-B metallic glass system®, where the bond distance
derived from the atomic radii for a Co-Co first order bond length is 2.5 A and the Zr-Zr
first order bond distance is reported to be 3.2 A, it is inferred that the first bond
population (see Fig. 3.11) corresponds to Co-Co first order bonding, whereas the
second bond population is dominated by Zr-Zr bonding. As expected, no prior peak
around 2 A is measured®*">. Hence, no metal to B and B to B bonds are visible in the

788 of the metals

measured PDFs. This can be attributed to the larger weighting factor
compared to B. Therefore, no direct structural information on the B topology can be
obtained experimentally. However, the B content induced changes in metal-to-metal
topology are directly accessible by scattering experiments. As previously mentioned,
the first order Co-Co and Zr-Zr bond populations shift to higher bond distances as the
B content is increased. An increasing bond distance causes bond weakening®. Thus,
the here reported B-induced structural evolution validates the ab initio investigations

by Gu et al®, predicting a metalloid-content-induced metal-to-metal bond

weakening.
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Figure 3.11: Pair distribution functions with increasing B-content from bottom to top
obtained by high energy X-ray diffraction are presented in a range between 2 to 4 A. Next
to the total pair distribution functions, the first and second bond population distributions

are included, which are obtained by Gaussian peak deconvolution.

The PDFs obtained along the Co-Zr concentration gradient are investigated next to
evaluate the metallic content-induced topological evolution. The PDFs with increasing
Co content from bottom to top obtained by high energy X-ray diffraction are

presented in a range between 1.5 to 10.5 A in Fig. 3.12. The PDF at the bottom is
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obtained for the highest Zr content, whereas the PDF at the top is obtained for the

highest Co content.
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Figure 3.12: The pair distribution functions with increasing Co content from bottom to top

obtained by high energy X-ray diffraction are presented in a range from 1.5 to 10.5 A. The

data at the bottom were obtained for the highest Zr content, whereas the data at the top

were acquired for the highest Co content. The peak with the maximum amplitude

represents the first order coordination shell.

The first peak at around 2.6 A corresponds to the first order coordination shell, while

the second, located between 3.7 and 6.0 A, corresponds to the second order
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coordination shell. It is observed that a shoulder to the right of the first coordination
shell peak appears as the Zr content is increased. This shoulder can be attributed to
the Zr-Zr dominated bond population, which is consistent with the increase in Zr
concentration along the Co-Zr gradient. In addition to the increase in bond
population, a shift towards higher bond distances of about 3 % is observed (see
Fig. 3.12). Hence, it can be inferred that an increasing Zr content leads to a large
population of Zr-Zr bonds. In order to further evaluate the topological splitting of the
first coordination shell peak into Co-Co and Zr-Zr bond populations, spatially resolved
chemical analysis is performed by APT. In Fig. 3.13 an APT image of the Co-Zr-Ta-B
thin film is presented in part a), where the spatially resolved chemical analysis along
the cylinder is presented in part b). The APT measurement is conducted along the
film growth direction. Iso-surfaces with the concentrations of 50.00 at.% for Co and
28.32 at.% for Zr are displayed in the APT image. It can be observed that nanoscale
Co and Zr-rich phases are formed. The maximum compositional difference between
these two phases is about 15 at.% for Co (see Fig. 3.13b). Fig. 3.13c indicates that
the measured (open circles) and the ideal (lines) distributions do not correspond. The
p-value shows the probability of obtaining the observed reduced x* with a confidence
level of 99 %. The p-values <0.0001 for all four elements strongly imply the non-
randomness of the ion distribution. This separation in Co and Zr rich phases is
consistent with the observed separation of the Co-Co and Zr-Zr bond population
induced by an increase in Zr content. Hence, the notion regarding the presence of
amorphous Co rich and Zr rich phases, which is suggested based on the topology

analysis, is also supported by the spatially resolved chemical analysis.
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Figure 3.13: a) An atom probe tomography image of the Co-Zr-Ta-B metallic glass is
presented including the iso-concentration surfaces of 50.00 at.% for Co and 28.32 at.%
for Zr. The APT measurement is conducted along the film growth direction. Along the
cylinder (— direction) the concentration profile for Co, Zr, Ta and B is obtained and
provided in b). ¢) A frequency distribution function for the data obtained in a) is presented.
The inset table shows the deviation between the ideal (lines) and the measured (open

circles) distribution, such that the p-values indicate a non-random chemical distribution®.
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In contrast to the micrometer sized phase separation observed in bulk metallic

glasses®'!

, the composition modulation observed here exhibits a periodicity of
20-30 nm perpendicular to the film growth direction. The chemical distribution
observed suggests that the high quenching rates® present in physical vapour
deposition retard diffusion and consequently impede the evolution of long range
order, as well as composition modulations, on length scales larger than the a few
nm®°!. Nevertheless, the presence of chemical modulation on the nm scale may be
explained by limited surface diffusion, (on the nm scale), enabled by the interaction of
the energetic sputtered flux with the growing film surface®. Therefore, it is inferred
that the combination of high quenching rates and limited ad-atom mobility enables
the evolution of composition modulations on the nm length scale. To evaluate the
chemistry — topology — stiffness relationship, the chemically induced topology

changes will next be correlated to the reduced Young’s moduli obtained by

nanoindentation.

Chemistry — topology - stiffness relationship

For the evaluation of the chemistry — topology — stiffness relationship the topological
and reduced Young’'s moduli are depicted along the Co-Zr and B-Ta concentration
gradients in Fig. 3.14. In the centre of Fig. 3.14, the position of the first and second
maxima of the metal- to-metal bond distance population is presented to the left and to
the right, respectively. The distance of the first bond population maxima ranges from
2.61 to 2.63 A. The distance of the second bond population maxima ranges from
2.99 to 3.08 A, which is a variation of 3 % in relative bond distance. For the second
bond population maxima, the error by deconvolution is below 1 %.

At the bottom of Fig. 3.14 the reduced Young’'s modulus and the schematic

deposition setup are depicted to the left and right, respectively. The reduced Young’s
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modulus varies between 183 to 203 GPa. Applying a Poisson’s ratio®® of 0.28 to the
reduced Young’s moduli obtained by nanoindentation, Young’s moduli in the range of
201 to 227 GPa are obtained, which is smaller compared to 268 GPa reported for the
Co-Fe-Ta-B system®. Due to the smooth surface of the metallic glass thin film, the
standard deviations of the stiffness measurements are between 3 and 6 GPa for
each set of the 24 indentation measurements per composition. Thus, the observed
increase in stiffness is statistically significant. The same conclusion can be drawn
from Fig. 3.15 where the reduced Young's modulus measured along the B-Ta
concentration gradient is presented as a function of B content including the error bars
for the individual sets of stiffness measurements.

It is observed from the reduced Young’'s modulus data in Fig. 3.14 that the stiffness
increases almost continuously along both, the Ta to B and the Co to Zr concentration
gradients. Along these concentration gradients the bond distances of Co-Co and
Zr-Zr increase. Hence, the shortest Co-Co and Zr-Zr bond distances correspond to
regions with the lowest Young’s modulus, which is contradictory to the notion that
shorter bond distances or in other words denser metal-to-metal packing causes an
increase in bond stiffness®. For metallic glasses not containing metalloids it has
been reported that denser packing leads to an increase in stiffness®. However, for
the here studied metal — metalloid Co-Zr-Ta-B metallic glass thin film the metalloid

concentration dominates stiffness. This observation is in agreement to the

/.48 /. 30

observations made by Wang et al.”™® and Hostert et al.””, who propose strong,
hybridised metal-B bonds to cause high stiffness of Co-based metallic glasses. It is
reasonable to assume that with an increasing B content from 26.7 to 32.7 at.% the
fraction of hybridised metal-to-metalloid bonds increases, which is in line with the

here measured stiffness data.
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Figure 3.14: The compositional, structural and stiffness measurements along the
concentration gradients are depicted. At the top, the Co and B compositions are
presented. In the center, maxima of the first and second metal-to-metal bond distance
populations are given to the left and to the right, respectively. At the bottom, the reduced
Young’s modulus and the corresponding deposition schematic deposition is depicted to

the left and right, respectively.
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Figure 3.15: The reduced Young’s modulus is presented as a function of B-content. It is

observed that with increasing B-content the reduced Young’s modulus increases.
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3.4 Damage-tolerant glasses

Demetriou et al. reported a damage-tolerant metallic glass that combines strength
and toughness beyond the benchmark ranges established by any known material?;
however, its underlying physical and chemical mechanisms are not understood on
the atomic scale. Current alloy design guidelines for metallic glasses are based on
the notion of a clear and universal relationship between Poisson’s ratio and fracture
energy to define the brittle-ductile transition*.

To identify the chemical origin for the toughness of metallic glasses, the design
proposal of Lewandowski et al.®> and Greaves et al.* is critically appraised using a
correlative ab initio molecular dynamics and in sifu micro mechanical testing
approach while also considering the literature data*®. Here, metallic glass thin fims
are synthesised by physical vapour deposition’®, exhibiting a Poisson’s ratio range
from 0.29 to 0.37.

Park et al%®®

showed that chemical inhomogeneity may cause embrittlement of
metallic glasses and alter their mechanical response. Hence, the chemical
homogeneity of all thin film metallic glasses presented in Fig. 3.17 are investigated by
atom probe tomography. Fig. 3.16 shows as an example the tomography and
frequency distribution analysis9 of Pds70Al239CuUt14Y77 glass%. It is evident that all
alloying constituents are randomly distributed, and hence no strain localization is

expected. The ideal chemical homogeneity may be due to the large quenching rates

typical of physical vapour-deposited thin film metallic glasses®2.
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Figure 3.16: Preventing chemical-inhomogeneity-induced local catastrophic shear
banding is essential for high damage tolerance. a) The spatially resolved chemical
analysis by atom probe tomography reveals a homogeneous chemical distribution
throughout the specimen. As an example, the results for the Pds7 oAl 9Cuq14Y77 glass
are shown. The other glasses, which are not presented here, exhibit a homogeneous
chemical distribution as well. b) The ideal chemical distributions for the present
concentration are displayed as lines; the measurement, which is in very good agreement
with the ideal distribution, is represented by the open symbols. The inset table shows the
deviation between the ideal and measured distribution; the p-value indicates its

randomness®.

The mechanical behaviours of the thin film metallic glasses are examined by micro-

fracture experiments'?'?

, as presented in Fig. 3.17. The load-displacement curves for
two representative examples of marginally damage-tolerant Cue7sZrs22 and highly
damage-tolerant Pds70Al239Cu114Y77 glass, both exhibiting the same Poisson ratio,
are depicted in Fig. 3.17d in blue and red, respectively. The marginally damage-
tolerant glass shows pure elastic deformation before abrupt, catastrophic fracture at a

peak load from which the fracture toughness (2.7 MPam'?) and fracture energy

(0.06 kJ/m?) were determined using linear elastic fracture mechanics®.
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Figure 3.17: In situ micro-cantilever deflection experiments. The fracture strength and
toughness of the metallic glass thin films are measured by employing both un-notched
and pre-notched specimens. a) Representative scanning electron image of an in situ
micro-cantilever deflection experiment performed on a Pds7 ¢Alx39Cu414Y77 glass. b) and
c) show high magnification images of the crack trajectory and fracture surface of the
tough Pds70Al39Cuq1.4Y77 and the brittle CuszsZrs» metallic glass, respectively. d) Load-
displacement graphs for the brittle CugzgZrs22 in blue and the tough Pds7 oAly; oCu114Y77
in red. The dissipated energy before fracture (area under the curve) for the highly
damage tolerant Pds;0Al,39Cuq14Y77 glass is much higher compared to the brittle
Cue78Zrsp» glass. e) Summary of the ab initio calculated Poisson’s ratio (v), and the
measured quantities fracture toughness (K, fracture energy (G.) and fracture strength

(o) of the glasses studied within this work.
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In contrast, the more damage-tolerant Pds70Al239Cuq14Y77 glass exhibits extensive
plastic deformation in the form of shear bands leading to significant energy
dissipation before fracture'. Therefore, elasto-plastic fracture mechanics via J-
integral analysis'? were applied to quantify the damage tolerance. The determined
fracture toughness (49 MPam'?) and fracture energy (17.4 kJ/m?) significantly
exceed the values of the brittle CusrsZrao glass. A snapshot from the in situ
scanning electron microscopy bending experiment of the Pds7oAlx39Cuq14Y77 thin
film metallic glass is provided in Fig. 3.17a. The fracture surfaces of the two glasses
are shown in Fig. 3.17b-c and conform to the known topographies of ductile (large
dimples) and brittle (fine features) metallic glass, respectively. The outstanding
damage tolerance of the glasses investigated here compared to other material

classes'?41%

is evident in Fig. 3.17e and 3.18. The fracture energy is depicted as a
function of the calculated Poisson’s ratio for the five thin film metallic glasses studied
here and the 29 other glasses from the literature®*®'¢22 The oxide glasses®'® with a
Poisson’s ratio of 0.266 and lower exhibit low toughness with a fracture energy below
0.01 kJ/m?. The Fe-based metallic glasses display a systematic change in Poisson’s
ratio from 0.314 to 0.330, which is chemically induced®. The last three thin film
metallic glasses in Fig. 3.17e are consistent with the present alloying guidelines®*,
whereas the first two thin film metallic glasses in Fig. 3.17e exhibit Poisson’s ratios of
0.354 to 0.372 and brittle behaviour. These Poisson’s ratios are much higher
compared to the proposed sharp brittle-to-tough transition range® of 0.31-0.32. The
three order of magnitude difference in fracture energy between the tough
Pds70Al239Cu114Y77 and the brittle CugzsZrsp2 metallic glasses with identical

Poisson’s ratios is in conflict with the proposed universal relationship between

Poisson’s ratio and fracture energy®*.
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Furthermore, it can be seen in Fig. 3.18b that the Zr-based metallic glasses exhibit
two separate distributions of toughness dependence within the same range of
Poisson’s ratio®®°. The Zr-based metallic glasses without Ni ()°® exhibit toughness
values exceeding 140 kJ/m? whereas the Zr-based metallic glasses containing Ni
()% possess toughness values ranging from 0.06 to 39 kJ/m?2. In addition, there
are literature reports on Pd-based metallic glasses that exhibit a brittle-to-tough
evolution within a narrow Poisson’s ratio range6 of 0.39-0.41. Hence, it is evident
from here presented and literature data that the Poisson’s ratio range of 0.31 to 0.32

does not accurately gauge the brittle-to-ductile transition.
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Figure 3.18: Experimental validation reveals extraordinary damage tolerance for the
metallic glasses studied in this work. a) The fracture strength of the glasses studied in this
work is close to the ideal strength of the material. The Pds70Alx;9Cusq14Y77 thin film
metallic glass is identified to exhibit high damage tolerance. b) Poisson’s ratio cannot
gauge the chemical origin of the rapid evolution from brittle to tough behaviour. Literature
data for the Mg-based, Ce-based and La-based16'17, Fe-based97, oxide glassesz'19, Zr-

basedga'gg, Cu-basedzo’m, Pt-based'® and Au-based "’ glasses are presented.
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To investigate the chemical origin for the observed evolution from brittle to ductile
behaviour, electronic density-of-state analysis is used to probe the bonding states of
all five glass compositions in detail. The results of two glass compositions that have
identical Poisson’s ratios but exhibit the largest difference in fracture energies: the
tough Pds70Al39Cui14Y77 and the brittle CugzsZrs,, are presented in Fig. 3.19.
Comparing the partial density of states for Cu and Zr to the total density of states
(Fig. 3.19a), it can be observed that there is a strong hybridisation in the deep core
states at approximately —4 eV. A completely different bonding behaviour can be
observed for the Pds70Al239Cuq1.4Y77 glass depicted in Fig. 3.19c. With Pd and Al as
the two main constituents of this glass populating different energy levels, the overall
degree of hybridisation is low. Thus it is proposed that solids with a small contribution
of hybridised bonds to the overall bond character and therefore less directional
bonding and less topological connectivity resist a volume change in favour of a shape
change by shear. Hence, it can be inferred that with Pd and Al populating different
energy levels, the species are more likely to accommodate shear and facilitate the
generation of shear transformation zones®. This notion is consistent with the fracture
surface analysis and fracture toughness data presented here. The outcome of the
electronic structure comparison is that hybridisation is the predictor for high damage
tolerance in glasses. Additionally, to evaluate the change of bonding nature upon
deformation, the density of states is studied in a sheared state. For the CugrsZrsz2
glass exposed to 5 % shear, the centre of mass for the total density of states shifts by
only 0.05 eV compared to the unstrained glass. On the other hand, the total density
of states in the Pds70Al239Cuq14Y77 glass exposed to 5 % shear shifts by 0.3 eV
towards the Fermi level. Hence, the glass becomes softer upon shearing, which
explains the onset of plasticity and the high toughness observed. Based on

correlative theoretical and experimental data, it is evident that the fraction of bonds
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stemming from deep core, hybridised states compared to the overall bonding can
serve as a measure for damage tolerance, reflecting the electronic nature of the
mechanisms involved. A low fraction of hybridised states yields easy shear
relaxation, thus promoting the formation of shear transformation zones, which
initiates plastic deformation and bond switching. This notion is supported not only by
here presented data but also by published literature on the electronic structure of
Zr-Ni-Al metallic glasses®, in which directional covalent bonding between Ni and Al is
identified to induce a decrease in toughness (Fig. 3.18b). In contrast to the notion of
a sharp transition from brittle to ductile behaviour within a Poisson’s ratio range from
0.31 to 0.32%, a design principle for damage-tolerant glasses that rests firmly on an
in-depth understanding of the electronic structure is provided. The fraction of bonds
stemming from deep core, hybridised states compared to the overall bonding is
identified as the chemical origin for the outstanding damage-tolerance of
Pds7 0Al239Cu114Y77 with a strength exceeding 4 GPa and fracture toughness of
49 MPam'?, which is one order of magnitude larger than that of ultrahigh-strength
glasses®.

Whereas Poisson’s ratio alone is not a sufficient criterion to determine the brittle-
ductile transition of glasses, it constitutes a valuable alloying guideline and is hence
an important first-order material design criterion. By unravelling the chemical origin of
the transition from brittle to tough behaviour at the electronic structure level, this work
enables knowledge-based design of novel damage-tolerant metallic glasses using
computer-assisted simulation predictions while explaining previous reports of

deviation from expected behaviour.

-60-



3 Results and discussion

Cu7ozr30 Pd57.0A|23vSCU11.4Y7.7
0% shear 5% shear 0% shear 5% shear
>
a) 75 50 -25 b) 75 50 -25 ¢€) .75 50 -25 d) -75 -50 -25
centre of mass o : :.
® 0% shear S g
® 5% shear
,.db L N
Cu Cu Pd Pd
5
S,
g dadd 74
E Zr Zr Al Al
]
-
)
2
2 Cu Cu
@ s
o
—Pp
—d
Y Y
h
75 50 -25 75 50 -25 75 50 -25 75 50 -25
Energy [eV] Energy [eV] Energy [eV] Energy [eV]

Figure 3.19: Fraction of bonds stemming from deep core, hybridised states compared to

the overall bonding defines damage tolerance in glasses. The s, p and d orbitals are

presented in black, red and green, respectively. The Fermi level for each glass is set to

zero. The energy levels down to —10 eV are presented. The arrows indicate the shift of

the centre of mass for the total density of states.
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In situ high-temperature X-ray diffraction experiments using high-energy photons and
ab initio molecular dynamics simulations are performed to probe the temperature
induced changes in topological short-range order in magnetron sputtered Cog7B33
metallic glass thin films. Good agreement between the experimentally obtained PDFs
and the PDFs obtained by ab initio MD simulation is observed. The loss in coherence
between the first and second Co-B coordination shell together with the evolution of
the B-B coordination is inferred based on the observed temperature induced
decrease in population of rigid second order B-Co-B building blocks. This
interpretation is also consistent with the thermally induced decrease in population of
densely packed Frank-Kasper like polyhedra, which was obtained by Voronoi
tesselation. The here reported temperature induced changes in topological and
chemical order cause an increase in the population of ready to flow regions inferring
a transition from a localized shear band dominated deformation mode to a
homogeneous deformation mode, which may explain the extensive temperature
dependence of the elastic limit reported previously. The here reported temperature
induced changes in topological and chemical order may be exploited in future
materials design efforts to enhance ductility of these very stiff solids stabilizing ready
to flow regions at lower temperature by alloying.

After evaluating the temperature induced brittle to ductile transition, the influence of
chemical composition on the stiffness and plasticity of Co-Fe-Ta-B metallic glasses
by means of ab initio molecular dynamic simulations is systematically studied. The
Coys5Tas 1Bso4 composition studied within this work yields the highest stiffness ever
reported for a metallic glass. The calculated Young's modulus of 295 GPa is 8 %
higher compared to CossFexpTassB31.5 metallic glass3°. The analysis of the total and

partial density of states is indicating strong metal to B hybridisation in the region of
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-2.5 to -5 eV and -10 eV. Hence strong covalent metal to B bonding is suggested to
be the cause for the very high stiffness observed.

It has been reported by Lewandowski et al.® that the Poisson’s ratio of 0.31 to 0.32
marks the transition from brittle to plastic behaviour for metallic glasses. Through
employing three different computational strategies, it is determined that by additions
of Y, Zr, Nb, Mo, Hf, W, C, N and O the Poisson’s ratio can be varied from
0.293 to 0.342. The observed evolution in Poisson’s ratio can be attributed to a
transition from predominately covalent to predominately metallic bond character,
whereas the latter infers a higher tendency towards plastic deformation. Alloying with
Zr facilitates similar properties as the CossFexpTassBs1s system, which is an overall
brittle behaviour and a large Young’s modulus. On the other hand, alloying with N, O,
Nb, W and Mo leads to Poisson’s ratios above the critical threshold, implying
homogeneous deformation, which yields in plastic behaviour. From the analysis of
the partial and total density of states for the CosssFezpTas1B15s0145 system, a
metallically dominated bonding character is predicted, which is consistent with the
high Poisson’s ratio of 0.340. Thus, it is perceived that the interplay between
chemistry and topology affects the mechanical properties of metallic glasses.

To effectively investigate these chemically induced topology changes of thin film
metallic glasses, a novel method was introduced to study the chemistry - topology -
stiffness relationship of combinatorial thin film metallic glasses. The thin films are
deposited on a radiation damage tolerant polyimide foil to enable high energy X-ray
diffraction in transmission mode. EDX and APT were used to characterize chemical
information along the concentration gradient, while the elastic properties were
measured by nanoindentation. A separation into amorphous nanoscale Co and Zr-
rich phases is observed by both high energy X-ray diffraction and spatially resolved

APT. It is proposed that the formation of composition modulations on the nm scale is
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due to the combination of ad-atom mobility, (limited to the nm length scale), and the
high quenching rates associated with vapour phase condensation during magnetron
sputtering. Furthermore, through the correlative composition and stiffness analysis it
is observed that the Co-Zr-Ta-B glass exhibits an increase in stiffness by 10 %, which
is induced by an increase in B content from 26.7-32.7 at.%. From the topology
analysis along the same chemical gradient, it is understood that as the B content
increases, the Co-Co and Zr-Zr first order bond distances increase by 1 %, which
implies weakening of bonds. This observation is consistent with ab initio studies®
which predict a metalloid-concentration-induced metal bond weakening. Based on
the correlative topology and stiffness analysis along the concentration gradients of a
metallic glass thin film, it can be concluded that the B-content-induced increase in
hybridisation dominates the corresponding weakening of metallic bonds. So far it can
be concluded that hybridisation strongly affects the mechanical properties of
Co-based metallic glasses. To evaluate the relevance of hybridisation for metallic
glasses in general, alloying guidelines®*, delineating a universal relationship between
Poisson’s ratio and fracture energy are critically appraised by a correlative ab initio
molecular dynamics and in situ micro mechanical approach. The investigated
CoszoFer3aZriosTaeeBars,  CosgaFeroBass,  CoOes3Zraiz,  CusrsZrz  and
Pds7 0Al23.9Cu11.4Y77 metallic glass thin films exhibit a Poisson’s ratio range from 0.29
to 0.37. It is observed that the Pds70Al239Cuq14Y77 and the CuesrsZrsz2» metallic glass
thin film with Poisson’s ratios of 0.358 and 0.354, respectively, show three orders of
magnitude difference in fracture energy. Furthermore, there are reports on Pd-based
metallic glasses®, which exhibit a brittle-tough transition in a Poisson’s ratio range of
0.39-0.41. Hence, it is evident from our data and literature data that the Poisson’s
ratio range of 0.31 to 0.32 does not accurately gauge the brittle-to-ductile transition.

Density of states analysis reveal that the brittle Cue7sZrsz> metallic glass exhibits
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deep core hybridisation at approximately -4 eV, whereas the Pd and Al as the two
main constituents of the Pds70Al239Cu114Y77 glass populate different energy levels.
Hence, it is proposed that an overall lower fraction of bonds stemming from deep
core, hybridised states induces less directional bonding and hence, less topological
connectivity, which facilitates the generation of shear transformation zones and tough
behaviour. Hence, contrary to current alloying guidelines, damage tolerance is

defined by the overall fraction of bonds stemming from deep core, hybridised states.
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Even though, as reported in literature® Co-based metallic glasses exhibit
extraordinary magnetic properties, this work focuses on the outstanding mechanical
properties of metallic glasses. However, as reported here, the topology and electronic
structure is strongly determined by chemical composition. Especially, an increase in
B content induces severe changes in bond character. It is proposed that through
correlative ab initio molecular dynamics simulations and superconducting quantum
interference device measurements the B induced evolution of magnetisation can be
investigated in order to obtain a better understanding of the topology, electronic
structure and magnetic property relationship of these fascinating materials.
Additionally the conclusion that a small contribution of hybridised bonds to the overall
bond character is essential for damage tolerant glasses raises the question, if this
notion is also generally relevant for oxide glasses. It is proposed to systematically
explore the influence of oxygen content of inorganic oxide glasses on the electronic
structure-topology-mechanical properties relationship by a combination of thin film
synthesis, molecular dynamics simulations, high energy XRD and micro mechanical
testing.

To further enhance the damage tolerance of metallic glasses, the key element is to
control shear band nucleation and propagation, as they govern plastic deformation in
glasses. Here two scientific strategies are proposed for the design of novel damage-
tolerant glasses. The first scientific strategy focuses on further developing and
validating the design strategy proposed within this thesis. It has been shown that the
fraction of bonds stemming from deep core, hybridised states compared to the overall
bonding defines damage-tolerance in glasses. Furthermore, it has been observed

that the degree of hybridisation is chemically induced. Hence, it is proposed that
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through alloying, the contribution of hybridised bonds to the overall bond character
can be reduced, which therefore causes less directional bonding and less topological
connectivity. As a starting point the already outstanding damage-tolerant
Pds7 0Al239Cu114Y77 metallic glass can be chosen. It is proposed that through the
substitution of the hybridising Cu and Y with more noble elements e.g. Pt, Au or Ir the
topological connectivity can be reduced. Thus, by adjusting the chemistry, easy shear
band formation can be promoted, which is expected to enhance damage-tolerance.

The second scientific strategy proposed focuses on controlling both the shear band
nucleation and propagation by designing metallic glasses, which are geometrically
constrained on the nm scale. It has been shown by Pan et al.'® that the ductility of
metallic glasses is correlated to the volume of active shear transformation zones,
which exhibit volumes below 10 nm®. Futhermore, is has been reported that the
tendency towards shear band formation is not only chemistry but also sample size
dependent®®'%, Hence, for small sample sizes the shear band generation becomes
deformation rate limiting and the strength of a metallic glass can be increased by
decreasing the sample size towards the nanometer scale®®. Here it is proposed that
by designing nanolaminated metallic glasses with a layer thickness below the size of
shear transformation zones, shear band nucleation can be surpressed, which infers
an increase in elastic limit. On the other hand, it is proposed here that nanolaminated
metallic glasses with domain sizes slightly large than shear transformation zones
(e.g. a few thenth of nm) shear band propagation can be guided along these
domains, by which the coalescence of shear bands can be surpressed inducing an
increase in plasticity. It is suggested to systematically explore the influence of domain
size on shear-band nucleation and propagation using layer thickness graded

nanolaminates, synthesised by combinatorial physical vapour deposition (Fig. 5.1).
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Figure 5.1: Schematic of combinatorical thickness graded nanolaminate with varying
layer aspect ratio from left to right. The variation in aspect ratio is achieved by
combinatorial deposition at an angle of 45° normal to the substrate. Along this aspect
ratio gradient the mechanical properties can be investigated by e.g. nanoindentation,

which is indicated by the arrow pattern.

Through deposition from individual sources at an angle of 45° normal to the
substrate, layer thickness graded nanolaminates can be designed. Hence, the
geometrical constrain, imposed by the second phase of the nanolaminate can
systematically vary across the sample. Through micro mechanical experiments e.g.
pillar compression tests or nanoindentation the mechanical properties of these thin
films can be investigated along the thickness gradient, where the aspect ratio is
systematically varied. This systematic approach, enabled by combinatorial thin film
synthesis, is proposed to be most efficient for understanding and crontrolling the
geometrical constraint induced shear band nucleation and propagation. A schematic
drawing of the ultra-high vaccum system currently being designed and built at
Materials Chemistry, RWTH Aachen is depicted in Fig. 5.2. The system consits of a
load lock system and a main synthesis chamber equipped with a substrate holder
(blue), three magnetron sources (red) and the associated fast acting shutters

(yellow), which enable the synthesis of thickness graded nanolaminates.
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Figure 5.2: Schematic drawing of the ultra-high vacuum chamber currently being

designed and built at Materials Chemistry, RWTH Aachen. The individual sputter sources,
substrate holder and fast target shutters are depicted in red, blue and yellow,
respectively. The inset at the top right shows the magnetron and shutter arrangement as

a cross sectional view of the main chamber body.
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