Cranfield

University

Osama Shahin Elzoubi

Exploiting the elastic properties of metallic glass thin foils:
the undulatory mechanical response upon loading
under geometric confinement

School of Aerospace, Transport and Manufacturing
PhD in Manufacturing

PhD
Academic Year: 2019 - 2023

Supervisor: Konstantinos Georgarakis
Associate Supervisor: Konstantinos Salonitis
Associate External Supervisor: Nikolaos Panagiotopoulos

June 2023






Cranfield

University

School of Aerospace, Transport and Manufacturing

PhD
Academic Year 2019 - 2023

Osama Shahin Elzoubi

Exploiting the elastic properties of metallic glass thin foils:
the undulatory mechanical response upon loading
under geometric confinement

Supervisor: Konstantinos Georgarakis
Associate Supervisor: Konstantinos Salonitis
Associate External Supervisor: Nikolaos Panagiotopoulos

June 2023

This thesis is submitted in partial fulfilment of the requirements for
the degree of Doctor of Philosophy

© Cranfield University 2023. All rights reserved. No part of this
publication may be reproduced without the written permission of the
copyright owner.






ABSTRACT

A peculiar mechanical response was recently observed for metallic glass thin foils
in confined geometries under normal loading. In particular, when an arc-shaped
metallic glass foil is subjected to normal loading, it deforms elastically, changing
its shape by progressively increasing the number of formed sinusoidal arcs. This
mechanical response type is called undulatory behaviour and results from a
combination of successive elastic bending and buckling events occurring on the
foil. This behaviour is reversible and repeatable as long as the deformation of
metallic glass foils remains within the elastic deformation limit for metallic glasses
(< 2% strain) and can be exploited for developing novel types of nonlinear

springs.

The undulatory behaviour of metallic glasses was first reported in 2016 and has
been very little studied. This project aims to explore the limitations of studying the
mechanism and the underlying phenomena associated with this behaviour and
exploit its potential for engineering applications. More specifically, the undulatory
behaviour for three different metallic glass systems (i.e. Fe-Cr-Si-B and Ni-Fe-Si-
B-Mo and Ni-B-Si) with varying thicknesses of foil in the range from 19 — 40 um
was studied, and various initial set-up geometries were investigated. Specific
focus was given to understanding the mechanism of the undulatory behaviour,
establishing some spring design principles and exploring the cycling fatigue life

of the glassy foils.

The undulatory behaviour involves elastic deformation, buckling and post-
buckling phenomena occurring in a repeatable sequence. Buckling plays a
significant role in the mechanism of undulatory behaviour. The required load for
buckling was approached using the Euler’s for buckling. The standing wave was
shown to be able to describe the sequence of the undulatory response but only
for the waveforms with perfect sinusoidal arcs. The parameters of the initial arc’s
geometry set-up, such as the boundary length (chord), amplitude, and foil
thickness enable the tuning of the undulatory behaviour and offer capabilities for
designing spring-type devices with desirable characteristics that can efficiently

operate in different load ranges.



Under cyclic loading the glassy foils endured between 19 x 103 to 225 x 10°
cycles, depending on load/strain parameters, foil thickness and alloy
compositions, typically higher than conventional low cycle springs. Crack
initiation during cyclic loading was found to be associated with surface defects
and side edges of the foils. This unique mechanical response of metallic glass
foils makes them a promising material for a wide range of applications,
contributing to being exploited for the enormous potential for designing novel
types of micro-flat springs using the exceptional mechanical and elastic

properties of metallic glass foils.
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1 Introduction

1.1 Research Background

An interesting technologically attractive behaviour, namely the undulatory
behaviour of metallic glass foils, has been recently discovered [1]. This behaviour
occurs when a load is applied to an arc-shaped metallic glass ribbon with an arc
shape, which results in the ribbon forming additional sinusoidal arcs, see Figure
1. Once the applied load is removed, the ribbon returns to its original position,
exhibiting a reversible wavy elastic response. When forming a new waveform, all
arcs have a perfect sinusoidal shape. With increasing load, however, the shape
of the arcs becomes distorted until the load reaches a sufficient level to cause
the formation of an additional arc [1][2]. This discovery has opened up a new
domain of possibilities in the field of materials science and engineering. Metallic
glasses, characterised by their disordered atomic structure, have long been of
interest due to their uniqgue combination of mechanical properties, such as high
strength and exceptionally large elastic deformation range of ~2% strain before
the start of plastic deformation [3], the undulatory behaviour has not been
observed in conventional crystalline metals. However, this newfound undulatory
behaviour adds a novel extent to their already remarkable series. This reversible
phenomenon has a wide range of implications beyond scientific curiosity.
Engineers and designers alike are enthusiastic to investigate the practical
applications of metallic glass foils with undulating properties. As a result of wavy
and controlling these self-organising patterns, innovative technologies are
possible, from advanced damping systems in aerospace engineering to flexible
and adaptive structures in consumer electronics, and be applicable in spring
systems, as an electromechanical switch in MEMs or in shock-absorbing devices.

The aim of this project is to investigate the mechanisms underlying this undulatory
behaviour of metallic glass foils, explore their extent and limitations and exploit
their potential use in engineering applications. More specifically, the undulatory
behaviour involves elastic deformation, bending and buckling of the metallic glass
foils resulting in a change of the ribbon shape and the multiplication of sinusoidal

arcs. Buckling is a mechanical instability because it involves a sudden and often
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catastrophic failure of a structure under a compressive load and is usually an
undesirable phenomenon. However, in this case, buckling is a functional part of
the mechanism because the buckling mode of metallic glass foils behaves
similarly to Euler-buckling, depending on the geometry and boundary conditions.
The undulatory behaviour of the glassy foils has been examined for two
amorphous alloys, (Fe-based) and (Ni-Fe based) in this project. Among the goals
of this project is to show the extent to which this behaviour can be observed in
various of glassy alloys and partially crystalline alloys (metallic glass composites).
Developing a model to simulate the undulatory behaviour of the glassy foils able
to predict the behaviour of foils with different properties and/or geometries is an
important part of the project. Analysing and the understanding of mechanical
undulatory behaviour mechanism is a critical part for predicting and developing
wavy patterns of undulatory behaviour. Designing types of flat springs to predict
undulatory behaviour is crucial in spring systems, where failure due to
deformations can have severe consequences. Fatigue is a major concern for
most engineering devices and applications [4]. However, the fatigue behaviour of
metallic glasses has yet to be well understood. While the fatigue life of metallic
glass foils undergoing a cyclic undulatory behaviour is relatively limited, it has
been hypothesised that manufacturing defects on the surface or edge of the foils
are responsible for forming fatigue cracks limiting the cycling lifespan. However,
this hypothesis remains to be tested.

a)

Figure 1-1: a) initial arc-shaped of metallic glass foil; b) assembly of snapshots

from the undulatory behaviour with images of perfect sinusoidal waveforms.
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1.2 Research Aim and Objectives

This project aims to investigate the undulatory behaviour for several metallic
glass alloy foils, uncover the mechanism behind this behaviour and
understanding the fatigue behaviour.

The main objectives of this project are:

1. Conduct a comprehensive literature review of the essential elements
relevant to the project.

2. Investigate the effect of geometrical characteristics on the “flat spring-type
set-up” such as the geometry of the initial arc; length:amplitude ratio on
the undulatory behaviour in terms of applied load-displacement, the
maximum number of arcs before plastic deformation, maximum localised
loads, and local strain.

3. Investigate the impact of loading rate (i.e. crosshead speed) on the
undulatory behaviour of the foils of various thickness, length boundaries
and speed rates.

4. Investigate the effect of the foil thickness and materials properties (elastic
modulus) on the undulatory behaviour of MG foils using different metallic
glass foils.

5. Investigate the underlying mechanism of undulatory behaviour that leads
to wavy elastic behaviour.

6. Investigate the fatigue behaviour of (amorphous and MG composite) under
cycling loading and test the hypothesis that surface defects affect fatigue

life.

1.3 Research Motivation

This research emphasises exploring the underlying mechanism of wavy elastic
behaviour by studying mechanical performance for metallic glasses foils. Metallic
glass is class of material can be used in many technological applications due to
the excellent combination of characteristics such as high yield strength, elasticity,

corrosion resistance, and excellent magnetic properties.

Developing a better understanding of the recently discovered undulatory

behaviour of metallic glass foils will help the exploitation of the enormous potential
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for designing novel types of hybrid micro-flat springs using the exceptional
properties of metallic glass foils can be developed to achieve the results of this

project, including damping or/springs and shock absorbance with diverse uses.

Developing the standing wave equation is a key success factor that facilitates
knowledge of the unique undulatory behaviour of any metallic glass foils within
the manufacturing sector by choosing the proper set-up of spring-type designing
and arc multiplication needed in particular geometry for operational requirements.
Therefore, spring-type devices with desirable characteristics can be designed by
choosing the glassy alloy and foil thickness under cyclic loading based on the
load ranges and fatigue life requirements. However, the load range and fatigue
life for these MG foils depends on several parameters of set up like (boundary
lengths L, foil thickness and number of sinusoidal arcs formation). Unless glassy

foil exceeds its elastic limit of 2% strain during loading/unloading.

Furthermore, this work will contribute to the academic knowledge of metallic

glasses and metallic glass composites relevant to the buckling of foils.

1.4 Research Scope and Limitations

The research focused on exploring the undulatory behaviour of metallic glass
beyond what has been reported. From the literature, this behaviour is shown only
for specific metallic glass foil. Due to this, the main research gap will focus on the
mechanism of undulatory elastic behaviour of thin metallic glass foils. Hence, this
work focuses on explaining the phenomena related to these transitions during
undulatory behaviour. Another research gap comes from the literature. There has
been little research on fatigue so far, and there are some interesting hypotheses
about how fatigue develops. Following that, this work explores fatigue behaviour
and fatigue behaviour for other metallic glass foils. This study involved the
experimental mechanical investigation of three different metallic glass foils; Fe-
based, NiFe-based and Ni-based glassy foils as workpiece material. For this
project, the study involved for mechanical properties of materials, including
conducting mechanical testing, and materials characterisation such as X-ray
diffraction (XRD), differential scanning calorimetry (DSC), scanning electron

microscopy (SEM), nanoindentation test and Interferometer measurements of
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surface roughness. In addition, fatigue tests were examined the fatigue
performance of metallic glass foils by defined their lifespan under cyclic loading;
cycles to failure were determined by applying different parameters for arc spring

geometry.

Further, understanding the mechanisms underlying undulatory behaviour may
provide useful insights for spring design applications.

1.5 Contribution to Knowledge

This work contributes significantly to the knowledge in the field of elastic
behaviour of glassy foil in geometric confinement and, more specifically, to the

recently discovered undulatory behaviour.

Firstly, this work shows the undulatory behaviour of a variety of metallic glass
foils beyond the previous metallic glass composition shown in the literature.
Indicating that this is universal behaviour for glassy foils rather than a behaviour
shown for a specific glass. Furthermore, the undulatory behaviour was shown for
partially metallic glass foils, thus opening the window for this behaviour to be

exploited for metallic glass composite foils.

In addition, this work reveals in detail for first time the understanding mechanism
of the undulatory behaviour, which includes further than the sinusoidal waveforms
that the foils form under the application of load, a sequence of bending, buckling
and post-buckling phenomena. The use of Euler’s approach to analysing buckling
occurring in the straight parts of the foils offers indeed new insights for
understanding the undulatory behaviour. The work also clarifies that the
limitations for this behaviour should be exported in relation with the max strains
at the deformed/distorted waveforms rather than the perfect sinusoidal

waveforms that were previously thought.

Furthermore, this work explored in detail the limitations for the undulatory
behaviour as set by the fatigue life during load cycling tests for a variety of metallic
glass foils. The findings indicate a correlation between fatigue crack initiation with
surface defects of the foils and thus suggest that improving surface quality could

reduce defects and potentially lead to an increase in fatigue life of the foils.
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1.6 Thesis Structure

Thesis has been structured into eight chapters which are given below:

Chapter 1 covers the research introduction which includes research background,
aim and objectives. This chapter also clearly mentions the motivation and
contribution to knowledge.

Chapter 2 outlines a critical literature review which helps to understand
mechanical behaviour of metallic glass foils, manufacturing methods, mechanical
properties and different metallic glass alloys. An extensive literature review has
been performed to summarise published research work in the field of undulatory
behaviour of metallic glass foils and fatigue behaviour. The research gaps are
also identified. Also, study springs and springs application types.

Chapter 3 presents the research methodology adopted to achieve the research
aim and objectives. This chapter presents different experimental methods that

have been used to gain an understanding of elastic undulatory behaviour.

Chapter 4 studies mechanical response of Fe-based and NiFe-based glassy foils.

Results show that undulatory behaviour exhibits remarkable repeatability.

Chapter 5 studies the undulatory behaviour of partially crystalline system (Ni-B-
Si) alloy. It contributes to the understanding of the undulatory mechanical

response and clarifies the operational limitations imposed by local deformation.

Chapter 6 studies the mechanism of the undulatory behaviour, proposing an
analytical model of the undulatory behaviour using buckling analysis to describe

the mechanical response of an arc-shaped MG foil subjected to load.

Chapter 7 presents the studies on the fatigue life of metallic glasses, cyclic
lifetime, fatigue life characteristics, fatigue analysis and suggestions for
improvement of fatigue life of MG foil.

Finally, in Chapter 8 the research findings are highlighted along with the
conclusions. Furthermore, research limitations and recommendations for future

work have been pointed out.
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2 Literature review

2.1 Introduction

Bulk metallic glasses gained significant interest from the materials research
community following innovation in the 1980s and 1990s. Various water cooling
and casting processes enabled some alloys to produce bulk metallic glasses up
to 80 mm due to their high glass-forming ability (GFA). This material has a unique
deformation mechanism because it has no long-range ordered structure. This
lack of order gives metallic glasses unique mechanical and physical properties,
such as high strength, high corrosion resistance, good wear resistance and large
elastic deformation. The purpose of this chapter is to describe metallic glasses,
their formation mechanism, GFA, structure, mechanical properties and the
manufacturing process of metallic glass in ribbon form. A particular emphasis is
given to Fe-based and Ni-based metallic glass alloys, also studies springs and
different types of metallic glass springs.

28



2.2 Metallic glass history

Metallic glasses (MGs) are a unique metallic material class of materials that do
not display long-range order. Their amorphous nature, lack of dislocation, and
grain boundaries are quite different from conventional crystalline materials, see
Figure 2-1[5]. Metallic glasses characterised by a representative size of over 1

mm are called bulk metallic glasses (BMGS).

Figure 2-1: Diagram of a) amorphous atomic structure; b) crystalline structure

[6].

In 1960 the first synthesis of an amorphous phase was achieved using the rapid
solidification of an Au-Si system [7]. Only thin ribbons (typically <100 um) could
be produced initially due to the rapid quenching levels required among 102 — 108
K/s. Since then, many amorphous alloys have been synthesised using different
fast quenching techniques from liquid or vapour to avoid crystallisation at early
binary structures [8]. However, amorphous alloys are less than 100 pum thick,

which limits their potential uses [9].

The ternary Pd-Cu-Si alloy was found to form a metallic glass in bulk form for the
first time in 1974 by Chen [10], who used a cylindrical sample ranging from 1 mm
to 3 mm in diameter with various centimetres in length, using a critical cooling
rate below 10% K/s. Further studies of BMGs in the different alloy systems
occurred during the 1980s to develop a fundamental understanding of their
structure, mechanical, magnetic and chemical properties. Also explored were
their atomic and electronic transport properties and their low-temperature

behaviour.
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Inoue and his group at Tohoku University, Japan, developed several
multicomponent BMGs based on common metallic elements with low critical
cooling rates in the late 1980s. This group found that La-Al-Ni and La-Al-Cu alloys
showed exceptional glass-forming abilities [11]. Moreover, in the early 1990s, this
group fabricated BMGs of ZresAl7.sNiioCuiz.s via water quenching, achieving
diameters reaching 16 mm. In addition, molten alloys of ZrssAl1oNisCuso were cast
into copper moulds with an outer diameter of 16 mm [12]. The same group
introduced a new family of bulk metallic glasses in 1997, consisting of Pd—Cu—
Ni—P. This new bulk metallic glass shows high glass forming ability (GFA) and a
casting diameter of up to 72mm [13]. Importantly, this innovation sparked
significant interest in BMG compositions based on several non-noble metals. The
numerous quaternary BMGs were developed using Zr-Fe-Ni-Co-Cu-Ti-Mg
compositions and based on many noble metals, with a wide range of mechanical

and physical properties due to their excellent glass-forming ability.

Figure 2-2 shows the maximum BMG diameter achieved and the year of their
discovery. Bulk metallic glass was primarily motivated by an interest in disordered
materials and their structural and functional potential applications at the
beginning of the 21st century. Figure 2-3 shows the date of discovery of BMGs

against their critical casting thickness [14].
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Generally, BMGs can exhibit exceptional combinations of mechanical properties
that make them attractive for a wide range of mechanical engineering
applications. Metallic glasses have an exceptionally high yield strength of up to 5
GPa, and a higher limit to the elastic strain, up to 2%, significantly higher than
many crystalline metals. Compositions of BMG can combine outstanding strength
and toughness relationships that other metals cannot achieve, even though
fracture toughness values can range from highly brittle to very tough, see Figure
2-4 [1][8][15].
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bulk metallic glasses, and metallic glass composites [8].

Due to the high interest in metallic glasses, their mechanical properties have been
extensively reviewed. There are over 1500 metals, alloys, and metal-matrix
composites, as shown in Figure 2-5. The ellipses on chart type identify the values
associated with specific materials and groups. MGs exhibit high mechanical
strength exceeding 5 GPa and yield strain of store and release elastic energy,
which is applied for spring applications. Compared to even the strongest
crystalline materials, BMGs are a promising new class of structural materials.
However, some problems are associated with the absence of work hardening and
restricted flexibility. Obviously, BMGs cannot be classified according to the
crystallographic described slip-systems of polycrystalline metals. High-yield
stresses are possible in BMGs because of the non-existence of dislocation-
mediated slip; the results relate more closely to the theoretical limits than those

obtained with their crystalline counterparts, see Figure 2-5 [15][16][17][18].
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Figure 2-5. Mechanical properties for over 1500 metallic alloys compared to
metallic glasses [18].

2.3 Formation of the glassy state

Many researchers have investigated the formation of metallic glasses. Metallic
glass is an amorphous solid structure formed by continuous cooling from the

liquid state.

Glasses are fundamentally frozen liquid that is made by quenching high-
temperature melts. A liquid usually crystallises when it reaches temperature
below its melting (Tm) or liquidus temperatures (Ti) to preserve its amorphous
nature. To achieve this, the needs to be decreased the temperature sufficiently
quickly. Therefore, the liquid is frozen by undergoing the glass transition

temperature, Tg, before crystals can nucleate and grow [18][19][20][22].

When an undercooled liquid is quenched rapidly, its viscosity increases
dramatically and constantly, comparable to a crystalline solid. Therefore, the
atoms cannot diffuse and arrange themselves due to insufficient time, as

illustrated in Figure 2-6.
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Figure 2-6. Transition states of metallic glasses formation [23].

Figure 2-6 shows the specific volume (V) of a typical liquid as a function of
temperature. A liquid may crystallise at Tm when cooled from a high temperature.
During first-order phase transitions, the specific volume typically decreases
(water is a notable counterexample). Supercooled liquids are liquids that get
below Tm without crystallising. Supercooled liquids in specific volumes and other
thermodynamic properties can be extrapolated to lower temperatures from their

properties above Tm.

As the temperature of a supercooled liquid decreases, its viscosity increases,
causing the constituent atoms to move significantly slower than before. At
temperatures below a certain threshold, the atoms move so slowly that they
cannot undergo significant rearrangement before reaching even lower
temperatures. Glass-forming ability (GFA) suppresses crystallisation in favour of

forming a glassy phase upon solidification [21][23].
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2.4 Synthesis of metallic glass

Metallic glasses were produced by speedily solidifying metallic melts at cooling
rates of around 10% K/s. Due to its exceptional mechanical, chemical, and
magnetic properties, various techniques have been developed for obtaining
different sizes and shapes of MGs in a glassy form (ribbons, wires, powders, etc.)
[24][25]. However, the need for significant size sheets for various applications in
commercial settings led to the creation of the planar flow casting technique. This
method enables the production of solidified sheets with a minimum width of 30
cm. The investigation for bulk glass alloys for industrial applications eventually
concluded with the reveal of bulk metallic glasses (BMGs). BMGs were produced
at relatively slow solidification rates of around 102 K s or lower. The study looks
briefly at the criteria for rapid solidification processing (RSP) and the essential
methods for fabricating solidification ribbons quickly. Many BMGs researchers
still use the melt-spinning method to manufacture ribbons and study their
characteristics and crystallisation behaviour [26].

2.4.1 Melt-spinning technique

Several approaches have been developed to produce amorphous alloys. This
section will focus on melt-spinning because it is more relevant to this research
and is a standard method to make ribbons, enabling a variety of ribbons with
different specifications to be studied in this work, such as foil thickness and

composition.

The glass is produced by a rapid cooling rate of liquid to avoid crystallisation. The
critical cooling rate for conventional oxide glasses is so low that it is not a
significant parameter in production [27]. However, critical cooling rates are
usually high for MGs [27][28].

Melt spinning is the most widely used technique for producing solidified ribbons,
wires, and filaments continuously and quickly. Since the 1970s, this technique
has contributed significantly to the development of Rapid Solidification

Processing (RSP) technology. [29].
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In the melt-spinning process, molten metal is expelled through a small hole
[24][25][29]. It is then ejected to a fast-rotating copper wheel by pressurisation
through a fine nozzle. Each parameter can be tuned precisely for the required
ribbon width, shape and thickness [29]. A diagram of the melt-spinning cycle is

shown in Figure 2-7.

Ar atmosphere Ar gas pressure
after evacuation

.Krection

Cu roll

Figure 2-7. lllustration of the melt-spinning process [26].

The crucible material is selected based on its chemical compatibility with the melt,
ability to handle temperatures, thermal shock resistance, low thermal conductivity

and porosity.

The nozzles in cross-section are usually circular and range between 50 and 1250
gm in diameter. Moreover, the nozzles are manufactured from a suitable
refractory material whose exact nature depends on the metal that must be
addressed [29]. The ejection pressures are usually from 5-70 kPa, according to
the desired melting rate. Higher ejection pressures lead to improved feeding

patterns and better thermal transmission between the melt puddle and substrate.
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Melt-spinning wheels were made of various materials, such as copper, steel,
chromium and molybdenum, although the most popular material is copper. The
main objective of the wheel is to draw out the heat from ribbons and would be
better quickly, whilst allowing the puddle to wet the wheel and form ribbon. A key
parameter to determine the ribbon thickness is wheel speed; a thinner ribbon is
obtained as long as the wheel rotates faster. For instance, a ribbon of 37 ym
thickness obtained from an alloy of FesoNiswoB20 cast on a 250 mm diameter
copper wheel rotating at a tangential velocity of 26.6 m s™. In contrast, at a speed
of 46.5 m s, the ribbon thickness was only 22 um [26][29].

The solidification rates accomplished in this process are usually about 105-10°
K/s. Typical ribbons measurements are approximately 2 to 5 mm wide and 20 —
50 um thick [29]. Due to high solidification rates, this technique should allow
producing most alloys of suitable composition in the glassy state. The downside
is that the thickness of the section is restricted. In order to increase the width of
ribbons, however, there is a planar flow casting process that uses nozzles with a
rectangular cross-section, which can have a cross-section of up to 30 cm.
Sometimes more than one nozzle may also be used to overlap the melt puddle
with the ribbon to raise the width of the ribbon [24][30].

2.4.2 Other methods to produce metallic glass

Other methods of quickly cooling liquid are also available. For example, a molten
alloy jet may be ejected into a stream of water to produce wire. The cooling rate
plays an important role comparable with melt spinning, and the interest is in the
product forms. Pulsed laser quenching is another example in which an incident
laser beam with a short duration melts a thin surface layer (~100 nm). The melted
surface lays on a significant cold substrate being cooled extremely rapidly at 1014
K st [28][31].

Table 2-1 summarises the techniques used in the production of amorphous
alloys. There are also other ways to produce metallic glasses besides the rapid
qguenching of a liquid. These techniques are based on the deposition of vapour
(evaporation or sputtering) or solution (electrodeposition or electro-lower

repositioning). They can be regarded as fast liquids by forming a solid when the
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mobility of atoms is decreased rapidly. Therefore, several techniques are based

on an amorphous phase formation within a solid-state.

There are other techniques for producing an amorphous phase in which the only
energy input is thermal annealing. As was first demonstrated by Schwarz and
Johnson [32], certain combinations of crystalline elemental metals react in a solid
state to produce an amorphous phase. A further type of amorphisation, rarely

observed, is the transformation of a supersaturated solid solution.

Table 2-1. An overview of some methods used to produce glassy and amorphous
metals [28].

Method

Rapid liquid cooling
Melt-spinning, planar flow casting
Atomization
Wire formation in water
As a surface treatment
Scanned laser or electron beam
Pulsed laser beam
Undercooling of clean liquids
Emulsion technique
Fluxing
Solidification in free fall
Physical vapor deposition
Evaporation
Sputtering
Chemical methods
Electroless deposition
Electrodeposition
Precipitation
Hydrogenation
Irradiation
By light or heavy ions
By electrons
By neutrons
lon implantation
lon mixing
Mechanical methods
Grinding
Mechanical alloying
Reactions
Solid-state reaction of elements
Decomposition of crystalline solid solution

2.5 Mechanical properties of metallic glass

The mechanical properties of metallic glasses play a significant role in many

applications. Their disordered atomic and dislocation-free structures make them
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ideal engineering materials for mechanical and chemical applications
[33][34][35][36]. Metallic glasses are usually deformed elastically, then plastically
deformed, and eventually destroyed on applied loading -catastrophiclly.
Compared to crystalline materials, metallic glasses typically show a higher
strength with large elastic deformation of 2% strain, as shown in Figure 2-8
[14][28][37].
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Figure 2-8. Amorphous metal alloys combine higher strength than crystalline

metal alloys with an elasticity of polymers [14].

As the size of metallic glasses decreases to the nanoscale or sub-micron scale,
their mechanical properties, such as yield strength and elastic strain, show an
upward tendency, see Figure 2-9 [38][39]. Upon reducing dimension to the
nanoscale, the strength corresponding to the elastic strain limit of bulk metallic
glasses is twice their strength. At the same time, the strength of micro-scaled bulk
metallic glasses rises to three times the elastic strain, in line with the ideal elastic
limit of metallic glasses. In a three-section comparison by Ashby and Greer,
thousands of metals and alloys were described quantitatively by their mechanical

properties [18]. Compared to conventional crystalline materials, metallic glasses
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have a greater elastic strain, a higher capacity for storing elastic energy, and a
higher toughness.
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Figure 2-9. Strength and strain limit of Cu-Zr-based MGs of different sizes [38].

It is found that elastic moduli of BMGs are correlated with various mechanical
properties, glass transition temperatures, melting temperatures, and even liquid
fragility. This was discovered by summarising and comparing the related
experiments data from different BMG families [40]. It was found that Young's
modulus E is linearly related to fracture tensile strength o for BMGs (E/c = 50). It
is shown in about 30 BMGs that a similar relationship exists between shear stress
at yielding T, and shear modulus G: Ty =YcG, Y=0.0268.

These connections better explain the composition of glass, its nature, and its
impact on physical properties. Elastic modulus on applied stress ( i.e. strain
resistance) may be known as the material's strain response [41][42]. As such, it
represents the intrinsic stiffness of atomic bonding. The elastic modulus of
several MGs was found to be virtually the same as that of their solvents by Dong
et al. [41], as shown in Figure 2-10. Therefore, MG elastic modulus is determined

mainly by solvent metals, which control the solvent's overall rigidity. It is
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interesting because, typically, the base element only makes up about half of those
glasses [41][43].
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Figure 2-10. Comparison between the elastic modulus of MGs and their solvent

metals [41]

Mechanical behaviour during plastic deformation is based on extrinsic and
intrinsic factors [4]; [33]; [44]; [45]; [46], in addition to testing conditions (such as
strain rate, testing temperature, machine stiffness, and the aspect ratio of the
specimen etc.). During the test temperature or strain rate change, metallic
glasses go from brittle to ductile [47]; [48]. The formation of multiple shear bands
is favoured by increasing machine stiffness, which further influences the
behaviour of metallic glass deformation [49]. Metallic glasses become
increasingly plastic with a decreasing aspect ratio sample from 2 to 0.5 [50].
Amorphous phases are characterised by their intrinsic characteristics, such as
their sizes and heterogeneous precipitation patterns [4][33]. Therefore, inclusion

in the glassy system of the structural heterogeneities would affect the formation
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and spread of shear bands and alter the mechanical stability of the samples
further during loading [44][45].

2.6 Fe-based metallic glasses

Iron availability in the Earth's crust makes it a less expensive raw material, and
the outstanding mix of physical, chemical, and mechanical qualities makes Fe-
based alloys the most significant of these BMGs in terms of commercial
importance. Tohoku University's Inoue group reported the discovery of the first
Fe-based BMG in 1995 [51][52]. Fe-based BMGs alloys demonstrated soft
magnetic properties and high glass-forming ability (GFA) [53].

Fe-based bulk metallic glasses offered great potential for engineering
applications , due to their high strength, good magnetic softness, and relatively
the less-expensive [54][55][56][57]. Although the Fe-based BMGs are relatively
ductile, they rarely exhibit plastic strain when deformed at room temperature. This
behaviour is significantly different from non-ferrous BMGs [56][58][59][60]. Many
non-ferromagnetic Fe-based BMGs showed fracture strength of up to 4 GPa
[61][62][63][64][59]. The Fe-Mn-Cr-C-B amorphous steels, developed at the
University of Virginia and further improved by numerous groups to form BMGs
exceeding 10 mm in thickness, are however brittle [52][59][62][64]. Several
studies report that the Fe-based BMGs’ fracture strength for soft magnetic
applications ranges from 2.8 to 4.2 GPa [59]. However, these findings need more
information to determine whether composition influences the deformation
behaviour of Fe-based BMGs.

2.6.1 Development history of Fe-based MGs

In 1967 Duwez and his co-authors developed the first amorphous alloy of the Fe-
family, which contains Fe-P-C. The typical form of Fe-based MGs is usually in
ribbons, powders or wires shape. They are produced by rapid quenching levels
required up to 10° K/s [19]. The Fe-based MGs became more interesting for
energy saving. Their soft magnetic properties, production cost, and lower core

loss introduce high-performance soft magnetic materials. Popular
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commercialised amorphous alloys, Fe-Co-P-B and Fe-Co-Si-B are provided via
METGLAS.

FINEMET alloy was discovered by Yoshizawa et al. in 1988, which has soft
magnetic properties and is a composition of Fe-Si-B. It is come up by annealing
treatments and adding Cu and Nb alloying to obtain a significant development.
Subsequently, the NANOPERM alloys family were developed from Fe-Zr-B, Fe-
Hf-B and Fe-M-B-Cu (M =Ti, Zr, Hf, Nb, or Ta) MGs. Afterwards, nanocrystalline
alloys (Fe, Co)-M-B-Cu (M =Nb, Hf, or Zr) were invented and named HITPERM
alloys. Presently, these commercial FINEMET, NANOPERM, and HITPERM
alloys possess excellent soft magnetic properties, leading to extensive utilises in
industries [65].

In 1995, Inoue and his group at Tohoku University, Japan, achieved success in
improving many multicomponent BMGs, comprising mostly popular metallic
elements with lower critical cooling rates (<103 K/s), and the first Fe-based MGs
is Fe7sAlsGa2P11CsBa4 [66]. Figure 2-11a exhibits the XRD patterns of the Fe-Si-
Cr-B-C amorphous alloys in three forms (as built rotor, powder and ribbon) [67].
A broad perfect halo peak around 26 at 44° is noticed on XRD patterns, showing
their amorphous nature. The results confirm that those samples do not contain a
crystalline phase. DSC curves of FezsAisGaz2P11CsBa4 rods for various diameters,
manufactured by injection casting are shown in Figure 2-11b [68]. As-cast rods
and as-spun ribbons exhibit no significant differences in glass transition or

crystallisation onset temperature, indicating their amorphous nature.
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Figure 2-11: a) Typical XRD patterns for Fe-Cr-Si-B-C as built rotor, powder and
spun ribbon [67]; b) DSC curves for the FerAlsGa:P11CsB4 rods for different
diameters [68].

Later on, a large-scale study manufactured a series of Fe-based MGs for ranging
in critical diameter from 1mm to 6 mm, as following Fe-(Nb, Cr, Mo)-(Al, Ga)-(P,
B, C) [69], Fe-Co-(Zr, Hf, Nb)-(Mo, W)-B [70], Fe-Co-Nd-Dy-B [71], Fe-Co-Ga-(P,
C, B) [72], Fe-(Co, Cr, Mo, Ga)-(P, C, B) [73], Fe-Ni-P-B [74], and Fe-B-Si-(Zr,
Nb) [55] were manufactured between 1 and 6 mm in diameter. Researchers have
made efforts to enhance the GFA of Fe-based alloys, and in 2013,
(Feo.8C00.2)47CrisM014C1sBsTms alloy achieved a maximum size of complete

glass formation of 18 mm [75][76].
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Table 2-2. Fe-based BMGs development with traditional manufacturing processes

to date [68].

System Alloys D, (mm) Preparing methods Discovery Year
Fe-based (Fe.8C00.2)47Cr15M0,4C15BsTms 18 copper mold casting 2013
(Feg.gC00.2)48Cr15M0,4C 5B Tmy 16 copper mold casting 2013
(Fep,6C00.4)48Cr1sM0o;4C15BsTmy 16 copper mold casting 2013
Fe43C04.5Cr165M016.5C14B4Y1 s 10 copper mold casting 2013
Fe43.7C07.3Cr147M0426Ci55B43Y1 0 10 copper mold casting 2008
Fe4sCr1sMo,4Cy5BsTm, 10 copper mold casting 2008
Fe,4,Co,CrsMo, 4C,5BsY> 16 copper mold casting 2005
(Fe44.2CrsCosMoy 5 gMnyy 2Cy5.8Bso)ogsYis 12 copper mold casting 2004
(Fe44.3Cr1oMo0,3 8Mny; 2Cy58Bs0)egsY1 s 12 copper mold casting 2004
Fe45Cr1sMo, 4Er2CisBg 12 copper mold casting 2004
Pd-based Pd 42 5CusoNiy sP2o 80 water quenching 2012
Pd40Cus3oNiyoP2go 72 water quenching 1997
Pd4oNisoP20 10 fluxing 1984
Zr-based Zr46Cu30.14A8s 36AlgBe7 5 73 copper mold casting 2011
Zr41.2Tiy3.6CUy2 sNijoBess 5 12.6 copper mold casting 1993
ZrgsAly sNiyoCuyzs 16 water quenching 1993
Ti-based (Tize.12r33.2Nis gBe24.9)e1Cug 50 water quenching 2010
TigoZrasCu;aNisBesg 14 copper mold casting 2005
(Tis1ZrasBesgFeg)ssCuys 15 copper mold casting 2013
La-based (Lag.sCeo.5)6sAl10(C00.6CUp 4)25 32 copper mold casting 2009
Ce-based (CeLaPrNd)gsCo25Al, o 15 copper mold casting 2006
Cu-based Cuz4PdsZrssAgsAls 30 copper mold casting 2007
CuyeZrysAl,Ys 10 copper mold casting 2004
CuyoHf40Aly 10 copper mold casting 2006
Mg-based Mgso.5CU22.9A86.6Gd 11 27 copper mold casting 2007
Mgs4Cuzs sAgs sGdyy 25 copper mold casting 2005
MgesCuy sNiy sZnsAgsYsGds 14 copper mold casting 2005
Y-based Y36S¢20Al24C020 25 water quenching 2003
Ni-based NisoPd30P20 21 copper mold casting 2009
Pt-based Pt42 5Cuz7Nig sPa; 20 water quenching 2004
Nd-based NdgoFes0Al; o 12 copper mold casting 1996
Ca-based CagsMg;5Zny, 15 copper mold casting 2004
CasgMg1sZn;,Cu 2 10 copper mold casting 2006
Co-based C048Cr1sMo; 4C15BgErs 10 copper mold casting 2006
Hf-based Hf47Cu3z0 25Nig 75Al1 4 10 copper mold casting 2008
Sm-based (Smy, 32Lag 3Alp.14Nip.12CUp 12)97Fe3 10 copper mold casting 2010
Au-based Au4oAgs sPd; 3Cuze oSite 3 5 copper mold casting 2005
Pr-based PrgoCuzoNijoAlo 5 copper mold casting 2003
Zn-based Zn4eMg;,Cag, Yb,g 2 copper mold casting 2010
Al-based Algg sNig sLag 1 copper mold casting 2009

2.6.2 Structure and mechanical properties

G. Savva et al. 1987, reported the effect of crystallinity, metal and metalloid (Si
and B) composition on the corrosion behaviour of Fe-based BMG wires [77]. The
corrosion resistance is decreased of Fes7CrsSiioBis (at%) in crystallisation
anneals. Chromium content (5-7%) exhibited the highest negative film constancy
of Fe7oxCrxSi1sB1o glassy alloys. The corrosion resistance of Fe-Cr-Si-B alloys will
increase as the Si:B ratio is increased from 0.4 to 1.5.

A glassy alloy rod with 0.5 mm in diameter was made using a copper mould
casting method by adding a little amount of B (1.5 at.%) to commercial FC20 alloy

(Feso0.75C13.8Si5.1Mno.18P0.15S0.02) [76][78][79]. The mechanical properties of Fe-

45



based metallic glass alloys below 780 K exhibited high tensile fracture strength
of 3480 MPa, Young’s modulus E is 125 GPa, and hardness HV is 970. With
increasing annealing, these properties increased to 8540 MPa, E 135 GPa, and
1120 hardness before crystallisation at 680 K. The alloy rod still shows high yield
strength and tensile elongation exceeding 10%, even after crystallisation to bcc-
Fe and Fe3(C,B) phases. FC20 alloy containing 1.5 at.% of B has good
mechanical properties and a simple production method, making it a promising
material for structural Fe-based materials [76][80].

Non-ferromagnetic amorphous steel alloy of Fe-based BMGs showed fracture
strengths of 3000-4000 MPa, according to Ponnambalam et al. [61] and Inoue et
al. [81]. Fe-based MG alloys with a diameter of up to 4 mm were cast in injection.

Young’s modulus and bulk modulus are 210 and 190 GPa, respectively.

Inoue et al., 2004, found another interesting result indicating the possibility of
using such alloys as structural materials is the formation of bulk glassy alloys of
Fe-based with diameters up to 5 mm using copper mould casting with additions
of Co, leading to a decrease in glass transition temperature (Tg) from 1475 Kk to
1395 k [81]. The bulk glassy alloys display distinct high strength reaching 4250
MPa, Young's modulus (E) between 190 to 210 GPa, a plastic strain of 2.5% and
Vickers hardness HV of 1220.

According to M. Stoica, et al. 2005, Fe-based MG with a cross-section of 2x2
mm? and a length of 30 mm was cast in a copper mould, and the Vickers hardness
of the samples increased from 885 to 902 with increased annealing [56]. The bulk
amorphous alloys exhibit a different fracture behaviour than Zr-based MG, and
fractures propagate in diffuse directions with irregular fracture patterns on the
surface. The deformation data are listed in Table 2-3. Mechanical properties of
Fe-based bulk metallic glasses as-cast rod from the literature [56]., along with

some literature values for other Fe-based bulk glassy alloys.

Makino. A, et al. 2009, reported exciting results for the diameter of rods specimen
2.5 mm of Fe-based MG by adding (0.1 — 1.5 at.%) Cu, which can considerably
improve the ductility [57]. The BMGs alloys exhibited a tensile strength of 3.3
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GPa, and a plastic strain of 3.1% in compression and multiple shear bands were

shown near the fracture surface of the rod specimen.

Table 2-3. Mechanical properties of Fe-based bulk metallic glasses as-cast rod

from the literature [56].

Type and composition a, (GPa) &, (%) ar(GPa) &r (%) &pl (%) E (GPa) HvV
Bar 22 mm as-cast 282 1.76 284 1.91 0.15 161 885
Fegs sCraMo,GayPi2CsBs 5

Bar 22 mm anncaled 284 1.60 284 1.63 0.03 177 902
Fegs sCryMo,GayP,CsBs 5

Rod ¢ 1.5 mm as-cast 3.16 1.8 3.250 22 0.4 175 1060
(Feg 75Bo.15510.1)o6Nby [8]

Rod ¢ 2 mm as-cast 298 1.9 3.16 22 0.3 182 870
FezGayPy sC4B,Siy s [8]

Rod ¢ 2 mm as-cast 5.18 0.02 5.185 0.02 268

CoysFeTas sBay s [91

Rod ¢ 2 mm anncaled 533 0.02 0.03 0.01 268

CousFezTas sBais [91

Rod ¢ 2 mm as-cast 348 125 970
FC20+0.4 wi.% B [10]

Rod ¢ 0.5 mm annecaled 1.42 1.53 9 1120
FC20+0.4 wi.% B [10]

Rod ¢ 12 mm ~4 200 ~ 1200
Fe sCrisMo EnCisBg [11]

Rod ¢ 12 mm (Fegq 3CrsCosMoy o g ~3 257 1224

Mny 1 2Cy58Bso)ossY s [12]

Table 2-4. Mechanical properties of Fe-based BMGs from the literature [59].

D T, T, T, oy Oy €1 G K E

Alloy (mm) (°C) °C) (°C) (GPa) (GPa) (%) (GPa) (GPa) (GPa) v
FgsMo,,C,sBg 1.5 516 570 1145 34 38 0.6 73 195 195 0.334
(FeoCop 1)64.575M0,4CsBgExg 105 2 508 569 1130 3.7 3.95 0.5 73 178 193 0.319
(Fe, 9Coy 1)6a.75M0,4,C, sBEr 55 3 509 570 1126 3.6 3.9 045 73 175 193 0.317
(Fey oCoy 1)64.sM0,C sBgEr 5 4 517 572 1130 3.7 4.1 0.55 73 175 192 0.317
(Fep.9Cog 1)64.25M0,,C sBErg 25 4 508 565 1121 4.0 0 73 176 193 0.317
(Fe.6Co0p.1)64M0,4,CsBgEr, 35 503 557 1125 4.0 0 73 177 196 0.317
(Fe( 9Coy 1)63M0,,C,sB¢Er, 1.5 494 536 1142
(Fep 5C0p 2)6sM0,4C, 5B 2 502 565 1119
(Feg 5C002)61.75M0,4C 1 sBErg 25 3 506 571 1122
(Fey gCop 2)es sM0,C sBgErg 5 4 506 573 1120
(Feq sCog 2)6sM0,,C sBGEr, 35 499 555 1119
(Fep,Cop 3)6sM0,,C, 5B 1.5 503 565 1101
(Fep,Cog 3)64.75M0,,C sBErg 25 25 504 569 1107
(Fe,Cog 3)6s.sM0,,C sBGErg 5 3 505 571 1110
(Fe,Coy 3)6sMo,,C, sB4Er, 3 497 553 1112
Feq,CryMo,4Cy5Bg 2 527 580 1160
FesoCrgMo,,C 5B, 1.5 533 585 1163 3.8 44 0.8 77.4 188 204 0.319
Fes,Cr,sMo,;,C,sBg 1.5 556 601 1210 4.17 0 82 204 217 0.322
Fegp sCryMo,,C sBgErg s 3 530 586 1168 4.0 0 76.6 184 202 0.318
Feg,Mo,,C,sB4Er, 3 504 546 1150 4.0 0 77.8 178 204 0.31
FessCrgMo ,C, sB.Er, >4 80 180 209 0.31
Fe,Cr,sMo,,C B 4Er, 12 570 620 1170 42 0 81 195 213 0.317

Verduzco et al. [82] studied the fatigue behaviour of Fe-Cr-Si-B glassy wires
using an apparatus for testing double pulleys with controlled strains. It was found
that the Feso.5CrsSiz.sBis glassy wire had a superior fatigue performance under
higher cycle conditions than the HT steel wire in terms of strain. After partially

substituting Fe with Cr, the fatigue life of glassy wires improved. The difference
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in elastic modulus for Fe77.5xCrxSizsB1s wires was measured from the
nanoindentation test in the Material Science and Metallurgy department at
Cambridge University, and the E values are given in Table 2-5. Young’s modulus
values of Fe-based MG as-cast wire [82].

Table 2-5. Young’s modulus values of Fe-based MG as-cast wire [82].

Alloy Young’s
modulus, £
(GPa)

Fe..S1,,B,» 156

Fe;4sCrysS81,4B» 156°

Fe;; 75Cr6255110B 2 1572

Fe;,CrgSi 0B, 1582

Fe;; sSi;5sBs 159°

Feqo sCreSi; B4 1570

Moreover, another study on the mechanical properties of Fe-Cr-Si-B metallic
glass wires has been investigated by Olofinjana et al. [83]. A 10 (at.%) Cr
substitution in the as-cast metallic glass wire caused a relatively slow increase in
static strength (3000 - 3800 Pa and HV= 900 - 1080). Therefore, the substitution
of Cr for Fe significantly improved the fatigue strength of Fe-Si-B at lower
concentrations than before reported [83]. The results of the microhardness and
tensile test for Fe-Cr-Si-B glassy wires samples are given in Table 2-6. Static
mechanical properties of Fe-based glassy alloy wires (HV, Vickers hardness; of,

fracture stress; €f, fracture strain) [83].
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Table 2-6. Static mechanical properties of Fe-based glassy alloy wires (HV, Vickers

hardness; of, fracture stress; &f, fracture strain) [83].

Alloy composition  H, a; £ H/o?
+10(MPa) (%)

Fe,5Si; B, s 1035+10 3510 16 288
Fe,Cr,Si; B, 5 1040£5 3550 13 287
Fe,, Cr,Siy B, 1030£6 3690 1.1 273
FegoCr,Siy B s 1076 £15 3710 1.0 284
Fe,Cr,Siy B, s 11105 3830 10 284
Fe 5Si; 5B 5 986+7 3180 26 303
Fe,sCr,Si;sB;s 10175 3320 26 30

Fe,,<Cr,Si,B,s 10045 3320 26 293
Fe, sCreSi;sBys  1000£7 3470 25 281
FeeosCrySirsB;s  1006+5 3550 25 277
Feg,sCr ,SissBys 102045 3550 1.7 281

* g, converted to kg mm ™2,

2.6.3 Applications of Fe-based bulk glassy alloys

Besides their strength and hardness, Fe-based glassy alloys also present large
elastic deformation, corrosion resistance, and softer magnetic [68]. In recent
years, these new materials have significantly contributed to industrial
applications, such as soft magnetic materials, wear- and corrosion-resistant
coatings, biomedical materials, precision gears, etc. A list of applications for Fe-
based BMGs can be found in Table 2-7. This table summarises the fields for
which glassy type alloys have been developed in Japan. This list represents an
extensive range of applications. The most recent applications of Fe-based BMGs

are summarised in the below section.
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characteristic [76].

Table 2-7. Applications field of Fe-based BMGs type and their responding

Application fields

Characteristic

Structural materials

Sensor materials

Spring materials

Sporting goods materials

Wear resistant coating materials
Corrosion resistant materials
Magnetic materials
Micro-technology materials
Nano-technology materials

High strength, high hardness, high fracture strength

High magnetostriction, giant magneto-impedance effect
High fatigue strength

High strength and large elastic elongation limit

High wear resistance

High corrosion resistance

Excellent soft-magnetic properties, high electrical resistivity
Micro-formability, transferability

Nanoscale imprintability

Data storage materials
Biomedical materials
Fuel cell separator materials

Biocompatibility, high wear and corrosion resistance

2.6.3.1 Soft magnetic application

The characteristics of Fe-based BMGs make them the best choice for soft
magnetic materials, as they have a high saturation magnetisation, a low coercive
force, a low core loss, high permeability, and high electric resistance. They are
widely used in inductors, linear actuators, sensors, and as a component material
for radio-frequency identification systems. Fe-based BMGs display intrinsic
technical advantages in this field, and now LIQUALLOY, which consists of Fe-Cr-
(P, Si)-(B, C) and SENNTEX, which is Fe-Cr-Nb-(P, Si)-B, is used for induction
cores. Moreover, linear actuators of this type are best fitted with soft-magnetic
Fe-based BMGs [68].

Fe-based glassy alloys have excellent permeability, low magnetic loss, and fast
flux reversal compared to other soft magnetic materials. Fabrication techniques
and post-fabrication heat treatments can also achieve a unique magnetic domain
structure. In this respect, Fe-based glassy alloys are more suitable for sensor
applications, including position, magnetic field, fluxgate, current, magnetoelastic,

temperature, and electronic article surveillance [68][84].

2.6.3.2 Corrosion-resistance and wear-resistance coatings

Fe-based glassy alloys exhibit distinctive physical and chemical properties
depending on their microstructure and composition [68]. For example, the screw
of a water injection bump, super pressure ball valves, and blade wheels exhibit

those components with Fe-based amorphous coatings, see Figure 2-12. Fe-
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based glassy alloys can be formed easily into complex shapes due to their
viscous flow behaviour. The SEM images in Figure 2-13 show a proprietary micro
metallic die and micro gear manufactured by Yodoshi [85]. Fe-based BMGs,
however, possess greater strength, modulus, and corrosion resistance than
conventional stainless steels, making them ideal for biomedical applications [68].
Despite challenges like poor plasticity at room temperature, Fe-based BMGs
have many potential applications. It is foreseeable that with constant efforts, such
a unique type of material will be investigated increasingly more significantly in the

future.

Figure 2-12. Anticorrosive applications of Fe-based glassy alloy coatings [68].
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X100 100um

X140 100mm

Figure 2-13. SEM images; a) proprietary micro metallic punch; b) die; ¢) micro gear
and punch [85][68].

2.7 Ni-based metallic glasses

Amorphous and nanocrystalline alloys display many properties not found in
crystalline counterparts because of the non-existence of long-range periodicity.
Due to their excellent soft magnetic properties, these alloys (especially
ferromagnetic ones) have considerable interest in many technical fields.
Compared to crystalline materials, these materials are characterised by higher
electrical conductivity and hysteresis loss. Therefore, due to their higher
resistance to wear, impact, corrosion, and oxidation at high temperatures, Ni-
based alloys can be used in the glass sector [28][18][36][43]. 3-dimensional (3D)
thin-walled honeycomb-like structures like heat exchangers, boilers, co-
generators, and heat recovery units are frequently produced using a Ni-based
amorphous alloy with brazing. Therefore, Ni-based amorphous alloys (Ni7sSisB14)

possess excellent castability, wettability, and flowability [86].

Inoue and his colleagues examined Ni-based amorphous alloys for NizsSisB17 and
Ni7sP12B10 alloys containing up to 2% Al or Zr were papered by the melt-spinning
method [87]. The mechanical properties of NizsP12B10Al1 wire exhibited tensile

fracture elongation of 2.4% and fracture strength of 2170 MPa, while NizsSisB17Al1
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wire exhibited fracture elongation of 2.9% and high tensile fracture strength of
2730 MPa. Ni-based glassy alloys exhibit a fatigue limi; the fatigue limit for Ni-
based wires is 1.4 to 2.3 times higher than the Ni-based ribbons form. Later on,
Inoue et al., 2002 reported that Ni-based BMG rod samples with up to 3 mm in
diameter and 1 mm thickness were using a copper mould casting method [88].
The Ni-Nb-Ti-Zr base system exhibited fracture elongation of 2.4% and tensile
fracture strength of 3010 MPa. Additionally, DSC curves of
NisaNb20Ti10ZrsCosCus alloy show the glass transition temperature (Tg) is 846 K
and the crystallisation temperature (Tx) is 897 K, respectively. In the studies that
followed, Choi-Yim et al. constructed Ni-Nb-Sn-(B,Fe,Cu) BMGs with up to 3mm
in diameter, and predicted that this Ni-based BMG would exhibit high strength of
3000 to 3800 MPa with high Vickers hardness (HV~1000-1280 kg/mm?) [89].

Yue et al. [90] showed XRD patterns of Ni-B-Si alloy grown by magnetron
sputtering, Figure 2-14. The phase structure contained the Ni phase, including
NisB and NisSi.

Ni(111)

[ntensity

20 30 40 50 60 70 80 90 100
20 ()

Figure 2-14. X-ray diffraction patterns of Ni-Si-B alloy [90].
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However, only a sharp peak at 206= 45° indicates that this alloy is a mixture of
amorphous and crystalline phases, while those of boride and silicide (NisB and
NisSi) have entirely disappeared [90]. Furthermore, a similar behaviour was
observed with a high Ni-content alloy (NisoSiioBio) ribbon formed by rapid
solidification [91].

Moreover, the crystallisation process of the Ni-B-Si as-magnetron sputtering film
was measured by the DSC as shown in Figure 2-15. The film’s non-crystalline
structure was clearly recrystallised at 501.13 "C, which is considered a typical

crystallisation temperature and average enthalpy change of 25.21 J/g [90].
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Figure 2-15. DSC thermograms of Ni-Si-B alloy [90].

Donald et al. [92] 1980, claimed that the effect of metal and metalloid (Si and B)
composition on the crystallisation temperature of Ni-based glassy alloys was
produced by the melt-spinning method [92]. Ni-Si-B exhibited the highest
crystallisation temperature (Tx) among all the glassy alloys tested, occurring
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between 32 and 38 at% metalloids. However, the real value of Tx is determined
by the Si:B ratio.

Ipatov. M., at el. [91] reported that the higher Ni content alloy exhibits a single
crystallisation exothermic peak at about 790 K in the crystallisation process of Ni-
B-Si alloys [91]. Notably, the single crystallisation exothermic peak divides into
three crystallisation exothermic peaks with decreased Ni content. The onset
temperatures: first, second and third exothermic peaks are referred to as Tx: and
Tx2 and the temperature peaks Tp1, Tp2 and Tps, respectively, are listed in Table
2-8.

Table 2-8. Crystallisation and peak temperatures of the Ni-Si-B alloys studies by
DSC analysis [91].

Sample Tx1(K) Tp; (K) Tx2(K) Tp2 (K) Tps (K) AH¢(J/g)
Ni~sSiisB1g 671.5 688.2 766.3 772.9 799.7 442.8
NigpSi1oB10 773.7 793.1 — - — 318.0

2.8 Ni-Fe-based metallic glasses

Investigating the relationship between the formation of Ni and Fe-based metallic
glasses and their crystallisation phases is critical. Figure 2-16 shows x-ray
diffraction data for a thin ribbon with Ni content for NisoFeao(BSi)10Mo1 alloys 25
um thick and 25 mm wide were prepared using the melt spinning method.
Saiseng et al. [93] reported that among the temperature ranges considered, three
phases have been observed: firstly, an amorphous phase that annealed at 350
°‘C and 400 °C. Secondly, a phase containing (-Fe and (-Fe(Si) nanocrystallites
annealed at 450 "C, 475 "C and 500 °C. Finally, ribbons are crystallites in a phase
without any (-Fe and (-Fe(Si) above 550 "C [93].

Figure 2-17 shows the DSC curves of the NissFesoBi1sMos (sample 1),
FessNizsM04SisB1s (sample 2), and FesoNissM02SisBis (sample 3) metallic glass

alloys in melt-spinning ribbon forms [94].
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Figure 2-16. XRD patterns of the NisoFeso(BSi)1sMo: ribbons were then annealed
for 2 hours at different temperatures [93].
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Figure 2-17. DSC curves of the NisgFesBi1sMos (sample 1), FessNizsM04SisBis

(sample 2), and FesgNizsM02SisB1s (sample 3) alloys with a heating rate of 10
K/min [94].
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He et al. [94] found that the crystallisation process of the NissFesoB1sMo4 (sample
1), exhibited two exothermic peaks (Tx1= 435 °C and Txz2= 505 °C). Also, a similar
result for (sample 3) FesoNissB1sSisMo2 glassy alloy presented two separated
exothermic peaks, Tx1= 505 "C and Tx2= 520 ‘C. However, the FessNizsB1sSis Mo4
alloy (sample 2) exhibited only one sharp exothermic peak, Tx= 552 "C. It was
found that a single FCC crystalline phase structure cannot be formed in the
amorphous matrix of FessNissM04SisBis and FesaNizsM02SisBis samples when
several crystalline phases, such as Fe—B compounds and a-(Fe, Ni), precipitate

almost simultaneously by annealing [94].

Ni-Fe-based glassy alloys were prepared by roller quenching, and their
mechanical and thermal properties are influenced by Fe content [95]. The
maximum tensile strength of 1586 MPa was obtained for the Ni-Fe-based glassy
alloys. According to findings, the ratio of Ni to Fe and P, B, C, Si, and Al content
impacts the glass transition temperature of Ni-Fe-P-B-Si-Al alloys [96]. The
thermal properties of selected amorphous Ni-Fe alloys and the glass transition

temperature Tg are listed in Table 2-9.

Table 2-9. Thermal properties of glassy Ni-Fe-based alloys [96].

Tg(K) T.(K) Tom(K) ACP AH
Feq5P15CsAlg 713 727 744 6.0 1300
Feq76,6P14,2C1.2B4.8Al3 7 720 730 746 4.0 1060
Feq7P17C4 Al 714 724 738 6.2 1260
Fe3g sNizg sP13B2Al3 682 699 713 4.6 1170
FB38_5Ni33_5P14B5A13 638 707 721 4.8 1130
Fesg sNizg sP14BgSi3 708 722 738 5.3 1160
FeagNigoP14Be 663 673 700 4.5 1010
Fe3q sNi3z7 sP1¢BeAl3 701 714 724 5.0 1050
Ni7s5.3P16Bs 7Al3 693 710 723 5.5 800
FeqgNigoP14BgAls 676 704 722 4.7 930
Pd77 5CugSiye s 643 684 708 3.86 924

According to Inoue et al. (2006), substituting Fe for Ni improves mechanical

properties and increases GFA. An arc furnace method and an argon atmosphere
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produced Ni-based BMG rods up to 3 mm in diameter [81][97]. The mechanical
properties of [(NixFex)7sB20Sis]osNba4 alloy system display the highest values for
Ni-based BMG: a super high fracture strength of 3680-3840 MPa, a plastic strain
of about 2% and Young’s modulus of 172-186 GPa. Figure 2-18 shows a true
stress-strain curve of the [(NixFex)7sB20Sis]osNbs metallic glass rod with a

diameter of 2 mm.
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Figure 2-18. Stress-strain curve of 2 mm diameter BMG alloy rod [97].

Table 2-10 summarises the thermal and mechanical properties of Ni-Fe-based
bulk glassy alloys. The highest fracture strength has been reported on
[(NisoFea0)75B20Si5]esNba, which is 3836 MPa.

Table 2-10. Thermal and mechanical properties of Ni-Fe-based metallic glass

alloys.
Thermal stability Mechanical properties
Diameter T, AT, T, T,  T.-T, y E a, o,

Alloy & (mm) (K) (K) (K) (K) (K) TJT, TJ/(T+T) HV (GPa)  (MPa) (MPa)
(Nig75B.2Sig 05)osNby 0.5 77025 1275 1446 171 0.532 0.359 972
[(NigoFeg 1)o75Bo2SinoslogNby 1 762 33 1243 1408 165 0.541 0.366 1053 - .-
[(Nig gFeq2)07sB02Sin 05 JosNbs 2 755 40 1232 1381 149 0.547 0372 1082 172 3598 3683
[(Niy7Feq 3)0.75Bo.2Sig.05losNby 25 750 45 1237 1356 120 0.553 0.377 1106 179 3668 3756
[(NiggFe 4)o75B0.2Sin 05 JogNbs 3 745 S0 1232 1348 116 0553 0.380 1130 186 3778 3836
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Another interesting result of Ni-Fe-based BMG indicates that possibility as
structure materials, Feso-NixP14Bs BMG rods up to 2.5 mm in diameter are formed
by the J-quenching technique [98]. By increasing the Ni content to x= 50, the
BMG rods exhibit significant plastic strain of Fezo-NisoP14Be BMG up to 11.7%
before fracture and corrosion-resistant. However, the magnetisation of Feso-

NixP14Bs decreases as Ni content increases from x= 20 to x= 50.

2.9 Buckling of metallic glasses

Over the last decade, the study of structure elastic stability has experienced a
paradigm shift in mechanics that has revived the popularity of elastic instabilities
of many kinds, including snapping, buckling, creasing, crumpling, phase
transition, and cavitation [99][100]. Among these phenomena, buckling has been
known for centuries ever since Leonhard Euler formulated an equation for
calculating the critical buckling of a column. Therefore, special design
modifications are usually required to avoid such a phenomenon, but new and
emerging applications consider it beneficial. It has recently attempted to

transform buckling from a negative to a positive effect.

Buckling is a form of mechanical instability that often causes the failure of a
structure, but the bulking phenomenon in metallic glass foils contributes to
undulatory behaviour. The expression “buckling” refers to a phase of deformation
in which a structure undergoes high stress and abrupt changes in shape when
the load (P) exceeds a critical value (Pcr). A model case of buckling occurs when
the ends of a long, thin elastic beam are pressed in opposite directions to one
another (see Figure 2-19). Under a light load, the load is applied over the beam
in the direction of the axis while manitaining its linear shape, as can be seen in
Figure 2-19b.

In this case, the strain energy is proportional to the square of the axial movement.
However, once the load passes a critical threshold, the beam will bend archwise
(Figure 2-19c), leading to a significant deviation from the square law regarding
the change in the association between the strain energy and the displacements
[101]. As well as axial compression, bending and torsion forces contribute to the
buckling behaviour of elastic beams, and these impacts are highly related to the
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geometric and material parameters of the buckled patterns. The most interesting
finding is that the elastic deformation of structure pipe-in-pipe cross-sections can
be induced using hydrostatic pressure [101]. Pipe-in-pipe applications (i.e., a pipe
inserted inside another pipe) have advantages for use in offshore oil and gas

manufacturing systems in civil engineering [101][102].
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Figure 2-19. Typical curve of buckling states of a column [101].

These considerations regarding macroscopic elastic objects have prompted
researchers to examine the buckling patterns attained in carbon nanotubes. The
similarities and differences between macroscale buckling and macroscopic
patterns are complicated because of the latter's nanometric scale. This
complexity has been the impetus behind much of the research into buckling
analysing carbon nanotubes under various loading conditions, including axial
compression, radial compression, bending, torsion, and multiple combinations of
these [103][104][105]. A wide range of studies has been driven mainly by the
geometric reversibility of nanotubes versus mechanical deformation and the
essential effects of buckling on physical properties. For example, cylindrical
shapes are reversible without damaging the atomic structure permanetly during
unloading. Carbon nanotubes also show high fatigue resistance and, therefore,

mechanical energy storage with extremely high energy density [101][106].
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Mechanical instabilities, like Euler buckling and shell buckling, can occur with
macroscopic tubes and/or columns under axial compression. Hsao et al. [107]
reported that atomic force microscopy experiments using cyclic loading
compressing large strains to individual multiwall carbon nanotubes revealed
buckling instabilities. This study demonstrates that distinct elastic buckling and
post-buckling phenomena are observed reproducibly and can be attributed to
Euler, asymmetric shell buckling (i.e., kinking), and symmetric shell buckling. As
a result, both buckling behaviours exhibit sharp drops in load with increasing axial

strain, resulting in negative stiffness when initial post buckling occurs.

In an investigation of individual multiwalled carbon nanotubes (MWCNT),
Kuzumaki et al. [108] used nanoprobe manipulation methods to study their
nanoscale mechanics in a transmission electron microscope (TEM). It was found
that MWCNT buckled like deformation, and Young’s modulus of the MWCNT was
estimated at 1.1 TPa. However, MWCNTSs showed structural defects caused by
the deformation of CNTs above their elastic limit, resulting in local plastic

deformation.

Molecular dynamics simulations were conducted by Ajori et al [109] to investigate
the effects of nanowire (NW)/carbon nanotube (CNT) reinforcement on the
buckling behaviour of metallic glass matrix nanocomposites (MGMNCs). Under
axial compression, metallic glass alloys containing (Cu and Zr) with a higher Cu
percentage exhibited the best buckling behaviour. Adding NW to the metallic
glass alloys negatively affects the buckling behaviour, whereas adding CNT and
NW-encapsulated CNT increase the buckling load and strain significantly. In
addition, filled CNTs are the most effective nanofiller for amending metallic glass
buckling behaviour. Moreover, with increasing nanofiller size, critical force and

critical strain increase [109].

The molecular dynamics approach combined with continuum mechanics is
employed to predict the compressive mechanical properties of copper nanowires
encapsulated in carbon nanotubes (NW and CNTSs), to obtain copper nanowires
with helical structures, and the simulated annealing method was employed [110].
As compared to the corresponding CNTs, NWs and CNTs can withstand higher
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buckling loads. It is shown through strain energy curves that the interaction
between atoms during the compressive process can be predicted. In this model,
NWs and CNTs with different diameters and lengths can be evaluated for their
mechanical properties, including the critical buckling load Pc and Young's
modulus. However, Sun et al. [110] found that not all composites have greater
maximum strengths than the corresponding carbon nanotube composites.
Moreover, critical buckling load showed linear fitting with the Euler formula when
the aspect ratio of the composite exceeds a certain value, as shown in Figure
2-20. The study has also revealed that Young's modulus of NW and CNT

depends more on its radius than its length [110].
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Figure 2-20: a) Buckling load Pcr of Cu NW@CNT versus 1/L?, where L refers to
Euler length of NW@CNT; b) same relation with CU@CNT (14,0) and (16,0)

versus 1/L2.

Wachter et al. [111] examined the buckling in CussZrasAlio metallic glass
nanowires with different slenderness ratios by molecular dynamics simulations,
which were subjected to uniaxial compressive loading tests. According to the
modified Euler theory of buckling, values were found for the surface elastic
modulus and residual surface stress, versus the slenderness ratio for two
nanowire diameters. Due to its nanometric size, CussZrssAlio metallic glass

becomes stiffer and exhibits a lower Young's modulus than bulk samples [111].
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Demetriou et al. [112] pointed out the mechanical behaviour of open-and closed
cell metallic glass foams by conducting standard mechanical testing procedures.
Based on real-time X-ray microtomography, this study found that the percolation
of local elastic membrane-buckling instabilities causes nonlinear yielding of
metallic glass foam. The shear stability of metallic glass foams with various
porosities and different base materials was limited to 3.6 % strains. Therefore,
the shear stability of metallic glasses at zero temperature reveals a link between
floppy modes in a glass and buckling instabilities in stochastic cellular structures
[112].

Another interesting result, Wang et al. [113] reported uniaxial compression tests
of slender metallic glass Zrs2.5Cui7.9Ni14.6Al0Tis (at. %) bars. It was found that the
Zr-based metallic glass bars tend to buckle elastically or plastically rather than
yield or fracture as long as their slenderness ratio exceeds a critical value. Unlike
elastic buckling, plastic buckling imparts a benign failure mode to metallic glass,
preventing catastrophic fractures from occurring. Wang et al. [113] asserted that
plastic buckling is safer and more reliable than brittle fracture in BMG

applications.

Meduri et al. [114] reported the thickness effect of metallic glass supercooled
liquids on template-based embossing. It was found that thick samples fail to
describe the process based on the existing embossing theory developed,
particularly if the thickness of metallic glass becomes similar to the template
cavity diameter due to the increased flow resistance at the cavity entrance,
supercooled liquid buckles instead of filling. Therefore, Meduri et al. suggested
that the thickness-dependent buckling of metallic glass could be exploited in
manufacturing hollow metal structures for many emerging applications [114].

Chen et al. [115] studied the buckling deformation behaviour arising at nanopillars
of the Zr-based metallic glass using a transmission electron microscope (TEM)
nanoindenter to conduct compression tests. At a compression depth of 120 nm,
buckling was found to occur as semi-homogeneous deformation. However, Zr-
based metallic glass still exhibits amorphous microstructures in the buckling

region. Due to this, no phase transformations were involved in the deformation
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mechanism of Zr-based metallic glass, and deformation only occurred by the

propagation of shear bands [115].

According to Jin-Feng et al. [116], laser patterning forms 3D biomimetic structure
of metallic glass ribbon, Blooming, closing, and reversing metallic Mimosa pudica.
An applied magnetic field can control this process or manually reshape it. Due to
changes in density and/or elastic modulus, composite materials buckle within
their elastic limit and obey the minimum elastic energy criterion due to residual
stress and elastic distortion energy. They also provide a programming route for
constructing metallic glass buckling structures. It also sheds light on materials
that need automatic functions for robotics, electronic devices, and medical
devices, such as vessel scaffolds and vascular filters, which can expand and

contract through contactless [116].

In a recent interesting development, Panagiotopoulos et al. [1] reported that thin
metallic glass foils exhibit a mechanical response under applied load on top of an
elastically shaped arc. It was obvious that the undulatory behaviour mechanism
of metallic glass foils is caused by buckling behaviour. Due to this, buckling
behaviour is a functional part of the mechanism of undulatory behaviour, resulting
in changes in the shape of MG foil and the multiplication of sinusoidal arcs.
Therefore, they asserted that undulatory behaviour in thin metallic glass foils is
attributed to buckling phenomena. Thus, the undulatory behaviour of metallic
glass folils resulting from buckling phenomena can be potentially helpful for a wide
range of emerging applications [2][1][117][118][119].

2.10 Undulatory elastic behaviour of metallic glasses

In recent years, a few studies have reported on the elastic behaviour of metallic
glass (MG) foils for a range of engineering applications [2][1]. In this regard,
metallic glass foils, or amorphous metals, are a new class of materials that have
attracted a wide range of technological fields for use as components in, for
example, micro-electro-mechanical systems (MEMS) and nano-electro-
mechanical systems (NEMS), micro flat springs, and electromechanical switches
[2][1][120][54][121][122][123]. Metallic glass foils are valued due to their
mechanical properties, which include a high strength of greater than 5 GPa, good
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fracture toughness, excellent wear, corrosion resistance, and high elastic
deformation of 2% strain [54][18][124][125][126]. Combining such properties
makes metallic glasses ideal for applications requiring a high density of elastic

energy.

Unlike crystalline metals, metallic glasses have no periodic lattice with glide
planes on which mobile dislocations can cause flow. An elastically arc-shaped
thin metallic glass foil is loaded and exhibits a unique reversible sinusoidal
mechanical response due to its exceptional properties [2][1]. The undulatory
behaviour of Fe-Cr-B-Si metallic glass foils was shown for the first time by
Panagiotopoulos et al. [1]. This behaviour occurs when a load is applied to a
metallic glass foil with an arc shape, resulting in the foil forming additional
sinusoidal arcs only when the aspect ratio (hi/L< %2), as seen in Figure 2-21. The
foil returns to its initial shape once the applied load is released, exhibiting a
reversible wavy elastic response. At the moment of the formation of an additional
arc-shaped undulation, all arcs have a perfect sinusoidal shape. With increasing
load, the shape of the arcs becomes distorted until the load reaches a sufficient
level to cause the formation of an additional arc [2][1]. Under normal load,
Panagiotopoulos et al. [1] found that the standing wave formula can be used to

describe the undulatory behaviour of metallic glass foil:

21 2-1
y? (x) = Asin’*(n———x) 1)
fundamental

Where A is the arc amplitude h;, n refers to the harmonic number of the formed

waves, and Arynaamentar 1S the fundamental wavelength.
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Loading
Unloading

Figure 2-21. Assembly of waveforms for an arc-shaped MG foil formed under
load [1].

Figure 2-22 exhibits strain developments during the undulatory behaviour of
metallic glass foil as a function of sinusoidal arcs, where these measurements
have been taken for perfect sinusoidal arcs. The local strain (maximum strain)
around the arcs for L= 20 mm in different aspect ratios was measured using the

following Equation [127]:

d 2-2)

Where d refers to the foil thickness and R is the radius of curvature. The maximum

elastic strain should be below 2% to avoid plastic deformation.
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Figure 2-22. The maximum local strain on the Fe-based MG foil versus the number of

arcs for different aspect ratios [1].

Yousfi et al. [2] systematically found that the exponential of the form can describe
the relationship between the load-displacement curve: F = aexp(Bx), where o and
B are constant. At the same time, x is the displacement at a specific value of load-
displacement, as shown in Figure 2-23(a). The drops in load are related to the
change in the number of the formed sinusoidal arcs when showing discontinuous
values of load and displacement. In contrast, increments between (n+1) and (n)
show a quasi-linear trend. Therefore, the slope between these intervals is
referred to as spring’s rate, see Figure 2-23(b). Therefore, the non-linear load
versus displacement response allows metallic glass foils to act as a non-
conventional spring with variable equivalent spring constants at different ranges
of applied load [2][1].

Furthermore, the initial geometry of the sinusoidal arc is easily configurable to
adjust the mechanical response of the foils on the load-displacement curves
(amplitude h, length L, and width W). Also, metallic glass foil selection (elastic
modulus) and foil thickness can affect mechanical response. However, the initial
geometries with lower L values show a steeper load increase than those with
higher L values. However, the higher L values show a maximum number of arcs

before plastically deforming compared to small L values, see Figure 2-23(c) [2][1].
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Figure 2-23: a) Load-displacement curve for the Fe-based for different boundary
length L values; b) spring’s rate k as a function of the number of arcs for various
boundary conditions of L; ¢c) maximum applied normal load on the foils with
sinusoidal arcs versus the number of arcs for different foil width [2].

Consequently, vitrified alloys have been proposed for spring material with
enhanced properties, functioning as a flat spring with multiple spring rates [3][5].
Panagiotopoulos et al. [1] proposed an electromechanical switch that exploits the
undulatory behaviour of metallic glass foils to operate a flat spring with a specific
spring rate k. Figure 2-24 shows that the linear actuator stopped applying load
and pulled back when 5 sinusoidal arcs were formed. Then metallic glass foil was
pushed back the plate, causing a decrease in the number of arcs, which behaves
as spring. Subsequently, the linear actuator is restarted again when 2 sinusoidal

arcs are formed using a different electric circuit [1].

By their linear contact position, electromechanical switches manufactured from
metallic glass foils can take advantage of undulatory behaviour in practical
applications, such as an alarm device or an automatic aquarium filler, for example

[117]. Figure 2-25 exhibits a schematic for the electric aquarium’s wiring,
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including an automatic device to fill the tank when needed. The concept is to
place a sensor on the glass wall with well-defined high and low levels. The sensor
acts as a switch to operate the motor pump (M-P) and uses an Arduino card
(electronic card) to control the system. Whenever the water level in the aquarium
exceeds the standard value (aquarium filled), the float is in the up position off,
and the pump will not run. However, a signal from sensor S1 will be sent to the
electronic card once the water reaches level 1. After that, the motor starts rotating
from initial arc-shaped to 3 formed sinusoidal arcs. The metallic glass folil
deformed elastically during loading from 1 to 2 sinusoidal arcs, making the first
linear contact position (blue point in Figure 2-25). This contact position makes the
pump on, and filling starts by sending a signal to the electronic card. A continuous
filling is carried out until the development of 3 sinusoidal arcs end of displacement
is achieved (red point in Figure 2-25); another command will be sent to the
electronic card to turn on the motor (M) in the second rotation sense. Finally, an
electronic signal card will be sent to motor (M), returning to its original position,
and filling stops.

b)

@ Electrical
Contact

a)

Linear
Actuator

Linear
Actuator

Electrical
Contact

Electronic
Platform

i1

LOOP

Electronic
Platform

Figure 2-24. An electromechanical switch exploiting the undulatory behaviour
of MG foils [1].
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Figure 2-25. Schematic of the electrical wiring for the automatic filling of an
aguarium using a mechanical response of an MG foil as an electromechanical
switch [117].

Aljerf et al. [127] found that a metallic glass foil can be formed into complex
shapes without embrittlement using thermo-elastic processing (TEP). Aljerf et al.
found that glass alloy tapes, including FessBi7, CosoB20o and Pds2Siis, ternary
Fes1.5B145Sia and CuesoZrsoAlio and more complex quaternary alloys for metal-
metalloid and metal-metal types such as ZrzoNiisCusAls and Pda25CusoNi7.5P20
can be shaped without embrittlement within their elastic limit. However, only the
Pda2.5CusoNiz.5P20 glassy alloy became brittle after shaping. Figure 2-26 shows
ductile metallic glass ribbons in complex shaping undergoing 180° bending
without cracking before and after shaping [127].
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Figure 2-26: a) Shaped Pds;Sizo glassy tape showing double bending ductility; b)

example of MG foil with complex shaping [127].

Aljerf et al. [127], reported that the Taub approach had been used for TEP,
leading to complete shaping without thermal embrittlement for glassy
Fes1.5B14.5Sis. The Taub approach is based on the free-volume model of structural
relaxation [128][129]. However, the model applies to other metallic glasses as

well. Therefore, metallic glasses can be used as spring applications [127].

Panagiotopoulos et al. [118] found that metallic glass behaves shaped into linear
and annular wave springs using TEP under applied load up to 140 N with 5
sinusoidal arcs within the elastic region. Consequently, further loading up to 270
N results in doubling the number of sinusoidal arcs from (5 to 9 sinusoidal arcs),
as seen in Figure 2-27. Once the unloading occurs, the sinusoidal arcs with
double waveform return to their original shape, showing a unique undulatory
behaviour. Due to this elastic strain limit of 2% in metallic glass, reversibility is
attained. In addition, the load-displacement curve for metallic glass foil, loaded to
140 N, obtained the maximum stored elastic energy of 26.6 mJ in the first wave
spring production. During the transition zone, the foil elastically deforms, which
induces the buckling of additional arcs leading to a drop in load. Meanwhile,
elastic energy is also stored. However, when additional arcs on the waveform, it
becomes a different flat spring with a higher load capacity than 270 N and a higher
spring rate (~1780 N/mm) than the initial configuration. Therefore, the maximum

total elastic energy stored in the metallic glass wave spring with the higher
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number of waveforms reaches 39 mJ during loading compared to less energy
stored on unloading, as shown in Figure 2-28. Consequently, the energy storage
capacity of Fe-based MG foils, either in linear or annular form, can be up to 2600
kJ/m3, higher than that in conventional springs [118].

J y

L — e — TNl

Figure 2-27. Front-view snapshots of the shaped MG foil: a) Free-standing pre-
shaped MG foil; (b) elastic deformation at the maximum load when still
functioning as a conventional wave spring; (c) the undulatory behaviour in
which further loading leads to elastic multiplication of the number of arcs in the
waveform and to an increase in the load capacity [118].
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Figure 2-28. Load as a function of displacement during loading and unloading
of the linear wave spring made by pre-shaping an MG foil. The transition zone is
characteristic of MG foils, and corresponds to the undulatory behaviour in which
additional arcs are generated (Fig. 2-26¢) [118].
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Moreover, metallic glass wave springs in linear form can support about 2.5 x 10°
times their weight, and annular wave springs can support about 1.3 x 10° times
their weight. For example, Figure 2-29 shows annular wave springs formed by
TEP of Fe-based metallic glass foils. The appropriate working regime of these
metallic glass wave springs is to be operated with maximum load sustainable by
the initial waveform. However, the hysteresis in the transition zone causes
significant energy dissipation during loading/unloading. Therefore the undulatory
behaviour is significant in providing an essential fail-safe mechanism in case of
overload [118].
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Figure 2-29: a) and b) side view of wave springs with the maximum shaping factor
achievable for (a) Ta < Tembrit (plastic) and (b) Ta > Tembrit (brittle); ¢) and d) the
corresponding 450 views; e) and f) the corresponding top views [118].

Yousfi et al. [119] suggested a model to predict the wavy elastic behaviour of arc-
shaped thin MG foils during a reversible sinusoidal mechanical response. The
concept of this model is based on the specific geometrical condition of the arc-
shape of thin foil of metallic glass, where is following Equation is used [119]:

2 2 -
il =9
4 4
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The Pythagorean theorem has been used where L:is the total length of the foil,
where they assumed the bent of half foil equal to a rectangle triangle. Due to this,
the undulatory behaviour of thin foil is symmetric and then considered as a thin-
walled beam, as shown in Figure 2-30. Figure 2-31 shows the arc-shaped foll,
including all model parameters. Therefore, the angle 8 continuously changes
during undulatory behaviour and is the main parameter for tracing the wavy

elastic behaviour [119].
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Figure 2-30: a) initial arc-shaped MG foil; b) load-displacement curve for
L30h10W25 condition [119].

L/2 Axe de symétrie

Figure 2-31: Present schematic of the arc-shaped MG foil in (x,y) plane with

model parameters [119].
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The undulatory behaviour induced by buckling phenomena, the Bernoulli-Euler
theory is used at the bending moment (flatting area) induced by the curvature

given by:

do 2-4)

Where 0 is the bending rotation angle of the arc-shaped foil at each curvilinear
abscissa S in the plane (x,y), E refers to Young’'s modulus, and | is the moment

of inertia.

The derivative Equation (2-13) can be given in Equation (2-14) which is the

evolution 8 angle during applied load on the foil (undulatory behaviour).

d’0 P _ 0 + F 0 2-5)
azs ~ g T geos @)

Therefore, the correlation between the 6 and radius R; through the wavy elastic

behaviour can be described by the following linear Equation:

R=nh—-m 2-6)

An example of how the amplitude hi changes with amplitude R; during loading can
be seen in Figure 2-32 using the model parameters n and m obtained from the

experiment [119].
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Figure 2-32: a) undulatory behaviour of MG foil with the corresponding curvature

radius Rj; b) the radius curvature R versus amplitude h [119].

Yousfi et al. [119] showed that the numerical code in MATLAB software is entirely
compatible with experimental results. Accordingly, the obtained results based on
a numerical solution of the constitutive equations of the model are in good

agreement with experimental results, as shown in Figure 2-33.
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Figure 2-33: a) numerical results presenting the profiles of foil deform; b)
intermediate stage of undulatory behaviour for metallic glass foil [119].



Furthermore, Yousfi et al. [130] suggested that numerical modelling could
estimate the maximum number of sinusoidal arcs of an arc-shaped metallic glass
foil before plastic deformation occurs. In this study, Abaqus software was used to
simulate the undulatory behaviour of MG foils using a similar linear equation to
the one proposed in [119] for the evolution of the radius of arc curvature, R;,
against amplitude, hi, associated with a strain equation (6) to measure maximum
strain around arc formation, which can trace elastic undulatory behaviour caused

by the applied load of an arc shaped foil [130].

Elastic undulatory behaviour is related to the exceptionally (for metal) extensive
elastic deformation range of metallic glasses. In other words, wavy elastic
patterns of MG foils must be within the elastic range of metallic glass of 2% strain.
However, elastic undulatory behaviour is an underlying mechanism that involves
elastic deformation, bending and buckling occurring sequentially, resulting in
changes in the shape of MG foil and the multiplication of sinusoidal arcs. Although
buckling, as a form of mechanical instability, is often related to the failure of a
structure and is usually an undesirable phenomenon. Despite this, as mentioned

before, buckling behaviour is an essential part of the undulatory mechanism.

2.11 Fatigue on metallic glasses

Fatigue is a form of failure occurring in structures under dynamic and fluctuating
stresses. For example, fatigue failure could occur in bridges, aircraft, and
machine components. Under these stresses, failure can occur considerably
below the tensile or yield strength for a static load at a stress level. The term
fatigue is used because it usually happens after a long period of repeated stress
or strain cycling. Furthermore, fatigue failure is catastrophic and intrinsic,

occurring very suddenly and without warning [131].

Fatigue of amorphous metals was not widely studied until relatively recently,

mainly because of the lack of sufficiently large specimens for testing.

The fatigue behaviour of BMGs has been widely studied for different types of
BMGs. For example, Zr, Fe, and Cu-based BMGs with various loading

approaches, including three-point-bending, four-point-bending, and tension—
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tension approaches. However, these findings indicate a significant difference in
fatigue limits and lifespan between BMG alloys [132][133]; [134]; [135]; [136];
[137].

A significant difference between fatigue results in bulk metallic glasses can be
attributed to several factors, including material composition, material quality,
sample geometry, the chemical environment, the surface state, temperature,
cyclic loading, mean stress, and residual stress [138]; [139]. Recent research has
shown that fatigue cracks growth behaviour is similar to those in other high-
strength alloys. However, for reasons that are not well known, the fatigue
behaviour of amorphous alloys tends to be slightly different from crystalline alloys.
The complicated situation is due to specimen geometry and preparation
variations, as the findings vary from different testing groups [4].

2.11.1 Fatigue crack initiation growth

As with crystalline alloys, steady-state fatigue crack growth occurs according to
the Paris equation in rapidly solidified metallic glass wires and ribbons [140];
[141]; [142].

da 2-7)

Where a is the crack length, N is the number of cycles, AK is the stress intensity
range, and M is a constant for a given material. Amorphous alloys also show a
fatigue threshold AKTH below which fatigue cracks do not propagate; typical

values are AKTH = 1 - 5 MPa m?2, again comparable to many crystalline alloys.

Another similarity is the observation of fatigue striations on the fracture surface,
which can associate their distancing with the measured growth rate of fatigue
cracks [142]. Amorphous alloys exhibit fatigue cracks quite similar to crystalline
alloys, as plastic deformation is permanently involved, repeatedly blunting and

resharpening the crack tip [133].
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Figure 2-34. Fatigue-crack-growth rates (da/dN) against the stress-intensity factor
range (AK) [138].

Wang et al., [138] found that the fatigue crack growth rates of the Zr-based BMGs
and composites could be comparable with conventional crystalline alloys, as
shown in Figure 2-34.

In the Paris system, the exponent M of ductile crystalline alloys and Zr-based
BMGs are typically between 1-3. The fatigue cracks growth rates of Zr-based
BMGs and composites are similar to those of conventional crystalline alloys, such
as ultrahigh-strength steel (300M) and age-hardened aluminium alloy (2090-
T81). However, the AK values of crystalline alloys are usually higher than Zr-
based BMGs. Therefore, Zr-based BMGs are much less than crystalline alloys as
fatigue-fracture hardness begins to spread unstable fatigue-cracking [143]. This
feature might be behind BMG failure, which occurs after several loading cycles,

leading to crack initiation.

2.11.2 Fatigue limit of metallic glasses

Many crystalline alloys display a fatigue limit of about 40% of the tensile strength
lower than a stress amplitude S which the material can be cycled permanently
without failure [144]. Currently, research Zr-based MGs show different

performances, with some classes having fatigue limits of 5% of the tensile
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strength [133]; [134]; [144]. However, Liaw and his colleagues reported values
between 15-25% of the tensile strength [145]. The S-N curve of two classes of
MGs with a four-point stress and strain geometry is shown in Figure 2-35 [145].
Menzel and Dauskardt also quantify fatigue life, suggesting that the cracks

nucleate early and increase at levels consistent with "long"” fatigue cracks [134].

Liaw et al. indicated that a smaller volume of specimens is less likely to have a
defect that induces fatigue crack initiation. Therefore, one would expect these
specimens to show higher fatigue limits. Nevertheless, cracks of fatigue seem
easy to initiate. There are some residual stresses of BMG specimens arising from
the difference in cooling rates between the interior and exterior of the casting
process. Thus, residual stresses will affect fatigue life [144]; [146]. The structural

relaxation may also change because of various cooling rates.
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Figure 2-35. The fatigue life of ZraiTiizsCui2s5NiioBesos [4].

Launey et al., investigated specimens taken from thick plates 4.8 mm, and 2.6
mm, respectively, showing that the specimen 4.8 mm thick had a higher fatigue
limit twice, compared to the specimen with a thick of 2.6 mm. Therefore, it is
attributed to structural relaxation in the thick plate because of the slower cooling
rate [147].
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Wang et al., [148] studied the fatigue behaviour of Zra12Tii38Cui2.5NioBez25
monolithic bulk metallic glass and Zrss.2Tii1z.sNbsCus.oNis.eBei2s bulk metallic
glass containing crystalline phase. They found that the tension-tension fatigue of
the Zr-based composite is comparable with the previous four-point-bend results
reported by Gilbert et al. However, the monolithic BMG had a longer fatigue life
compared to the monolithic BMG used in four-point-bend fatigue. Fatigue crack
initiation is characterised by casting defects in the fracture morphology. In
addition, the Zr-based BMG shows a higher fatigue lifetime than the Zr-based
BMG composite.

Finally, there may also be other consequences, such as the surface finish of the
specimens may be affected, composition differences and oxide surface layer
formation [4]. This field requires additional research to understand the effects of
residual stresses, relaxation and surface preparation, and careful attention

should be given to them.

2.11.3 Fatigue crack initiation

Recently, Menzel and Dauskardt investigated how fatigue cracks initiate on the
surface of fatigue specimens. After just a few loading cycles, it was observed that
a shear band initiates first, and the direction of the maximum stress is oriented at
around 49° [134]. That compares with high cycle fatigue in crystalline metals,
which often account for 80% of fatigue life by crack nucleation. The lack of a

microstructure impedes fatigue crack propagation in amorphous alloys [144].

The importance of initiating fatigue cracks suggests two ways to manage fatigue
failure in amorphous alloys. First, adding a microstructure will restrict the growth
of small fatigue cracks by making a composite, improving fatigue efficiency. A
second way to boost fatigue efficiency could be to add residual compressive

stresses on the surface, as recently done in the shot peening [149].

It is supposed that compressive stresses will likely impede the process of surface
shear bands transforming to mode | crack and the small cracks' growth. It is
essential to note in this regard that for at least part of the loading process, in

compression-compression loading, specimens have a much higher fatigue limit
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than those under tensile loading. [134]. This study shows that maintaining the
part surface component in a non-tensioned state will dramatically enhance the

fatigue resistance of amorphous alloys.

Gilbert et al.,[133] reported that the behaviour of fatigue cracking propagation in
Zr-based BMGs was generally found to be like certain crystalline alloys. However,
the lifetimes of Zr-based BMGs showed lower stress-life fatigue findings
compared to the crystalline alloys. Therefore, the crack initiation could be quickly
initiated in BMGs, due to the absence of grain boundary. During cyclic loading,
fractures in BMGs were observed to initiate from casting defects, such as
porosities, inclusions, or surface flaws, such as polishing scratches [145].

On the other hand, other studies reported that fatigue cracks are initiated from
shear bands. Some researchers indicated that shear bands of formation and
propagation are related to free volume theory, resulting in fatigue behaviour in
BMGs [134]; [150].

Yousfi et al., [2] showed that the fatigue lifespan of Fe-based metallic glass foil,
a 100 mg thin (19 microns) arc-shaped foil bearing cycling loads up to 30 N (~3
kg) was found to be higher than 5000 cycles, comparable (or better) than
conventional low cycle springs. The authors argued that surface or edge defects
generated during the manufacturing process induced the formation of fatigue
cracks. They suggested that improving the surface quality of MG foils may
significantly increase the cycling lifespan, as shown in Figure 2-36. However, this

hypothesis remains yet to be proven.

Figure 2-36: An SEM image shows the crack was initiated by defects created

during sample preparation, and many shear bands formed around the crack tip [2].
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2.12 Springs

A spring is a component that stores mechanical energy and releases it when
subjected to an external force. It absorbs shock and vibration, maintains a force
between two objects, and stores energy. Springs are typically made of metal and
come in various shapes and sizes, including coil springs, leaf springs, and torsion
springs. They are used various applications, including automotive suspension
systems, mechanical watches, and household appliances. The behaviour of a
spring is determined by its material properties, geometry, and the conditions
under which it is used, such as its load, temperature, and rate of loading. Springs
are widely used in various applications due to their ability to store and release
energy. Figure 2-37 shows that most of these springs display linear behaviour
when loaded, but can also be non-linear with constant force springs. Springs are
often used in dynamic loading conditions from repeated or fatigue loading from
varying amplitude stress cycles. However, they can also be used under static
loading conditions at normal temperatures, static loading conditions at elevated
temperatures, or repeating static loading conditions. Passive energy storage is

excellent for springs because of their variability [151].

Non-linear springs exist in many forms and have a wide variety of applications. A
non-linear spring is a compliant mechanism with a non-linear load-displacement

function, as Figure 2-37b shows.
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Figure 2-37: a) The linear spring is the most common spring type; b) the force

of a non-linear spring varies nonlinearly with deflection.

2.12.1 Spring types and applications

Spring can be classified into several types, with its characteristics and purposes.
According to their construction and applied force, these springs can be classified.

Figure 2-38 shows a helical or/and coil spring, used in various applications,
including suspension systems, automotive engines and mechanical devices that
require storing and releasing energy. The spring compresses or stretches the
helix, storing potential energy released when the spring returns to its original
shape. The amount of force a helical spring can exert is determined by its
stiffness or spring constant, a function of its wire diameter, coil diameter, and the
number of coils. Therefore, there are different types of helical springs, including
compression springs, tension springs, extension springs, spiral springs and
torsion springs, each designed to work in a specific way to provide the desired
function [152].
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Figure 2-38. Shows helical or coil spring types, made from wire coiled as a helix
[153].

Figure 2-39 presents a disc spring, also known as a Belleville spring, conical
spring shaped like a washer or a disc. This kind of spring consists of conically
shaped discs stacked on each other. When a load is applied, the spring
compresses and the disc stack flattens out, allowing it to absorb and distribute
the load. Because of their conical shape, disc springs provide a higher load
capacity than other types of springs of the same size and thickness. Disc springs
are commonly used in bolted connections, valves, and various types of
machinery, including automotive and aerospace applications [152]. They are also
used in high-pressure applications, such as hydraulic systems, to help absorb
shock and vibration. However, disc springs come in various shapes, including
Belleville springs, wave springs, curved springs and slotted disc springs. Table

2-11 shows common spring materials listed according to their typical properties.
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Figure 2-39. Types of disc springs with around-shaped conical disc [153].

Table 2-11. Mechanical properties of different spring materials [152].

Young’s modulus Modulus of Densi Maximum service

Material (GPa) rigidity (GPa) (kg/m”) temperature (°C)
Music wire 207 79.3 7860 120
Hard drawn wire 207 79.3 7860 150
Qil tempered 207 79.3 7860 150
Valve spring 207 79.3 7860 150
Chrome vanadium alloy steel wire 207 79.3 7860 220
Chrome silicon alloy steel wire 207 79.3 7860 245
302 stainless steel 193 69 7920 260
17-7 PH stainless steel 203 75.8 7810 315
Phosphor bronze (A) 103 43.4 8860 95
Silicon bronze (A) 103 38.6 8530 95
Silicon bronze (B) 17 441 8750 95
Beryllium copper 128 48.3 8260 205
Inconel 600 214 75.8 8430 320
Inconel X750 214 79.3 8250 595
AlISI 1050 207 79.3 7860 95
AlISI 1065 207 79.3 7860 95
AISI 1074 207 79.3 7860 120
AISI 1095 207 79.3 7860 120
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2.12.2 Metallic glasses spring applications

Metallic glass springs represent a novel category of springs, harnessing their
amorphous structure and distinctive attributes. Metallic glass springs are still a
relatively new technology. They have already found use in various applications,
including precision instruments, medical devices and aerospace components.
Their unique properties make them ideal for applications where traditional metal
springs are unsuitable due to strength, corrosion resistance and elasticity

limitations.

Spring’s strain energy absorption rate is also determined by its load-displacement
function since the integral is equal to the strain energy of the spring, see Figure
2-40. Load-displacement of non-linear spring function and strain energy
absorption rate [154]. [154]. The performance of bandpass filters can be improved
using non-linear hardening and softening springs in micromechanical systems
(MEMS) [155]. Figure 2-41 shows an example of a spring actuator [156].
Therefore, metallic glass thin foils will be useful in this kind of application; this
implies the components and devices will be small, particularly micro-electro-

mechanical systems (MEMS).

F.3

Load
Strain Energy

»
Displacement

Figure 2-40. Load-displacement of non-linear spring function and strain energy

absorption rate [154].

Thin metallic components of different shapes and designs, including waves, coil,

and flat springs, are of interest to applications in sensors and actuators, as shown
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in Figure 2-41 of MEMS devices [123][157][158]. The range of materials used can
be broadened, and metallic glass foils are of a particular material to be
considered. Shock absorbers depend on non-linear springs, and robotic joints
generate non-linear elastic relations as a quadratic spring. They are used to
create a passively compliant robot joint with a series-elastic actuator [159].
Therefore, many applications take advantage of spring rate, a class of nonlinear
springs. Since load-displacement functions differ, spring configurations must be
modified for each non-linear spring application. Figure 2-42 illustrates metallic
glass foils for non-linear spring applications, such as annular waves, coils, and

helical springs.

Direction of motion
(Out-of-plane direction,
Conical spring
moving electrode

Release state Pull-in state
(Vohage OFF) (Voltage ON)

Figure 2-41. Conical spring microactuator, fundamental structure and

micrographs [156].

Wave annular spring exhibit remarkably high in terms of stored elastic energy
values per unit volume of material-assisted load and stored energy per unit
weight. Therefore, the use of MG foils can increase these values significantly.
Thus, deposition methods in MEMS device manufacturing can achieve more
property changes for springs for thinner foils [118].
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Figure 2-42: a) Selection of inner and outer diameter for MG annular wave

springs [118]; b) spiral shape spring made of ZrasTi11CuioNioBess glassy alloy
[26][160]; c) helical springs of ZrssCusoAl10Nis glassy wire alloy [26].
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3 Research Methodology

3.1 Introduction

This chapter presents the different experimental techniques that we used for each
step. The experimental work goes through three essential stages: i) the
mechanical response of metallic glass foils of different compositions and partially
crystalline metallic glass foils under applied load; ii) the selection and preparation
of samples for mechanical tests (undulatory behaviour and fatigue test); iii)

structural analysis by characterisation techniques.

3.2 Materials

The materials used in this work are commercially available in ribbon form for
different quantities and dimensions, but with a standard width of 25 mm, they are
sold as roll packages. In this project, three materials were selected with different
compositions and thicknesses. The main reason for choosing these materials is
to examine the effect of geometrical characteristics of metallic glass foils such as
the geometry of the initial arc, length/amplitude, and thickness of the foils on the
elastic undulatory behaviour in terms of applied load-displacement, maximum
number of arcs before plastic deformation, local strain and cycle lifetime during
loading/unloading cyclic of these foils for selected materials.

Fe-based glassy foils are the primary amorphous alloy used in this project since
it is the first foil shown in the literature to exhibit undulatory behaviour. This
research builds upon existing literature and uses a different amorphous glassy
alloy with a different thickness, namely NiFe-based metallic glass foils. Moreover,
the third material, Ni-based metallic glass foils has been selected because these
foils are partially crystalline with MG composition and have two different
thicknesses. Therefore, these materials were chosen in this research to
investigate the mechanical performance of thin foil metallic glass and its estimate
of undulatory behaviour using a variety of glassy foils. In addition, these materials
were selected to examine the fatigue limit undergoing cyclic loading/unloading.
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3.2.1 Fe-based metallic glass foils

The main Fe-based glassy foil commercially available was used for this project
with a nominal composition of Fe7e.10Cr2.48Si4.51B16.01 (at.%) foil with a thickness
of 19 um and width of 25 mm. The mechanical properties of Fe-based metallic
glass alloy exhibited Young’s modulus E around 150 GPa as measured by
nanoindentation, which depends on the difference of compositions and

mechanical strength of about 3320 MPa as measured by tensile test [82].

3.2.2 NiFe-based metallic glass foils

NiFe-based metallic glass foils have been used in this project, commercially
available from Goodfellow, with a composition of NisoFeso(SiB)19Mo1 (at.%) with

a thickness of 25 ym and width of 25 mm.

3.2.3 Ni-based metallic glass foils

The third material selected for this project is Ni7sB14Sis (at.%) metallic glass foils
commercially available from the Goodfellow company. However, these foils have
been chosen with two different thicknesses of 25 ym and 40 uym for research
purposes and have a similar width of 25 mm. The mechanical properties, such
as tensile strength between (1.5 to 2) GPa, and Young’s modulus is about 150
GPa [161].

3.3 An experimental method to explore undulatory behaviour

3.3.1 Method

The metallic glass foils were placed on a base with fixation clamps on both foil
ends for a specific length L refers to horizontal boundary length, and the height
of arc curvature between the top of the arc and bottom of the base refers to
amplitude h, as shown in Figure 3-1. However, this project has only used the
aspect ratio (h=L/4). This aspect ratio for harmonic motion is a significant
parameter for the undulatory response of metallic glass foils. Equation (3-1) was

proposed to achieve wavy elastic behaviour by Panagiotopoulos et al [1].
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The metallic glass foil samples were cut to a specific length depending on the
aspect ratio of amplitude to boundary length (h:L) using ceramic scissors to avoid

defects as much as possible along the foil cutting.

The rectangular-shaped metallic glass foil samples were cut and prepared to
meet the required dimensions. These samples have a width of 25 mm, but
different thicknesses. The mechanical testing was conducted in an Instron
machine. The most used loading rate of the test machine was 1 mm/min, but also
different loading rates of 10 mm/min and 100 mm/min were examined. Four
parameters were selected for these experiments: boundary lengths L, amplitude
h, thickness d and material types.

Furthermore, other parts have been manufactured for this custom test; four parts
have been attached to the top of the Instron machine (loading plate) when pushed
down, as shown in Figure 3-1. In addition, flat based is used to fix the specimen.
Two fixtures contain scales to attach the loading plate and a high-speed camera
for recording.

Moreover, the metallic glass foils exhibit two different surface finishing and
topography: wheel side and air side. Therefore, the metallic glass foils were
always placed in the same direction for entire tests. There was a preference to
put the air side towards the base and the wheel side towards the loading plate to
reduce friction between the base and specimen due to the air side's better surface

finish.

93



loading plate

G foil .

Figure 3-1. Specimen of MG foil set-up, including parts attached to a machine.

The metallic glass foils were inspected before mechanical or fatigue testing to
check if any defects could be seen on these samples. These defects are
produced by either the manufacturing process or the storage method at the
supplier. Typically, these defects appear as lines running along the length of the
foil or as dent marks. Due, however, to potential impacts on the mechanical
performance and/or concerns over the early failure of these foils during cyclic

loading, the foils with defects on the surface (visual defects) were not tested.

3.3.2 Set-up

An Instron 825 compression machine was employed for mechanical testing by
applying load on the top of the arc-shaped foils, as shown in Figure 3-2. A piece
of foil was placed between two fixtures (top and bottom). A measuring scale was
then attached to the loading frame and adjusted to align the top foil to a zero
reading on the scale. The load increase at a rate of 1 mm/min. The position of
the top plate when it was in contact with the top foil was measured on the scale
and recorded. The foil started bending and buckling to create a new arc as the
load increased. Once the load was released, the foil snaped to its original shape

and returned to the initial back position (zero).
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AL

Figure 3-2. An Instron compression machine enclosing the MG foil between custom-

made fixtures.

Compression tests following a specific protocol, as shown in Figure 3-2,
measured load-displacement curves. An arc-shaped foil must be perfectly
aligned, especially with significant boundary lengths, for alignment to be perfect.
Mechanical properties such as elastic and plastic deformation and local strains
are directly measured from the load-displacement curve by analysing images to

measure local strains.

A Panasonic DMC-G7 camera was used to record the loading/unloading process.
The obtained images were used to analysis of local strains on the foils. The
captures of arc curvature were used for measuring local strain to find elastic and
plastic deformation regions during undulatory behaviour. Load-displacement
curves were recorded for foils using initial arc length L values ranging from 20 to
50 mm, initial arc amplitude h in of 5 to 12.5 mm range and a constant ratio of
L/h=4.

The local strain was measured using Equation (3-2); the pre-test takes arc-
shaped with a bit strain representing the initial arc shape. Therefore, in this case,
the maximum local strain shows in compression at a bottom radius of curvature

and tension mode at the top arc curvature. However, the strain is distributed
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inhomogeneously on the foil surface. Consequently, the Equation below is

derived based on the bending behaviour of the foil, as shown in Figure 3-3.

Figure 3-3. Foil and deformed shape to estimate local strain.

Aljerf et al. [127] measured the local strain to find the elastic deformation limit
of sinusoidal undulation for metallic glass foils of 2% strain. As the foil
undergoes deformation and bending phenomena, the strain is not
homogeneously distributed; it becomes maximum locally at positions that
exhibit the highest bending or the smallest radius of curvature. Therefore, the
maximum local strain is estimated to occur before the foil snaps, as shown in

Figure 3-4.

d (3-2)

The d refers to foil thickness, and Rj is the radius of curvature.

12.19mm 4.42m
% 62

~Ds.49 E \

. 50.00mm "

Figure 3-4. Analysis of local strain measurements to estimate MG foil deformation
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Therefore, all the cases of an aspect ratio of amplitude:length chosen in our work
follow this principle, which always follows Equation (3-2) to the estimate
maximum number of arcs and ensure the undulatory behaviour of metallic glass

foils still within elastic deformation.

3.3.3 Structure characterisation techniques of MG foils

After testing the undulatory behaviour of metallic glass foils used characterisation

techniques to examine the samples as follows:

3.3.3.1 X-ray diffraction (XRD)

The structure of metallic glass foils was examined by X-ray diffraction. X-ray
diffraction measurements were employed to characterise the structure of the foils
using Siemens D5005 with CuKa radiation with beam length (A cu = 1.5406) in
the 20 range of 20° to 90°. X-ray diffraction was conducted on the air and wheel
sides to examine the structure on both foil surfaces to calculate volume fracture

crystallinity.

3.3.3.2 Differential scanning calorimetry (DSC)

The glass transition (Tg) and crystallisation temperature (Tx) of metallic glass foils
were examined by differential scanning calorimetry (DSC). DSC using a TA
instrument Q200 was employed to investigate the thermal stability of the foils.
The measurements were performed in an argon atmosphere using a heating rate
of 20° C/min up to 550 °C using standard aluminium pans. The weight of each
sample was scaled and should be over 5 mg.

3.4 An experimental method to explore fatigue life under load
cycling

3.4.1 Method and Set-up

In this project, to obtain accurate cyclic loading/unloading, a custom device
fatigue test was used to evaluate the tension-compression fatigue life of loading

and unloading MG foils at room temperature. This device contains a stepper
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motor that is a releasable linear actuator with an input voltage of 5.6 V, a
maximum load of 58 N and an extension bar up to 10 mm and nominal power of
5 W, a performance speed of 150 mm/min (those specifications are taken from
the manufacturer company). This device is controlled by an Arduino card
(electronic card) for a specific displacement to perform cyclic fatigue. The
specimen of metallic glass foil is placed between the back wall of the device and
in the front loading (pushing) plate attached to a sliding rail, as shown in Figure
3-5. Due to the displacement limitation on this device, the number of arcs was
selected based on the extension bar for all boundary conditions used in cyclic

fatigue.

Arduino card
(electronic card)

MG foil  Pushing plate Extension bar

Figure 3-5. Shows the cycle fatigue device with a stepper motor and pushing
plates at the other end.

To ensure the constrained MG foil is compressed with an equal load through
loaded and unloaded, the specimen (MG foil) must be perpendicular to the
pushing (loading) plates. The metallic glass foil was adjusted during pre-testing
by controlling the distance of the motor (displacement). The cyclic fatigue device
applied load on the foils which undergo undulatory deformation up to the number
of cycles, after which cracking was observed, thus, defining the failure point. The

failure was identified by the inability of the metallic glass foil to repeat undulatory
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behaviour (noticing a difference in geometry behaviour during cyclic fatigue).

However, each fatigue cycle is defined as loading/unloading, taking 2 seconds.

Samples were tested at various boundary lengths L in a range from 20 to 50 mm
with an amplitude of initial arc shape of L/4. Testing was conducted until the

sample failed or until the initial crack occurred.

The specimen (foil) was placed on the plastic plate with dimensions of 45 mm
wide, 45 mm long and 8 mm thick, as shown in Figure 3-6. This plate was
machined with good surface finishing to minimise surface effects during fatigue

tests, made from plastic material and two clamps used made from stainless steel.

Fixed clamps

Figure 3-6. Plastic support where the specimen (MG foil) is placed and secured

with stainless steel fixing clamps.

Fe-based glassy foil samples were tested at various boundary lengths L
ranging from 20 to 50 mm each with an aspect ratio of L/4 for the initial arc
shape (multiple sinusoidal arcs are generated during a load cycle). NiFe-based
and Ni-based glassy foils were tested with boundary length L= 20 mm with the
same aspect ratio of the initial arc, L/4. Table 3-1 presents the dimensions of

the metallic glass foils investigated in this study.

Testing continued until the sample failed or until an initial crack was observed.
After the samples were cycled to failure, they were removed and stored. The
fracture surfaces of selected specimens were examined using a Tescan VEGA

4 SEM to aid the analysis of the fatigue and fracture mechanism.
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Table 3-1. Experimental design for metallic glass foils during cyclic loading.

MG foil Thickness Boundary lengths Cyclic '0"?‘0“”9
operation
Fe-based MG 19 um L=20 mm (2,3,4 and 5) arcs
Fe-based MG 19 um L=30 mm (3,4,5 and 6) arcs
Fe-based MG 19 um L=50 mm (4,5,6,7 and 8) arcs
NiFe-based MG 25 um L=20 mm (2,3 and 4) arcs
Ni-based MG 25 um L=20 mm (2, 3and 4) arcs

3.4.2 Characterisation techniques of MG foils

After the samples were cycled to failure, they were removed and stored to

examine the failure of MG foils as follows:

3.4.2.1 Scanning electron microscopy (SEM)

The surface metallic glass foil specimens subjected to cyclic fatigue testing were
analysed by SEM analysis, obtaining valuable information about the surface
morphology, and fracture mechanisms of the samples after mechanical cycling.
SEM measurements were employed to characterise the foils' topography and
crack initiation sites. They were also carried out at different magnifications to
examine the shear band and evolution of crack initiation in a Tescan VEGA 4
SEM.

3.4.2.2 Interferometer measurements

The metallic glass foils used in this research have two sides with different
topography. One side was in contact with a gaseous atmosphere, and the other

was with the copper wheel during manufacturing.

The surface roughness was measured using a Taylor Hobson Precision
Interferometer CCI. A series of measurements across the width of the foil of 25
mm, on the two sides, were taken with an interspacing of 0.4 mm between each
measurement. The areas measured were 0.8 x 0.8 mm?, with a total number of

measurements being 31 along the foil width, as shown in Figure 3-7. After
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measurement, levelling was applied and line profiles were extracted for
evaluation. The line profiles were filtered (Gaussian) with a cut-off of 0.025 mm
to eliminate the noise in the measurement. The primary profile (P-profile)
parameters Pa (arithmetic mean height), Pq (root-mean-square) and P: (total
height) were extracted from the profiles. Since surfaces in their functional state
can be better understood through three-dimensional techniques, areal
parameters were extracted from the 3D surface map measured. The kurtosis
(Sku) and skewness (Ssk) were used to evaluate the peaks and valleys on the

surface.
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Figure 3-7. A Schematic of foil dimensions for 31 measurements taken along the
foil width.
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4 Undulatory elastic behaviour of metallic glass foils of
fully amorphous alloy

4.1 Introduction

This chapter presents a pioneering investigation into the undulatory behaviour of
Ni-Fe-Si-B-Mo metallic glass foils for the first time, and compare with that of the
previously reported Fe-Cr-Si-B foil, using a similar methodology as the one
proposed in [1] and using a similar experimental set up, as shown in Figure 4-1.
In this chapter, the undulatory behaviour of a Ni-Fe-Si-B-Mo metallic glass foil
has been systematically studied and to draw insightful comparisons with the
behaviour observed in Fe-Cr-Si-B foil. Thus, the aim of this chapter is to shed
light on the variations in the undulatory behaviour of amorphous glassy alloys
with different thickness foil and see how different mechanical responses between
those foils. This chapter also examined and compared crystalline and superalloy
foils on undulatory behaviour. Several key factors influence the undulatory
behaviour observed in these metallic glass foils. These factors encompass the
alloy compositions, characterised by differences in their elastic and mechanical
properties, as well as variations in foil thickness and the initial geometric
parameters of the sinusoidal arcs. These geometric parameters include the
boundary horizontal length denoted as (L) and the amplitude of the arcs (h).
Together, these variables contribute to the diverse and intricate manifestations of

undulatory behaviour observed in these foils.

In essence, this chapter serves as an exploration into the undulatory behaviour
of a novel amorphous glassy alloy, the Ni-Fe-Si-B-Mo metallic glass foil, while
drawing comparisons to previously studied materials. This investigation aims to
unravel the complexities of undulatory behaviour dynamics influenced by alloy
compositions, foil thickness, and geometric parameters, a pursuit that promises

to enrich our understanding of this intriguing phenomenon.
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3 Joading plate
MG foi

Figure 4-1: a) Initial arc-shaped of MG foil; b) harmonic undulatory response of

arc shaped of MG foil

4.2 Results and discussion

4.2.1 Structure

Figure 4-2 show X-ray diffraction patterns taken from the Fego.65Cr2.75Si2.7B3.9 and
NisoFeso(SiB)19Mo1 melt spun foils with 19 ym and 25 um thickness, respectively.
Both patterns exhibit only broad-diffuse peaks (around 44° in 2-theta angle)
indicating their amorphous nature. Figure 4-3 presents DSC thermograms of the
two amorphous materials studied in this work. For the Fego.65Cr2.75Si2.7B3.9 ribbon,
an exothermic peak with onset at Tx = 520 °C is observed, corresponding to the
crystallisation of the amorphous phase. For the NisoFeso(SiB)isMo1 alloy,
crystallisation occurs at about 455 °C, whereas a second crystallisation reaction

occurs around 525 °C.
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Figure 4-2. X-ray diffraction patternd of the metallic glass foils.
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Figure 4-3. DSC thermograms for the metallic glass foils.

4.2.2 Undulatory behaviour

Mechanical loading was applied on the top of arc-shaped Fe-based and NiFe-
based foils as shown in Figure 4-1. Upon loading, the foils deform elastically up
to a specific value of load or displacement, followed by a change in their shape
leading to a successive increase of the number of sinusoidal arcs, Figure 4-1b.
Figure 4-4a presents the load versus displacement for the Fe-based MG foil with
boundary distance L=20 mm, amplitude of the initial arc h1=5 mm (aspect ratio

hi=L/4), Figure 4-1la. As expected, the results in Figure 4-4a indicate a similar
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undulatory behaviour with that shown by Panagiotopoulos, et al [1]. During
loading, the load-displacement curves can be overall described by exponential
relations of the type F = a * exp(B x), where a and 3 are constants(depended on
the initial arc geometry and materials) and x is the displacement. The
discontinuities, represented by (small) but sharp load decreases, occur at the
time of the formation of additional arcs. In between these abrupt drops in load,
one could approach the segments of the curve as quasi-linear, with the slopes
considered equivalent the spring rate k according to Hooke’s law. Overall, due to
the undulatory behaviour, arc-shaped metallic glass foils subjected to loading
conditions as shown in Figure 4-1, operate as non-linear flat springs with variable
spring's rates [2].
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Figure 4-4: a) Load-displacement curves for ten cycles loading/unloading of a
foil; b) load-displacement curves on three different samples of Fe-based metallic
glass foils.

Figure 4-4a shows ten (10) successive loading cycles for the same foil to follow
the exact same path, highlighting the repeatability of the undulatory behaviour.
During unloading, the load-displacement path shows a hysteresis compared to
the loading path, but yet identical for all unloading cycles; returning however to

the exact initial shape and position as the initial sinusoidal arc.

Figure 4-4b shows the load displacement response of three samples of the same

material (Fe-based foil) and same initial arc geometry. The three samples follow
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essentially the same path showing the same behaviour as expected, confirming
the repeatability of the process. Some minor variations at the position when the
sharp load drop starts in same cases can be observed, whereas the paths exactly
coincide again when loading resumes, as shown in the insert of Figure 4-4b.

Fego.659i27B3.9Crp 75- 19 um vs NigFe,o(SiB)gMoy- 25 um
h=L/4

e =20 mm Loading-NiFe-MG-25 um

~~~~~~~~ L=20 mm Unloading-NiFe-MG-25 zm)

250 e =20 mm Loading Fe-MG-19 ¢m

-------- L=20 mm Unloading Fe-MG-19 um

300
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100
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Figure 4-5. Load-displacement curves upon loading for the NiFe-based (25 pum
thick, blue) metallic glass foil compared to the Fe-based (19 um thick, red) one

for L=20mm and h:=5mm.

Figure 4-5 presents the load-displacement curve upon loading for an arc-shaped
NiFe-based (25 pum thick) metallic glass foil -for the first time- in comparison with
the Fe-based one (19 pum thick) for L= 20mm and h:=5mm. A similar behaviour
can be observed for the two amorphous foils, as expected, where the load
increases quasi-exponentially with increasing distance. The arc multiplication
occurs at about the same displacement values for both foils, but clearly, the NiFe-
based foil exhibits higher load values compared to the Fe-based one. For
example, the transition from 2 to 3 arcs the NiFe-based foil requires around 16 N
whereas for the thinner Fe-foil only 5 N while the transition from 4 to 5 arcs
requires 100 N compared with Fe-based MG foil that requires 42 N. For higher
order transitions the load differences are even higher. This indicates that with the
appropriate choice of the thickness of the foils as well as the metallic glass alloy

—in terms of Young’'s modulus — one can effectively design non-linear flat spring
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type devices with desirable mechanical response. Further work is discussed in
Chapter 5 to study the effect of foil thickness on the mechanical undulatory

response of the metallic glass foils.

Focusing on the unloading cycle, again, a “hysteresis” is observed in the
unloading cycle, in both cases, while the foil returns to the initial position and
resuming the initial sinusoidal arc shape. Obviously, the hysteresis that occurs
during unloading can contribute to the energy dissipated, and altering its
mechanical response, as can be seen in unloading path in Figure 4-4b.
Consequently, hysteresis during the unloading process is primarily due to stress
relaxation during unloading, where the stress or/load decreases at a slower rate
than during loading. According to Panagiotopoulos, storage energy is returned to
the system after unloading and is significantly less than the energy expended by
loading. Further, metallic glass linear wave springs with waveform multiplication
reach 39 mJ [118]. The difference between the energy expended and the energy
returned is often referred to as energy loss or energy dissipation. This can result
from various factors, including the release of stored internal stresses. Stress
relaxation contributes to hysteresis by causing the stress-strain (load-
displacement) curve during unloading to deviate from the loading curve.
However, controlling these factors causing hysteresis is essential for engineering

applications involving metallic glass foils.

Figure 4-6a and Figure 4-6b depicts the load-displacement curves for boundary
distance L values in the range of 20 -50 mm and h to L ratio hy/L=0.25 for NiFe-
based (25 um thick) and the Fe-based glassy foils respectively. Spring type set-
ups with higher L values can reach higher number of arcs (while still within the
elastic deformation limit of 2% for the metallic glass foils) as well as higher load
and displacement values. Thus, the geometry and size of the initial sinusoidal arc
gives of course another design tool to tune the range of the mechanical

responses of these types of spring-type set-ups or devices.

Figure 4-7a shows the load required to induce the transition from ni sinusoidal
arcs to the ni +1 arc versus the number of arcs for the Fe-based and NiFe-based

metallic glass foils with initial arc geometry defined by L values in the range of 20
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—50 mm and initial amplitude h: to L ration hi/L= 0.25. Comparing the two foils,
the load for the NiFe-based foils is higher than those for the thinner Fe-foils as
inferred from Figure 4-6a and Figure 4-6b. Comparing the initial boundary length
L, higher L values lead to lower load for the same number of arcs. However, the
glassy foil set-ups with higher L values can allow the formation of higher number
of arcs while remaining in the region of elastic deformation of the metallic glass

foils and thus able to reach considerably higher load values.
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Figure 4-6: a) Load-displacement curves for the NiFe-based (25 um thick)
metallic glass foil for boundary distance L values in the range of 20 =50 mm and
h, to L ration hi/L=0.25; b) Load-displacement curves for the Fe-based (19 um

thick) metallic glass foil.
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Figure 4-7b shows the calculated spring rate versus the number of arcs for
different boundary lengths (L) for both type of glassy foils. Similarly, the spring
rate k values show exponential increase with the increase of the number of arcs.
For initial foil set-up with higher L values this increase of is more gradual in the
beginning but can reach higher number arcs and higher k values. Furthermore,
the NiFe-based MG foils exhibit higher k values compared to the thinner Fe-
based alloy. Characteristically, for the Ni-Fe based MG foil at L=50 mm, the
estimated spring rate range from about 1 to 1600 N/mm depending on the number
of the formed arcs, and the horizontal boundary conditions L. Thus, the NiFe-
based MG foil is shown higher load values and spring rate values mainly due to

its higher thickness compared to Fe-based MG foil.
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Figure 4-7: a) Maximum applied normal load on the foils with n; sinusoidal arcs
just before the formation of the n; +1 arc versus the number of arcs for the Fe-
based and NiF-based metallic glass foils for set-ups with boundary distance L
values in the range of 20 =50 mm and hi to L ratio hi/L= 0.25; b) the spring
constants as calculated in the quasi-linear segments of the load-displacement

curves Values for L= 40 mm were omitted for the clarity of the graphs.

4.2.3 Estimation of local strain

For the undulatory behaviour to remain reversible and repeatable, plastic
deformation must be avoided. Thus, the strain must always remain below 2%
which is the limit of elastic deformation in metallic glasses. As the foil undergoes

deformation and bending phenomena, the strain is not homogeneously

110



distributed in the foil; it rather becomes maximum locally at positions that exhibit
“highest bending” or the smallest radius of curvature. Previously considered [1]
the local strains at the waveforms with perfectly shaped sinusoidal arcs, as shown
in Figure 4-8a. However, a close observation of the evolution of the foil's
geometry Figure 4-8b, reveals that the radius of curvature is smallest just before
the formation of a new (ni+1) arc (Rs in Figure 4-8b) rather than when an
additional arc is formed see Rz and R4 in Figure 4-8b and thus the strain needs
to be primarily considered at this step of the shape evolution of the foil. These
states of the foil's shape evolution are indicated in the load displacement curve
of Figure 4-8c. Thus, between Rz and R4 the transition from two to three arcs

occurs accompanied by a drop in load.
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Figure 4-8: a) Assembly of snapshots from the undulatory response of a metallic
glass foil with images of waveforms with perfect sinusoidal shaped arcs; b)
assembly of snapshots from the undulatory response with images of waveforms
with perfect sinusoidal shaped arcs (R2 and R4) and distorted arcs (Rs); and c)

load-displacement curve of the undulatory response for the Fe-based foil.
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Figure 4-9a presents the local strain on the foils at the steps where perfect
sinusoidal arcs are formed, equivalent to Rz and R4 in Figure 4-8b for the NiFe
metallic glass foil with a variety of initial boundary lengths between L=20 mm and
L=50 mm. Figure 4-9b presents the estimated local strains foils at the steps of
maximum distortion, equivalent to Rs in Figure 4-8b for similar conditions as in
Figure 4-9a. In both cases and all represented measurements, the local strain

remains below the 2% limit of elastic deformation.
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Figure 4-9: Maximum local strain on the foils a) at waveforms with perfectly
shaped sinusoidal arcs (equivalent to R, and R4 in the example of Figure 4-8b);
b) at waveforms with distorted arcs, just before the formation of a new (ni+1) arc

(equivalent to Rz in the example of Figure 4-8b).
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The results confirm previous observations on a different alloy system on one hand
and on the other hand, uncover the remarkable repeatability of the undulations
under cycling conditions. Overall, the work significantly contributes to the
understanding of the recently discovered undulatory mechanical response and

clarifies the operational limitations imposed by local deformation.

4.2.4 Loading/unloading rate effects

Figure 4-10a shows three (3) loading rates of load-displacement curves for the
same foil to prove their mechanical response, indicating the same undulatory
behaviour. However, the loading path exhibits minor variations in load values at
a new arc formation due to the impact of various loading rates on the undulatory
behaviour of metallic glass foils. For example, for a 1 mm/min loading rate the
highest load value for a new arc to be formed is bigger compared to 100 mm/min
loading rate. Therefore, a high loading rate will change the arc curvature
geometry faster than the normal speed loading rate (1 mm/min), resulting in arc
formation at less load values. During unloading, the load-displacement curves
follow the same identical path for all unloading rates to return to their initial

sinusoidal arc.

Figure 4-10b shows the load versus the number of arcs response of three loading
rates of the same material (Fe-based foil) and the same aspect ratio (hi=L/4) for
L=20 mm. All three loading rates are generally consistent, indicating that
undulatory behaviour can be reproduced when loading rates differ. Although, in
the same cases, some minor variations in load can be observed at the point
where the new arc is generated. Thus, the different loading rates do not result in
different undulatory behaviour during loading/unloading and the same maximum
number of sinusoidal arcs are always achieved. In other words, the
loading/unloading curve follows a similar path for each sinusoidal arc regardless

of load rates.

113



Fego 65512 7B3 5Cra 75 - 19 um Fego 5553783 9Cra 75 - 19um

14 60
0 h=U4 h=L/4 m
|—— L=20mm Loading rate of 1mm/min ® L=20mm Loading rate of 1mm/min .
120 4 L=20mm unloading rate of Tmm/min @ L=20mm Loading rate of 10mm/min /
—— L=20mm Loading rate of 10mm/min 50 - A L=20mm Loading rate of 100mm/min /' /‘
L=20mm unloading r ,
| L=20mm Loading rate of 100mm/min YAv; /l
100 L=20mm unloading rate of 100mm/min . .
40 Y
",
— 80 - KRy
= .
z €30+ Y,
o
g 60 & /L
| o .
| 7
20 - e
40 4 R
AT
1 Arc AP
20 10 2T
208
=1
-
0 0 =i T8
T T
0 1 2 3 4 T
1 2 3 4 5

Displacement (mm) Number of arcs

Figure 4-10: a) Representative load-displacement of the Fe-based MG with 19
pm thickness at different applied loading rates; b) The typical load vs number

of arcs at various equivalent loading rates.

4.2.5 Mechanical response of crystalline materials

The mechanical response for crystalline materials has been tested before by
Panagiotopoulos et al. [1]. Therefore, to evaluate whether crystalline materials
can exhibit undulatory behaviour, similar tests were carried out using crystalline
foil made of stainless steel with a thickness of 20 um and width of 25 mm to
investigate the ability of mechanical response. Mechanical loading was applied
on the top of an arc-shaped stainless-steel foil, as shown in Figure 4-11a. Figure
4-11b shows the load-displacement curve upon only one loading/unloading cycle
for an arc-shaped stainless-steel foil (20 um) for L= 20 mm and h:=5 mm. Upon
loading, the foil starts to deform, followed by a change in shape from 1 to 2
sinusoidal arcs, but clearly, the stainless-steel foil exhibits higher load values
compared to glassy foils within the same thickness. During the transition from 2
to 3 arcs, arc curvature geometry becomes unsymmetrical, indicating plastic
deformation. Unloading shows a slow snapback, but the foil does not return to its

initial arc-shaped due to permanent plastic deformation.

Compared to amorphous folil, crystalline foil shows different behaviour due to

plastic deformation that occurs when the foil begins to deform from 1 to 2
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sinusoidal arcs. Therefore, crystalline alloys exhibit limited elastic deformation
between (0.2 - 0.5) %, which limits the crystalline foils' ability to exhibit mechanical
response and makes them more likely to deform plastically in the early stage

without multiplication of the initial arc.
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Figure 4-11: a) Mechanical response of arc-shaped stainless-steel foil (adapted
from [1]); b) load-displacement curve upon loading for stainless-steel crystalline
foil; c) image of plastic deformation that is created after testing on the stainless-

steel foil.

Figure 4-11c shows stainless steel foil after load-displacement testing for visual
defects caused by plastic deformation under applied load. The associated
deformation occurred due to the limited ability of crystalline foil to deform
elastically. These plastic deformation signs would usually present themselves as

a crease line or as an indent in the material.
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4.2.6 Mechanical response of superelastic alloy

The undulatory behaviour of Ni-Ti foil has been tested for the first time. A similar
geometry set-up is used for testing the mechanical response for Ni-Ti foil of 50
um thickness with boundary distance L=20 mm, the amplitude of the initial arc
h1=5 mm hi=L/4 (aspect ratio hi/L= 0.25), as shown in Figure 4-12. The results in
Figure 4-12a indicate that the foil deforms elastically from the initial arc to 2 arcs
and then deforms plastically for more sinusoidal arcs. However, the arc geometry
is not symmetric (not perfect shape), and the arc geometry changes from 2 arcs
as the load increases to form up to 4 arcs. During unloading, the load-
displacement curve shows load drop compared to the loading path but returns to
its initial shape with minor signs of plastic deformation. These plastic
deformations were observed on the Ni-Ti foil, similar to a crease line along the
foil. Therefore, superelastic alloys show a different behaviour, unlike those seen
in metallic glass foils and could be exploited for particular applications, such as a

medical application.
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Figure 4-12: a) load-displacement curves of a NiTi foil; b) harmonic undulatory
response of arc-shaped of NiTi foil; ¢) image of plastic deformation that is

created after testing on the Nitinol foil.

4.3 Conclusions

The undulatory behaviour of metallic glass foils was investigated for Ni-Fe-based
and Fe-based alloy foils of different thicknesses. For both alloys, the initially arc
shaped foils deform elastically creating harmonic wavy patterns, in a reversible
and repeatable manner, similar to a non-linear spring-type behaviour. The results
indicate that the thickness of the foils as well as the choice of the glassy alloy,
affect the load required for the transition from a lower order (ni arcs) to higher
order (ni+1 arcs) waveform.

The initial geometry of the formed sinusoidal arc, like the boundary length L and
initial amplitude h also influence the load and displacement response of the foils
and thus can be used for tuning the spring-type behaviour of the set-up. The
thicker Ni-Fe-based foils showed higher load for the same distance (or number
of arcs formed) and higher spring rate values compared to the thinner Fe based
foils. Under the conditions examined in this study, the foils always remain in the
elastic deformation region. Remaining consistently always below this elastic limit

(2% strain for metallic glasses) is critical for the reversibility of this behaviour.
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5 Undulatory elastic behaviour of partially crystalline
(Ni7sSisB14) metallic glass foils

5.1 Introduction

In this chapter, the undulatory behaviour of Ni-B-Si MG foils is reported for the
first time, showing that compositions of glassy foils are partially crystalline
composites of up to 16 % crystalline volume. Among the factors that influence
undulatory behaviour are alloy composition (due to differences in mechanical
properties), foil thickness (d), boundary horizontal dimensions (length L and width
W), and aspect ratio of the arc height and L, hi/L of the initial spring set-up
geometry. The undulatory elastic behaviour of two thicknesses of a Ni-B-Si
metallic glass foil has been systematically studied and compared by finding out
the effect of foil thickness on the undulatory behaviour. Thus, this chapter aims
to show the undulatory behaviour of different metallic glass compositions for
partially crystalline and compared to fully amorphous, as reported in the previous
chapter.

5.2 Results and discussion

5.2.1 Structural characterisation

Figure 5-1 shows XRD patterns for NizsSisB14 melt spun foils with 25 uym and 40
um thicknesses. Both patterns exhibit extremely sharp peaks around 44 in the
2-theta angle, indicating the presence of a crystalline phase. These sharp peaks
correspond to Ni metastable phase, which has a face-centred cubic structure at
the diffraction plane (111). Figure 5-2 presents DSC thermograms of the semi-
amorphous material used in this work. For the NizsSigBa4 foil with 40 um thickness,
an exothermic peak with onset at Tx= 478 °C is observed, corresponding to the
crystallisation of the amorphous phase. Similarly, the Ni7sSisBi4 foil of 25 um
thickness exhibits an exothermic peak at Tx= 485 °C, again corresponding to the

crystalline, amorphous phase.
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Figure 5-1. X-ray diffraction patterns of metallic glass foils, for two thicknesses.
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Figure 5-2. DSC thermograms of the metallic glass foils, for two thicknesses.

5.2.2 Measurements of crystal volume fraction

Quantification of the change in amorphous content, change is determined from

the changes in diffraction patterns shown in Figure 5-3. The area of the
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amorphous and crystalline peaks can be determined by integration, and the

crystalline nanocrystalline volume fraction calculated [162][163]:

Ac 5-1)

s§=———
g Ac + Aa

Where gs is the volume fraction of precipitated Ni, Ac is the total integrated area
corresponding to the crystalline phase, and Aais the total integrated area

corresponding to the amorphous phase.

These results are presented in Table 5-1 and imply the evolution of a larger
crystalline volume fraction of Ni due to the sharp peak showed in x-ray diffraction
for the foils tested, reaching as high as 53.55% in specimens on the air side. A
smaller crystalline volume fraction of Ni was calculated on the wheel side of all
foils, in a range between 12.5% to 16.3%. The difference in crystalline volume
fraction between the air side and the wheel side of a thin ribbon of a Ni-Si-B
glassy alloy can be attributed to the cooling rate and solidification process
experienced by the alloy during its formation through rapid quenching, typically in
a process called melt spinning or ribbon casting. However, in melt spinning or
ribbon casting, the molten alloy is rapidly cooled to form a thin ribbon. The cooling
rate varies across the thickness of the ribbon. Therefore, in case of melt spinning,
the side of the ribbon that is in contact with the wheel (wheel side) experiences
much faster cooling rates compared to the side exposed to the air (air side). This

difference in cooling rates has a significant influence on the structure of the alloy.
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Figure 5-3: a) and b) the relative areas of the deconvoluted amorphous and
crystalline peaks in the XRD diffraction pattern of the MG foil with a thickness of

25 um; c) and d) for MG foil with a thickness of 40 um.

Table 5-1. The crystalline volume fraction of Ni-based metallic glass foils

Thickness 20 Ni- Crystal Plane  Crystallinity ratio
40 um-wheel 44,50 (122) 12.57%

40 um-air 44.50 (1112) 53.55%
25 pm-wheel 44,50 (122) 16.35%

25 ume-air 44,50 (122) 43%
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Figure 5-4 presents the percentage of volume fraction of precipitation nanocrystals
on both sides of MG foils in an area integrated with amorphous and crystallinity
peaks. Clearly, the crystallinity area of metallic glass foil on the air side is
significantly larger than that on the wheel side in both thicknesses.
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Figure 5-4. Percentage of crystallinity of NizsSisB1s MG of different thicknesses

calculated from XRD patterns obtained from the wheel and air side.

5.2.3 Elastic undulatory behaviour

Metallic glass foils with partially crystalline composites have been studied for the
first time. Mechanical loading was applied to the top of the arc-shaped Ni-based
foil, as shown in Figure 5-5. Ni-based foils showed the same loading behaviour

as NiFe and Fe-based foils, showing an increase in sinusoidal arcs as their

shapes changed, see Figure 5-5b.
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Figure 5-5: a) Front view of initial arc-shaped metallic glass foil; b) harmonic
undulatory behaviour response of arc-shaped metallic glass foil.

Figure 5-6 presents the load versus displacement for the Ni-based MG foil with
boundary distance L=20 mm, the amplitude of the initial arc hy = 5 mm for a

constant aspect ratio of (h1=L/4), as shown in Figure 5-5a.

Figure 5-6a shows ten successive loading cycles for a single Ni-based MG foil
with a thickness of 25 um and it is seen that, typically, each cycle follows the
same path, indicating its undulatory behaviour is repeatable and reversible.
However, in the first loading cycle the path differs slightly from the others, and
the load values to form 2 and 3 arcs are slightly higher. During unloading, the
load-displacement curve follows an identical path for all unloading cycles,
showing hysteresis but returning to its initial shape of a sinusoidal arc.

Figure 5-6b shows ten successive loading/unloading cycles for the same foll
composite, but of thickness of 40 um. This foil sample’s mechanical response
and undulatory behaviour follow the same pattern as the thinner foil, especially in
first cycle loading, where load values are slightly higher for the step in arc
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formation from 1 to 2 and 2 to 3 arcs. Again, during unloading, the mechanical

response of the load-displacement follows the same path for all cycles.

The upward trend of the load-displacement curves indicates that an exponential
relationship results from the loading process, as shown in Figure 5-6. It is seen
that it is only at specific displacements that discrete discontinuities, appear
characterised by a sharp decrease in load. According to Hooke's law, the
gradients between these abrupt decreases in load could be viewed as quasi-
linear, equivalent to the spring rate (k). Consequently, the undulatory behaviour
of arc-shaped metallic glass foils subjected to loading conditions, as shown in

Figure 5-5, functions as non-linear flat springs with variable spring rates [1][2].
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Figure 5-6: Load-displacement curves for ten cycles of loading/unloading Ni-based

metallic glass foil of a) 25 um thickness; and b) 40 um thickness.

For the first time, this work reports the load-displacement response for two
samples of the same Ni-based foil and initial arc geometry (L= 20 mm and h;=5
mm) but different thicknesses: 25 um and 40 um, see Figure 5-7. Similar
behaviour can be observed for both foils. As the displacement increases, the
number of arcs increases, and the load increases quasi-exponentially. At a
specific displacement, the number of arcs increases by one at the same values
of the loads for both foils, though at a slightly higher load value for the thicker foil.
For example, the transition from 2 to 3 arcs occurs at around 80 N for the thicker
foil, compared to 50 N for the thinner foil. For the transition from 4 to 5 arcs, the
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thicker foil required 354 N, whereas the thinner foil required 187 N. Therefore,
the undulatory behaviour is significantly affected by the thickness of the foils, and
the foil thickness must be considered in the design of spring-type devices to
ensure the desired mechanical response. Hysteresis is again observed during
the unloading cycle; in both cases, the foil snaps-back to its initial position and

resumes the initial sinusoidal arc shape.

NizgB14Sig - (25 um vs 40 um)

h=L/4
s | =20mm Loading - 25 um
4+ L=20mm unloading - 25 um 5 arcs
300 - | =20mm Loading - 40 um
-------- L=20mm unloading - 40 um

Displacement (mm)

Figure 5-7. Load-displacement curves for loading of Ni-based metallic glass foil
with L= 20 mm and hi1 =5 mm for foil of 25 um thick (red), and 40 um thick (blue)

for L=20 mm and h:=5 mm.

Figure 5-8 presents the load-displacement curves for Ni-based MG foils for three
boundary distances, L = 20, 30 and 50 mm, with 25 and 40 um foil thicknesses,
with an aspect ratio of hi/L= 0.25. The arrangements with greater L values
provided more sinusoidal arcs within MG foils’ 2% elastic deformation limit.
Moreover, the load value for the same displacement is higher for the thicker foils.
The load-displacement confirms that the thickness of the foil and its geometry
spring-setup parameters of the initial arc shape must be considered when
designing spring type devices for a desired mechanical response, as shown in
Figure 5-8.
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Figure 5-8: Load-displacement curves for Ni-based metallic glass foil for
boundary length L values 20, 30 and 50 mm: a) 25 um thickness and aspect ratio

hi/lL=0.25; and b) 40 um thickness and aspect ratio hi/L= 0.25.

Figure 5-9a shows the load required to induce the transition from ni sinusoidal
arcs to (nj + 1) arcs versus the number of arcs for Ni-based MG foils with initial
arc geometry defined by L values of 20, 30, 40 and 50 mm and initial ratio hi/L=
0.25. Comparing the two thicknesses of the Ni-based MG foils, the load to trigger
the transition from ni to (n; + 1) arcs is greater for the thicker foil, as shown in
Figure 5-6 and Figure 5-7. Figure 5-9a also shows that the longer the initial
boundary length, L, the lower the load required to produce arcs. The longer the
length of the MG foil, however, the greater number of arcs that can be formed
within an elastic deformation of 2% strain, thus, being able to reach considerably

higher load values.

Figure 5-9b shows the calculated spring rates of both thicknesses of glassy foil
versus the number of arcs for different boundary lengths (L). The spring rate value
gradually increases for a given length as the number of arcs increases. In all
cases, the higher the L values, the more gradual the initial increase in the k value,
but the higher the final value of k due to the greater number of arcs produced. As
expected, the thicker Ni-based foils exhibit higher k values than the thinner ones.
Consequently, for the Ni-based foil of 40 um thickness and L= 50 mm, the
predicted spring rates range between 1 to 1800 N/mm based on the number of

arcs formed and the horizontal boundary conditions in which L is used. Therefore,
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the Ni-based MG foil of 40 um thickness shows higher load and spring rate values

due to its greater thickness compared to the Ni-based MG foil of 25 um.
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Figure 5-9: a) Maximum applied normal load on the foils with n; sinusoidal arcs
just prior to the formation of n; +1 arcs versus the number of arcs; b) the spring
rates (k) are calculated in the quasi-linear segments of the load-displacement
curves. Both for Ni-based metallic glass foils with 25 um and 40 um thicknesses
and set-up with boundary distance L values 20, 30, 40 and 50 mm, and hi/L=
0.25. In 5-9 (b) values for L= 40 mm were omitted for the clarity of the graphs.

5.2.4 The effect of thickness on the undulatory behaviour

In this section, the effect of the thickness on the undulatory behaviour of MG foils
is investigated using the two foils of 25 um and 40 um thickness. The through-
thickness behaviour is assumed to be purely elastic. The load-displacement
curve, Figure 5-10, shows significantly different behaviour for the two foil
thicknesses. The load value of the two foils is here defined just before forming a
new (ni+1) arc. The corresponding load values of the two foils are selected where
buckling occurs at the peak points of the load-displacement curve.

The load-displacement curves of two foils are shown in Figure 5-10, where the
red and blue curves are for the 25 um and 40 um thickness, respectively. The
thinner foil reaches the formation of a new (n+1) arc at a lower load because the
thinner foil requires less load to deform compared to thicker foil. It is seen that,

as expected, increasing the thickness increases the load required to deform the
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foil. Increasing the thickness increases the resistance to deformation of the arc
shape. During the loading process the increase in displacement shows a similar
pattern for both thicknesses, but the greater thickness requires a greater load for
a given displacement. The effect of thickness on the undulatory behaviour will be
further discussed in Chapter 6, regarding the critical load required for buckling.
The relevant dimensions and specimens used to define each sinusoidal arc of

the specimen foils are listed in

Table 5-2, where the maximum load values and maximum displacement of the
foil when the arc form are also given. Therefore, the effect of foil thickness on the
undulatory behaviour that changes mechanical performance is determined
mainly by the required applied load to buckle foil.
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Figure 5-10. Undulatory behaviour for Ni-based metallic glass foils of 25 um and

40 um thicknesses.

Table 5-2. Undulatory behaviour specimen data for Ni-based metallic glass foils of

25 um and 40 um thicknesses.

Load values Displacement Spring constant
(N) (mm) (N/mm)

Sinusoidal ~ Width (w) 25,m 40um 25um 40um 25um 40um
arc mm thick thick thick thick thick thick

1 25 3.3 5.8 1.35 1.4 2.5 4.5

2 25 28 30 3.0 2.95 16 23

3 25 82 103 3.7 3.6 145 192

4 25 123 234 3.95 3.96 441 780

5.2.5 Estimation of local strain during arc formation

Plastic deformation should be avoided to maintain reversible and repeatable
undulatory behaviour of MG foils. Therefore, the strain must remain below the 2%
elastic deformation limit. As described above, the foil is subjected to applied load
leading to deformation and bending phenomena, resulting in an inhomogeneous
strain distribution. At positions exhibiting the greatest bending or the smallest
radius of curvature, the strain reaches its maximum local value. In previous work
[164], we found that estimates of local strain in foils must be taken at the points
of maximum distortion marked with an R in Figure 5-11a. These states in the
evolution of the foil shape are shown as Rz, Rs and R4, on the load-displacement
curve in Figure 5-11b. A drop in load accompanies, the transition from two to

three arcs, see the transition from Rz to Ra.

Figure 5-11c presents the measured local strain in the Ni-based foils at the points

of maximum distortion when a new arc is engendered, equivalent to the transition
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from R3 to R4 in Figure 5-11a. The foils have 40 um and 25 um thicknesses, with
initial boundary lengths of L= 20, 30, 40 and 50 mm. The thinner foil presented
with less local deformation strain for all lengths than the thicker foil. Thus, the
thicker foil exhibited greater local strain in all conditions, reaching and exceeding
the elastic deformation limit (2%) in all cases before the thinner foil. Closer
observation shows that for all cases of Ni-based foils with 25 um thickness, the
local strain remains within the elastic deformation limit of 2%. On the other hand,
the foils with 40 um thickness entered the plastic region for all three lengths
shown, specifically for L=20, 30, and 50 mm; the thicker foil began to deform
plastically from 5, 7 and 11 sinusoidal arcs, respectively. Consequently, the
maximum permitted number of sinusoidal arcs can be estimated by measuring
the local strain maintained below the elastic deformation limit of MG foils. The
local strain estimation method for the pre-buckling shape of the load-
displacement curve is consistent with the experimental analysis, which estimates

the operating range of undulatory behaviour in MG foils.

unloading

_____*
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Figure 5-11: a) assembly of snapshots of the undulatory response with images
of waveforms with sinusoidal shaped arcs (R2 and R.) and distorted arc (Rs); b)
load-displacement curve with an undulatory response for the Ni-based foil; and

¢) maximum local strain on the foils, just prior to the formation of a new (n+1)
arc.
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5.2.6 Undulatory behaviour of four metallic glass foils

This study of the undulatory behaviour of MG foils includes materials not
previously investigated. Figure 5-12 shows the load displacement response of
four samples of three materials: Fe-based glassy foil with 19 um thickness, NiFe-
based glassy foil with 25 um thickness and the two Ni-based glassy foils of 25 um
and 40 pum thickness, for the same initial arc geometry. Similar behaviour patterns
are observed for the four glassy foils. When the load increases, the displacement
increases quasi-exponentially. Clearly, the Ni-based foil with greater thickness
exhibits higher load values compared to the other glassy foils. For example, for
the transition from 4 to 5 arcs, the Ni-based foil with 40 um and 25 um thicknesses
required about 187 N and 108 N, respectively. The NiFe-based foil (25 um thick)
and Fe-based foil (19 pum thick) required 100 N and 42 N, respectively. Due to
differences in foil thickness, there is some variation in the position of the sharp

load drop, but the paths precisely coincide again when loading resumes.

The load-displacement curves confirm by observation the repeatability of
undulatory behaviour under cyclic loading of the different glassy alloys. However,
the arc multiplication of these MG foils shows the same displacement values but
Fe-based MG foil exhibit displacement values that differ only slightly at the sharp
load drop position compared to other MG foils. These minor variations in
displacement values are due to set-ups of MG foils arc-shaped. The results
clearly indicate that spring-type applications can effectively utilise the unique
behaviour of glassy alloys. By selecting the appropriate glassy alloy and adjusting
the foil's thickness, it is possible to control the mechanical response of the foil
when subjected to a load. Thus, this capability allows for designing spring-type
devices with specific characteristics efficiently functioning across various load

ranges.
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Figure 5-12. Load-displacement curves for Ni-based metallic glass foils (25 pm
thick, blue) and (40 um thick, red) NiFe-based and Fe-based foils (25 ym and 19

Mm, olive and black, respectively) for L=20 mm and hi=5 mm.

5.2.7 Effect of mechanical strength

The mechanical strength of crystalline and amorphous metals differs significantly
due to their distinct atomic structures. Crystalline metals have a highly ordered
atomic structure characterised by repeating and organised patterns of atoms in a
lattice. This regular atomic arrangement allows for the propagation of
dislocations, which contribute to the metals' plastic deformation. The presence of
grain boundaries, defects, and crystallographic planes can influence their
mechanical properties. On the other hand, amorphous metals or metallic glasses,
lack a regular crystalline structure. They have a disordered, non-periodic atomic
arrangement resembling that of liquids. Therefore, this disordered atomic
structure makes it more difficult for dislocations to move through the material,

which contributes to their high strength.

In addition, amorphous metals often have higher strength and hardness

compared to their crystalline counterparts. Their lack of crystalline defects and
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grain boundaries minimises dislocation movement, leading to high strength and
resistance to plastic deformation. Thus, the mechanical response of Ni-based
glassy alloy might be caused by the strengthening effect of crystalline phases.
However, these partially crystalline foils exhibit the same undulatory behaviour
as the amorphous glassy foils. Also, it can be seen that Ni-based shows a
maximum strength range from 1.5 to 2 GPa, which is less than Fe-based glassy
alloys with 3.3 GPa.

As can be seen from the mechanical properties, the presence of a small amount
of up to (15%) in partially crystalline foil does not affect mechanical response
performance, indicating that a small amount of crystals embedded in the
amorphous would not deteriorate the mechanical properties of the metallic glass
foils as long as still within elastic deformation of 2% strain. Load-displacement
curves for undulatory behaviour must have strains less than 2%. As a result, the
mechanical strength of these materials does not affect their mechanical
behaviour. Thus, mechanical strength does not affect undulatory behaviour in
mechanical terms. However, if the volume fraction of crystalline phases in the
amorphous alloy is too high, the part will become very brittle. The choice between
partially crystalline and amorphous alloys depends on the specific requirements
of the application and the desired combination of mechanical properties.

5.3 Conclusions

The undulatory behaviour of partially crystalline Ni-based MG foils with two
different thicknesses was investigated and compared with fully amorphous Fe-
based and NiFe-based foils examined in Chapter 4. Interestingly partially
crystalline MG foils showed undulatory behaviour like the fully amorphous ones.
It was found that increasing the foil thickness resulted in a significant increase in
both load and local strain. The series of undulatory mechanical responses and
elastic properties revealed the presence of reversible and repeatable mechanical
responses that can be exploited as flat springs with multi-spring rates. The
geometry of the initial arc-shape such as the boundary length L and amplitude h,
impacts the foils’ load-displacement. The Ni-based foil with 40 um thickness

exhibited higher load and spring rate values for the same number of sinusoidal
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arcs formed compared to the thinner foil with 25 um thickness. Moreover, the
results revealed that the present amount of crystallinity found in MG foils does
not cause any effects on the undulatory behaviour as long as local strains remain

within the elastic region limits of 2% strain.

6 Mechanism of the undulatory behaviour and spring
design

6.1 Introduction

In the previous chapter, partially crystalline metallic glass foils exhibited
undulatory behaviour and were compared to fully amorphous alloys. While the
effect of foil thickness on undulatory behaviour was reported, the mechanism that
causes undulatory elastic behaviour needs to be investigated and understood.
The mechanism driving the undulatory behaviour of metallic glass foils is
attributed to buckling phenomena. However, buckling phenomena have been
studied in depth. Thus, this chapter's primary motivation is to explain the
underlying mechanisms of undulatory behaviour, part of which will be an
investigation of the hypothesis that buckling phenomena lead to undulatory

behaviour.
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6.2 Analysis of perfect sinusoidal waveforms

Panagiotopoulos. et al., [1] reported that arc-shaped metallic glass foils are
sinusoidal arcs (harmonic), as shown in Figure 6-1a, which can be described by

a modified expression of the standing waves formula as follows:

2
y? (x) = Asin*(n——x)
fundamental

6-1)

A similar approach is applied in this chapter to various tests and conditions,
confirming that it can be helpful to model undulatory behaviour. The amplitude
and displacement are considered to describe metallic glass foils in the shape of
sinusoidal arcs, , but the applied load is not. The standing wave equation
(Equation (6-1)) was used to describe the assembly of all waveforms in Figure
6-1a, which correspond to Ni-based (25 mm thick) metallic glass foil from 1 to 5
sinusoidal arcs for (L= 50 mm and h;= 12.5 mm). As shown in Figure 6-1a,
Equation (6-1) can very well simulate all the waveforms shown in Figure 6-1b.
For the initial waveforms (i) in Figure 6-1a (initial arc), Ai corresponds to the initial
amplitude, the amplitude of the arc for the L=50 mm long foil (12.5 mm) and
“fundamental” corresponds to the fundamental wavelength, where Afyndamentar =

2L.

Table 6-1. Experimental data for undulatory behaviour for three lengths (L=20, 30
and 50 mm).

Sinusoidal Amp"tUde A (mm) 7\'fundamental (mm)
No.
arc L=20mm | L=30mm | L=50 mm | L=20 mm | L=30 mm | L=50 mm
i 1 475 6.5 125 40 60 100
i 2 2.4 3.07 6.5 40 60 100
i 3 1.62 2.38 45 40 60 100
v 4 1.35 2 35 40 60 100
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5 1.12 15 3 40 60 100

From observation, experimental errors are typically systematic errors caused by
flaws in the setup or biases, the measured values for the amplitudes of the arcs
were consistent with the standing wave model described by Equation (6-1),
showing a good fit to model the undulatory behaviour of metallic glass foils. Thus,
the standing wave equation can model undulatory behaviour as shown in the

snapshots assembly in Figure 6-1b.

Theoretically, the number of waves in the standing wave equation (n) is
unbounded. However, experimentally the maximum number of arcs in metallic
glass foils is limited due to a plastic deformation limit of 2% strain, as discussed
in Chapters 4 and 5 (see Figure 4-9 in Chapter 4). The model does not consider
this limit, nor does it discuss the full range of mechanisms contributing to
undulatory behaviour; it only describes the waveforms of perfect sinusoidal
waveform and does not consider the load.

It was found that the amplitude A is a function of the number of sinusoidal arcs,
which is described by the relation of the type as follows:

A= A;x¢ 6-2)

Where Ai corresponds to the initial amplitude (12.5 mm) and (x) refers to the

number of arcs. The relation is limited to an aspect ratio of (h1/L=0.25).
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Figure 6-1: a) Harmonic undulatory response of arc-shaped metallic glass foil
for L=50 mm; b) sinusoidal arc formation as calculated from the standing wave

equation, where red refers to simulation only.
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Figure 6-2. Arc amplitude as a function of number of arcs for three boundary

lengths.

Figure 6-2 represents all boundary conditions with the aspect ratio of (h1/L=0.25).

From this, the value of the constant, c, which appears in Equation (6-2), is equal

to (-0.92).
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To apply the standing wave equation to Figure 6-1b for L= 50 mm, it is first
necessary to calculate the amplitude A of the arcs using Equation (6-2), assuming
the aspect ratio remains the same at h/L= 0.25. The amplitude Ai for the first
waveform (i = 1) in Figure 6-1b is equal to 12.5 mm, then inserting A1= 12.5 mm
into the standing wave equation (6-1), where n here is for the first initial arc and

lambda in this boundary length is constant of 100 mm, which identifies

(Xfundamental = 2L).

The same steps are repeated for the second waveform (ii = 2), considering the
number of arcs formed and assuming that Ai=12.5 is always the initial amplitude.
We calculate Az for the second waveform (ii) in Figure 6-1b using Equation (6-2)
and obtain a value of 6.5 mm, as shown in Table 6-1. Similarly for the remaining
waveforms (i.e., iii, iv and v) in Figure 6-1b can be calculated by applying the
same steps, taking into account changes in parameters such as amplitude and
the number of arcs when implemented into the standing wave equation, keeping

Mfundamentat l@mbda= 100 mm.

The standing wave equation could also describe the undulatory behaviour for
other boundary lengths considered (L= 20 to 50 mm) and specific aspect ratios.
Figure 6-3 shows undulatory behaviour for boundary lengths (L= 20 and 30 mm),
according to the standing wave formula. Table 6-1 presents values of the
amplitude of the arcs with change in the number of arcs and Arynaamentar-
Following the same procedure as for L=50 mm, Equation (6-2) obtains amplitude
values for each sinusoidal waveform and is then implemented into the standing

wave formula, Equation (6-1).

Figure 6-3a presents waveforms of undulatory behaviour of Ni-based metallic
glass foil of 25 um thickness for L=20 mm and Ai= 5 mm. The waveforms model

is identical to the amorphous foil’s undulatory behaviour.

Figure 6-3b shows the waveforms of undulatory behaviour for the same material
(Ni-based foil), but for L=30 mm and A1=7.5 mm for the initial arc geometry. The
modelled waveforms follow the same geometric pattern as the metallic glass foil,

confirming that the standing wave equation can be used to predict the waveforms
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of the foils. This procedure can be extended to modelling the waveforms

corresponding to the undulatory behaviour of cases not experimentally tested in

this work.
a) i) ? s “%,, b)
o® b
il %0,
i “nanl

L (mm) L (mm)

Figure 6-3. Modelling sinusoidal arcs generated by standing wave for L ratio
(hi/L=0.25) a) boundary length L=20mm; b) boundary length L=30 mm.

Figure 6-4a shows the predicted undulatory behaviour of boundary lengths, L=15
mm with an initial amplitude A1=3.75 mm, and an aspect ratio (hi/L=0.25). The
waveforms produced can be used to estimate the undulatory behaviour of
metallic glass foils under these conditions without a running test. Figure 6-4b
shows the simulated waveforms representing the undulatory behaviour for L=25
mm and A1=6.25 mm. While similar waveforms can be observed, the arc

geometry is clearly different compared to those for L=15 mm and A1=3.75 mm.

However, while these two cases were not evaluated experimentally in this study,
it is evident that the standing wave equation together with Equation 6-2 can be
used to predict the undulatory behaviour of MG foils with initial amplitude,

respecting the condition to obtain sinusoidal undulations, i.e. hi/L= 0.25.
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Figure 6-4. Modelling sinusoidal arcs generated according to the standing wave
equation for hi/L=0.25, a) boundary length L=15 mm; b) boundary length L= 25

mm.

Further, the standing wave equation can be used to predict the undulatory
behaviour for a variety of foil thicknesses. Figure 6-5 shows the waveforms of
undulatory behaviour for an arc-shaped Ni-based (25 um thick) metallic glass foil.
For comparison is a foil of the same material but different thicknesses (40 um
thick), both for L=50 mm and A1=12.5 mm. As expected, the two amorphous foils
show a similar waveform, and the thickness does not effect on the geometry, as
discussed in Chapters 4 and 5, confirming that the standing wave equation is the
appropriate approach to model the waveforms of undulatory behaviour of metallic
glass foils of different thickness and arc amplitude. Thus, the standing wave
equation can be used to design different types of spring set-ups to ascertain the
mechanical response based on the initial arc-shaped geometry and amplitude.
However, it is significant to consider the limitations and constraints associated

with the materials and manufacturing processes such as yield strength, fatigue
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life and elastic modulus that used to make the spring. Understanding these
limitations is crucial for ensuring that the spring performs as intended and remains

safe and reliable in its application.

L (mm) L (mm)

Figure 6-5. Modelling of the experimentally formed waveforms for two metallic
glass foils of thicknesses a) 25 pm; b) 40 ym.

6.3 Mechanism of undulatory behaviour

To understand the mechanism of undulatory behaviour, we must closely observe

the shape changes of the foil under applied load.

Figure 6-6a shows an assembly of perfect sinusoidal arcs during undulatory

behaviour.

Figure 6-6b shows a sequence of images indicating how the foil changes shape
from 1 perfect sinusoidal arc to 2 perfect sinusoidal arcs. The mechanisms of
undulatory behaviour involves elastic deformation, bending (flattening/stretching)
and buckling of the metallic glass foils, which are the mechanisms that lead to an
increase in the number of the sinusoidal arcs. This undulatory behaviour can be
divided into three stages as shown in the transition from one to two perfect

sinusoidal arcs, see Figure 6-6b;

i) Bending / flattening,
i) Buckling, and
iif) Post-buckling.
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Figure 6-6: a) Assembly of snapshots from the undulatory behaviour with
images of perfect sinusoidal shaped waveforms; b) assembly of snapshots of
the transition from 1 to 2 perfect sinusoidal shaped arcs, where (i,ii and iii) are

intermediate stages in the undulatory behaviour.

Upon loading, arc-shaped metallic glass foils deform elastically up to a specific
value of load or displacement, this is followed by a distortion in the shape, a
flattening of the arc (i in Figure 6-6b). When the foil reaches this load level, the

shape of the foil becomes unstable, and that shape cannot carry any more load.

Pre-buckling refers to the flattening/bending where the applied load becomes
critical (P = P¢r). Therefore, knowing the value of the elastic critical load (Pc) is
essential to determine the buckling resistance of the foil. The concept here is
Euler buckling of a slender beam. The value of the critical load depends on the
foil geometry and material stiffness (Young's modulus), but the strength of the

material does not affect this critical theoretical value.

The foil will buckle when the applied load exceeds the critical load (P > P¢r). Under
this condition, the shape of the foil changes, as can be seen in (ii) in Figure 6-6b.
The initial stage of transition from one to two sinusoidal arcs, has only one flat
section. In the case of multiple arcs, flat/or bending sections will exist at different
points along the length. Euler's buckling theory suggests that a longer beam
requires a lower uniaxial load to buckle. It is the longest flat section that buckles
and forms a new (ni+1) arc. However, for thin foils it is the boundary length
conditions and the aspect ratio that are primarily responsible for the magnitude

of the critical load.
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With increase in displacement, post-buckling will occur just after the foil buckles
to form a new (ni+1) sinusoidal arc to complete the transition to the full sinusoidal
shape representative of undulatory behaviour. In this case, post-buckling begins
once the foil has begun to buckle, and ends in the new sinusoidal shape, see (iii)
in Figure 6-6b. The details of the geometry and materials used for the model are

given in Table 6-2.

Table 6-2. Dimension and materials used for the present analytical model in the

parametric study.

Length, L (mm) 20 30 50
Width, a (mm) 25 25 25
Thickness, d (um) 25 40

Height of arc, h (mm) 5 6.5 12.5

Materials
NizgB14Sis FeaoNiso(BSi)10Mo; Feg.65B3.9Cr2.75Si2.7
E (GPa) 150 E (GPa) 150 E (GPa) 150

6.4 Buckling phenomena

Buckling mechanisms can be classified into elastic and inelastic. Upon removing
the load, with elastic buckling the buckled structure returns to its original shape
with no change in the cross-sectional area of the beams. On the other hand,
inelastic buckling results in plastic deformation. A structure that buckles
inelastically cannot return to its original shape upon unloading. This study focuses
on the reversible deformation of metallic glass foil structures within the elastic

limit, our focus is only on elastic buckling.

Among the most common and straightforward instability phenomena is Euler
buckling, described in 1757 by Leonhard Euler, in which an elastic beam buckles
under a sufficiently large compressive axial load [165]. This elastic buckling of a
long slender beam subjected to an applied uniaxial load is illustrated in Figure
6-7.
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Figure 6-7. Beam element under applied load pre- and post-buckling.

The observed arc multiplication during the undulatory behaviour of glassy foils,
as discussed in Chapters 4 and 5, is shown in Figure 6-1, which indicates that
buckling of a thin section (flattened) foils is part of the undulatory behaviour
mechanism. More specifically, most extended flattened sections can be

considered to be possible buckling sources with formation of an additional arc.

Pre-buckling

Buckling

Figure 6-8. Buckling analysis of flat section during applied load.

The Euler formula is employed to find the critical buckling load (Pcr), with the
effective length (Le) for a buckling mode the longest flat section, see Section 6.3
and Figure 6-8. Equation (6-3) is the Euler formula used to analyse buckling
behaviour:

_ mIE 6-3)
T (KL,)?

The elastic critical buckling load for flexural buckling, Pcr, is often referred to as
the Euler load or critical buckling load. Where E is the Young’'s modulus of

elasticity, K is a factor determined by the boundary conditions, Le refers to the
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actual unsupported length of the column/foil, and | is the second moment of area

of the member about the minor axis, which is given by:

ad? 6-4)
12

Where a is the width of the foil and d is the thickness of the foil.

Figure 6-9. Sketch of the rectangular beam with dimensions.

An increasing applied normal load perpendicular to the foil (in the Xy plane)
generates increasing reaction forces towards the ends of the flat section for a
fixed-fixed boundary condition. The fixed-fixed boundary condition was selected

because that is close to the manner in which the foils are fixed, see Section 6.4.1.

6.4.1 Boundary conditions

KLe, is often referred to as the effective length or Euler length and is the length

relevant for buckling.

Figure 6-10a presents K values from (0.7 to 1.0) suitable for fixed ends type
structures and provides some general formulation on behaviour of various
structural members [166]. The K value in our case is determined by the type of
fixed boundary conditions with K = 1 for both ends pinned, K = 0.5 for both ends
fixed and K = 0.7 for one end pinned, and one end fixed. However, post-buckling
deflection characteristics for undulatory behaviour between pinned-pinned and

fixed-fixed boundary conditions.
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Therefore, the deflection characteristics of flat foil section fit the buckling profile
of a fixed-fixed system with the undulatory behaviour of metallic glass foils
showing a distinctive buckling mode when the effect of the geometric nonlinearity
becoming decisive. Consequently, for the assumed fixed-fixed system, the K

value is assumed to be K = 0.5, see Figure 6-10b.
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Figure 6-10: a) Theoretical design condition values suitable for a variety of
structural members [166]; b) Buckling mode on metallic glass foil for fixed ends.

6.4.2 Buckling analysis of the glassy foils during undulatory
behaviour

The analysis of buckling part on the undulatory behaviour uses an Euler formula
to represent the distorted steps of buckling foils during undulatory behaviour. The
three foil lengths, 20 mm, 30 mm and 50 mm, define the initial arc-shaped
geometry of the MG foils and initial amplitude hi, where hi/L= 0.25. The buckling
phenomena during undulatory behaviour when a load is applied normally to the

top of an arc-shaped MG foil, as shown in Figure 6-6b.

Predicting the critical buckling load of a thin foil under an applied load is a complex

engineering problem that depends on various factors, including material
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properties, geometry, boundary conditions, and loading conditions. Therefore, a
combination of theoretical analysis and experimentation is often necessary to
obtain reliable predictions for specific metallic glass foils of different thicknesses.
In order to predict the critical buckling load of a thin foil under an applied load has
been obtained for lengths of the same metallic glass foils of thicknesses 25 um
and 40 um. The critical buckling load was calculated using the Euler formula
Equation (6-3).

Therefore, the critical loads of the two metallic glass foils of the same material,

25 uym and 40 um thick can be found by solving the two equations.

m?a,d3E 6-5)
Pcri = ——=

12(KL,)?

m?a,d>E 6-6)
Pcry = ———

12(KL,)?

Where, the Young's modulus is the same for both foils 150 (GPa)

Both Equations (6-5) and (6-6) can be written in the form P = m(1/Le?) to give a
straight line plot with gradient m. For Equation (6-5) the gradient my is:

_ T[ZaldiE 6_7)
™ = 2K

And for Equation (6-6) the gradient mz is:

_ T[ZazdgE 6_8)
M2 = 2 (K)?

Hence, m; and m2 can be found, and if we divide Equation (6-7) by Equation (6-

8) we have:
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m; _m? a;diEK? 6-9)
m, K’mla,d3E

But the foils are of the same material so, Ei= E2 and the width is the same for

both foils so ai=az, and hence:

m, 6-10)
m, B d%

The gradient m; is a value that must be found by inspection from plotting the

critical load as a function of Euler length.

We found, mi= 192.8 for Ni-based foil with 25 pym thickness and my= 789.6 for
Ni-based foil with 40 um thickness.

It follows that a new gradient for the same foil material of the same width but

different thickness, dj, can be defined as:

m m -
-3 =%
1 2
Thus
mq _ T[ZalE _ m, 6-12)

d3 12K? d3

The gradient of this line m; is a value that must be found by inspection from

plotting the critical load as a function of Euler length.

m;= Pcrl'e2 6-13)

Therefore, the buckling load for any gradient line can be found as follows:
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1 6-14)
Pcri m; L_%
2
The constant Z-2£ in Equation (6-12) will have the value:
12K2
m2a E _ 6
oz~ 1234 x10
Hence, Equation 6-10 can be put into the simple form:
m; = 123.4 x 10%d} 6-15)

Equation (6-15) applies to all boundary conditions (L=20 mm, 30 mm, 40 mm,
and 50 mm), but is limited to undulatory behaviour when the aspect ratio, hi, =
L/4. Therefore, when analysing the buckling behaviour of metallic glass foils, it is
essential to investigate the effect of both foil thickness and geometrical
conditions. It is emphasised that the buckling analysis carried out thus far is only
for understanding the mechanism of the undulatory behaviour of metallic glass

foils.

6.4.2.1 Effect of foil thickness

Here the effect of the foil thickness on the buckling of the sinusoidal arcs is
explored. Figure 6-11 shows that Ni-based foil has the highest buckling load,
which increases as the thickness foil increases. The highest buckling load is
obtained for 80 um foil, whereas the buckling loads are less as the thickness

decrease, see Figure 6-11.

To determine the relationship between buckling load and Euler length, we plot Pc
against (1/Le?), see Figure 6-11a. The first thing to notice is the straight line nature
of the plots which is taken as strong confirmation of the arguments proposed
above. As the thickness of a thin foil increases, the stiffness and buckling load
increase accordingly. For boundary length, L= 20 mm with an aspect ratio of

hi=L/4, the gradient found based on Euler formula is 123.4 x 108. The values the
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gradients observed for L=20 mm was for foil thicknesses of 1 nm, 10 ym, 25 um,
30 um, 40 um, 50 um and 80 um representing high buckling load as long as foil
thickness increased. Estimating the gradient for undulatory behaviour for the
model under consideration occurs for pre-buckling of the foil on the load-

displacement curve and was calculated using Equation 6-15.

For the longest boundary length, L=50 mm, the effect of the foil thickness can be

seen in Figure 6-11b. A similar trend to that observed for L= 20 mm was found.
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Figure 6-11: a) Critical load versus 1/(Euler length)? for different thicknesses foil for
L=20 mm; b) critical load versus 1/(Euler length)? for different thicknesses foil for L= 50

mm.

6.4.2.2 Effect of material type

The local buckling of thin foils of different materials is derived for the condition of
constant of the foil. The validity of the results obtained from the solution for
various materials. Considering foils of the same thickness but different Young’s

modulus Equation 6-9 becomes:

my Ey 6-16)

m; E,

The gradient for a new material mi can be depicted as follows:

m . 6-17)
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mq .
E—l is a constant and equal to:
1

m; _mla,d; 6-18)
E, 12k?
Hence:
m _
—1=1285 x 107°
E4

Hence, Equation 6-17 can be re-written for constant thickness:

m; = 1.285 x 1073 E; 6-19)

Note that Equation 6-18 applies to all boundary conditions; L= 20 mm, 30 mm,
40 mm, and 50 mm, with the characteristic buckling load for the undulatory

behaviour based on the aspect ratio of (h1=L/4).

Figure 6-12 shows excellent agreement between two results from critical buckling
load as function of Euler length for both boundary conditions of undulatory
behaviour. Accordingly, the derived equation is certainly capable of predicting the
local buckling of material types with very high accuracy, which is extremely useful
as it is a useful contribution to knowledge of the undulatory behaviour of arc-
shaped MG foils. The effect of material type is initially examined by varying
Young's modulus while keeping all other parameters (d, a) constant, as given in
Table 6-2. As a result, we used the theoretical value to examine the effect of
changing Young’s modulus for the same foil thickness, of 25 um. Figure 6-12a
and Figure 6-12b show that the critical buckling load increases linearly with the

increase of Young's modulus for different values (i.e. 64, 100 and 150 GPa).
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Figure 6-12: Effect of the Young’s modulus a) the variation of the critical
buckling load at L=20 mm for different metallic glass foils when thickness is
kept constant; b) variation of the critical buckling load at L=50 mm for different

metallic glass foils when thickness is kept constant (25 pm thick).

6.4.2.3 Applied load

In the previous sections, the thickness and the Young’'s modulus of the foils were
found to influence critical buckling load. In this section, the critical buckling load
will be used to determine the applied load in order to determine the relationship
between critical load and applied load. Figure 6-13 shows a linear relationship
between critical buckling load and the applied load (N;). Thus, the critical load Per
was found to be a function of the applied load, which could be described by a
linear relation of the type y = mx, where m is the gradient can be calculated from
Equation 6-14 is:

1 6-20)
Pcri =mN; = miL_z

€

Thus, the critical load as a function of applied load (N) for a given thickness can

be stated as:

m?a,d3E, [ 1 6-21)
Pt = "oz \1z,) = ™M
e
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_ mlayd3E, ( 1 6-22)

Py, = “12KZ L_ﬁz) =n;N;

We assumed that by using the same material of the same width, Ei=E2 and ai=az,
and with Euler length the same (Le1=Le2), as shown in Section 6-2 (Figure 6-5).
Hence, dividing (6-21) by (6-22) gives:

P4 _ (ﬂ)g (2)2 _ n;N; 6-23)
P d, Ly n,N,

cr2

Hence, equation 6-23 can be expressed as follows:

<d1>3 _ n1N1 6_24)
d, B n;N,

If the constants n; are identified, then it is possible to calculate critical load, Pecr,

from the applied load N and vice versa, using:

P, = n;N; 6-25)

Figure 6-13 shows the calculated critical load as a function of applied load for
number of arcs for two boundary lengths (L= 20 and 50 mm) for different types of
glassy foils. The critical buckling load shows a linear increase with increase in
applied load. The constant (n) for Ni-based glassy foil of 25 ym thickness with
boundary length (L=20 mm) is around 0.15. Further, the Ni-based glassy foil of
40 pm thickness for the same boundary length (L=20 mm) exhibits a higher (n)

constant of around 0.318.
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To find the applied load for different foil thickness from Equation (6-24), was not
possible due to there being two values unknown. As the applied load is not the

same for different foil thicknesses.
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Figure 6-13. Critical load P¢ as a function of applied load for glassy foils a)

boundary length L= 20 mm; b) boundary length L=50 mm.

Figure 6-14a shows the calculated applied load (N1) of Ni-based glassy foil of 25
um thickness versus applied load (N2) of Ni-based glassy foil of 40 um thickness,
each for boundary lengths L=20 mm. The applied load (N) values show a linear
relationship between the applied loads with gradient 1.90. Similarly, Figure 6-14b
shows the applied load for the Fe-based alloy of 19 um thickness versus applied
load for the Ni-based alloy with 25 um, again with a boundary length of 20 mm.

Again, we see a linear relationship, this time with gradient 1.87.

Thus, the gradient shows little variation with foil thickness. The applied load could
not be estimated using Equation (6-24) due to the absence of constant values for
different thicknesses of foil, so it was not able to estimate the applied load to each
foil thickness unless one of the applied load measurement data is obtained to

calculate the new applied load (Ni) for the new foil thickness.

Further work needs to be done to model the effect of the applied load on the
undulatory behaviour of the metallic glass foils. However, the applied load on the
Ni-based foils of 25 um and 40 um thickness, respectively were for similar

conditions. In both cases of boundary lengths being tested, the applied load as a
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function of number of arcs can be described by exponential relations of the type

F = ax®. Where o and B are constants (depending on the foil thickness), and x

is the number of arcs.
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Figure 6-14: Measured applied load (Ni) where buckling occurs for a) different
foil thicknesses of the same materials; and b) different foil thicknesses and
different MG foil.

6.4.3 Working range of spring design

Design of compression springs (non-linear springs) require a number of
considerations. As a first step in establishing a custom spring design, it is
and thickness are essential

important to understand load, geometry,

considerations in setting up a customised spring design.

6.4.3.1 Compression spring

The dimensions, with load and displacement, determine the strain in the spring.
When an arc-shaped spring is loaded, the metallic glass foil is strained in pre-
buckling mode before a new arc forms. The strain is maximum at the transition
from (n) to (ni+1) sinusoidal arcs; as the spring buckles, the load varies, producing
a range of operational strains. Strain and applied load range govern the life of the
spring. The higher the applied load range, the maximum local strain must be such

as to provide a reasonable life.

In designing springs, the space allotted governs the geometrical limits, but the

operating range of the spring is the most significant factor. These geometrical
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limits, together with the applied load requirements, determine the strain level. To
avoid costly design changes, the load/displacement range must be carefully

considered to ensure that the spring works properly from the start. Table 6-3,

Table 6-4 and

Table 6-5 present the working load/displacement range for three metallic glass

foils, along with the geometry of spring setup.

Table 6-3. Work range of metallic glass foil spring for boundary length L=20 mm

) ) Max- Max-
_ _ Boundary  Amplitude  Width _ )
Metallic glass foil Working  displacement
lengths L h

load (N) (mm)

Fe-based 20 5 25 100 4.30
Ni-based- 25 um 20 5 25 186 4.15
Ni-based- 40um 20 5 25 186 4.00
NiFe-based- 25 um 20 5 25 170 4.15

Table 6-4. Work range of metallic glass foil spring for boundary length L=30 mm.

: . Max- Max-
_ _ Boundary Amplitude  Width _ )
Metallic glass foil Working  displacement
lengths L h

load (N) (mm)

Fe-based 30 7.5 25 140 6.48
Ni-based- 25 um 30 7.5 25 226 6.37
Ni-based- 40um 30 7.5 25 313 6.46
NiFe-based- 25 um 30 7.5 25 114 6.5

Table 6-5. Work range of metallic glass foil spring for boundary length L=50 mm.

) ] Max- Max-
, , Boundary Amplitude  Width . )
Metallic glass foil Working  displacement
lengths L h
load (N) (mm)
Fe-based 50 125 25 167 11.31
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Ni-based- 25 um 50 12.5 25 257 11.29
Ni-based- 40um 50 12.5 25 330 11.20
NiFe-based- 25 um 50 12.5 25 309 11.45

6.4.3.2 Compression spring set

When a load is applied normally on the top of an arc-shaped thin foil of metallic
glass and released, the is supposed to return to its original shape, i.e., any
displacement point should remain below an elastic deformation of 2% strain and
any load within specified load limits. When a MG foil spring is made and then
loaded, if the load on the foil generated a strain higher than 2%, the spring will

not return to its original shape.

Therefore, the 2% strain is referred to as a set point in spring design and arc-
shaped MG foils may deform plastically if this limit is exceeded during
loading/unloading. In beam theory, the strain, &, during curved beam bending is

inversely proportional to the twice radius, which can be obtained as [127]:

d 6-26)

Figure 6-15 shows a beam being subjected to a load, resulting in bending of the
beam. The stress and strain experienced at the neutral axis is zero, while the
curved beam experienced maximum tension at the top and maximum
compression at the bottom. The highest strain has the smallest radius of arc
curvature, and the maximum strain occurs just before buckling and transition from
(n) to (ni+1) sinusoidal arcs. Maximum strains in metallic glass foils were found in
these regions and these can be determined for metallic glass foils using Equation
(6-26).
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Figure 6-15: a) curved beam bending shows areas of compression and tension; b)

maximum strain on arc-shaped MG foil.

6.4.3.3 Foil thickness

The results presented above show that the thickness of foils affects the load
required for the transition from a lower order (n arcs) to a higher order (ni+1 arcs).
However, as stated above the strain is not uniformly distributed along the folil; it

is a where the foil exhibits the smallest radius of curvature.

Figure 6-16 presents the diameter of curvature upon loading for an arc-shaped
Ni-based metallic glass foil, 25 um thick and a Ni-based foil, 40 um thick. Both
foils were long L= 20 mm with h1= 5 mm. By applying Equation (6-26) the local
strain is estimated at the maximum distortion just prior to the formation of a new
arc (ni+1) which here is the transition from 5 to 6 sinusoidal arcs for the thinner
foil, but from 4 to 5 arcs for the thicker foil. Therefore, for a deformation

corresponding to the elastic limit of metallic glass (~2%) strain.
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d 6-27)
2Rmin = E

Where Rminis the minimum radius of curvature.

For a given metallic glass foil, using Equation (6-26), we can estimate the
maximum number of sinusoidal arcs at which we can expect undulatory
behaviour for spring setup geometry while remaining the elastic region. The two
metallic glass foils studied are shown in Figure 6-16 with thicknesses of 25 um
and 40 which give a minimum elastic radius of curvature of 0.625 and 1 mm,
respectively. For this spring setup geometry, no bend with a radius greater than
these values should produce plastic deformation. Note that in the figure it is the
diameter of curvature that is presented. Here we consider how the mechanical
response of the foil under loading is affected by the thickness, how the thickness

of the foil governs the operating range of the spring design system.

a)

b)

) T =
R 02

Figure 6-16: Maximum local strain of waveforms with distorted arcs, just before the
formation of a (ni+1) new arc, equivalent to (Pcr=P) critical buckling load a) for Ni-based
with 25 um, the transition from 5 to 6 arcs more than 1.25 mm diameter; b) for Ni-based

with 40 um, the transition from 4 to 5 arcs more than 2 mm for curvature diameter.
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6.4.3.4 Spring length

In the spring design, the length of the spring, Lspring, iS @ geometrical parameter
that must be taken into account; a specific length of device can be designed
based on the space in which the spring will operate, i.e., determining the
maximum number of arcs for different thicknesses. The spring length would be a
function of foil thickness using Equation (6-26). As we know, the maximum
permitted elastic deformation of metallic glass foils is 2% strain and the minimum
radius of curvature Rmin should be equal to or greater than 25 times the foil

thickness to remain in the elastic region, as can be depicted in equation (6-28).

Rpin = 25d 6-28)

Thus, the length of the spring Lspring can be calculated as follows:

n. 6-29)

4

L 2R

spring — min

Where Rmin is the minimum radius of curvature and nj is the number of arcs along

the foil length. Substituting Rmin for we have:

Lyyring = 50dn,; 6-30)

spring

Where d is the foil thickness.

Figure 6-17 shows the spring length for different foil thicknesses. The thinner foils
show a higher number of arcs compared to the thicker foils. Therefore, the
maximum number of arcs can be estimated based on device length and foil
thickness. Thus, we see in Figure 6-16, the L= 20 mm Ni-based foil of thickness
25 um showed 6 sinusoidal arcs, while for thickness 40 um the foil showed 5

sinusoidal arcs.
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Figure 6-17. Spring length as a function of foil thickness.

However, there are additional design considerations that must be taken into
account when designing spring, such as selecting the appropriate material (in
terms of Young’'s modulus and thickness), the geometry setup of the spring (h
and L), any work and overload requirements. In addition, fatigue cycle life is
considered a significant factor in designing springs. More details on the fatigue
cycle life of metallic glass foils can be found in Chapter 7.

6.5 Conclusions

The mechanism of undulatory behaviour and the pathway to arc multiplication
were studied; the main phenomena occurring include bending, buckling and post-
buckling in a repeatable manner. The Euler equation was used to analyse the
buckling critical load during the undulatory behaviour. A modified expression of
the standing wave equation was found to describe well the waveforms where the
foil exhibits only perfect sinusoidal arcs. In constrant, it cannot describe
waveforms with distorted shapes. Even though this Equation does not give

information on the applied load within undulatory behaviour, it can still be a
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valuable tool in designing any spring set-ups. Furthermore, it can generate
unlimited waveforms of sinusoidal arcs as it does not restrict to metallic glass foils
limitation of 2% strain. With increasing the foil's thickness, the required load
cause bending and buckling to increase; however, plastic deformation would be
reached earlier (in terms of the number of arcs) compared to thinner foil. Thicker
metallic glass foils may have a higher resistance to buckling but can reach plastic
deformation, indicated by shear band formation, at an earlier stage compared to

thinner foils due to the increased volume available for shear band development.
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7 Fatigue behaviour of metallic glass foils

7.1 Introduction

The fatigue life of metallic glass foils is limited as the cyclic loading can be
performed with different combinations of process parameters which all affect the
number of arcs formed, the thickness of foil, crack initiation, surface roughness
and stress concentration during cyclic loading of metallic glass foils. Therefore,
in the current chapter, the cyclic lifetime of metallic glass foils has been studied.

Fatigue resistance is a significant issue related to MGs as structural materials,
which is very important for practical application. The stress-life (S-N) approach
has been widely used in past decades to evaluate MG fatigue properties
[167][134][147][168][2][169]. The early fatigue data of Fego.65B3.9Cr2.75Si2.7 (Wt. %)
thin MG foil showed that the fatigue endurance limit for L= 20 mm with 3
sinusoidal arcs is around 7 x 10° cycles based on maximum strain, which is
around 30 N applied load. Compared with another foil for a similar boundary
length L= 20 mm the fatigue endurance limit with 4 sinusoidal arcs was 5 x 103
cycles [2]. The fatigue ratio is much lower than that in crystalline counterparts. In
addition, the fatigue results of other metallic glass foils based on the number of
waves of sinusoidal arcs formed also reveal the scatter of fatigue ratio, varying
over a wide range from 7 x 103 to 1.5 x 102 cycles [2]. Due to various factors such

as boundary conditions, thickness of the foil.

Metallic glass foils display lower fatigue ratios than predicted because of chemical
composition [170], microstructure [147][171][172], loading modes [173][2],
surface quality [2], and other concerns. The microstructure of MGs foil is an
intrinsic factor determining its fatigue property. Clarifying fatigue failure
mechanisms is the first step toward improving the fatigue performance of MGs
ribbon. The plastic deformation media and failure origin of MG foils are localised
shear bands. Additionally, shear bands make MG foils prone to fatigue damage

and fracture.

Yousfi et al. reported two types of cracks in the fatigue limit of MG foils. The
difference results from the microstructure change induced by the casting process
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and defects on the surface of the specimen, leading to a significant difference in
fatigue life [2]. The second type of crack induced by the cutting process of the
foils, which is observed at the side edge of foils and shear step on the surface of
the foils, is one of the main origins of fatigue crack initiation [2]. Yousfi et al.
conducted loading/unloading cyclic fatigue experiments of Fe-based MG and
observed shear banding morphologies near the fracture surface. The origin of
fatigue crack initiation cannot be determined, however, because fatigue fractures
may produce observed shear bands. Wang et al. carried out compression-
compression tests on Zr-based MGs. They showed that fatigue cracks form and
grow from the shear bands under maximum compressive cyclic stress, lower than
the elastic limit, which shows that the shear band is the source of fatigue cracks
at high stress levels [174].

In this chapter, systematically investigated metallic glass foils, including Fe-
based, NiFe-based and Ni-based MG foils under cyclic loading using visual
observation of fatigue behaviour. Thus, the primary aim of this chapter is to
ascertain the fatigue life of metallic glass foils under cyclic loading conditions.
Furthermore, it investigates the underlying mechanisms governing fatigue life,

particularly in relation to crack formation, which ultimately culminates in failure.

7.2 Results and discussion

7.2.1 Cyclic lifetime tests of Fe-based metallic glass foils

The fatigue results for the Fe-based MG samples under loading/unloading cyclic
tests are presented in Figure 7-1 with various boundary lengths L in the range of
(20 to 50) mm for working load range of up to 80 N. The number of cycles to
failure, the fatigue life, differs with the number of sinusoidal arc modes. The
fatigue endurance limit of a boundary length of 20 mm with 3 sinusoidal arcs
appears to be 8475 cycles compared 4210 and 1002 cycles for 4 sinusoidal arcs
and 5 sinusoidal arcs, respectively. The results in Figure 7-1 indicate a similar

fatigue life for Fe-based foil to that obtained by Yousfi, et al., [2].
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Figure 7-1: a) Cycles to failure of metallic glass foils during fatigue tests and the
corresponding load as a function of the maximum number of arcs; b) strain

developed of foil deformation during the formation of additional arcs.

The present study investigated the lifespan of Fe-based MG foil with boundary
length of L= 20 mm, and number of sinusoidal arcs in the range from 2 to 5. The
fatigue life with 2 sinusoidal arcs was 27075 continuous compression cycles to
failure with a load of up to 1 N. The fatigue life for 3 sinusoidal arcs under the

same conditions was 8475 cycles, for 4 sinusoidal arcs 4210 cycles, and for 5
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sinusoidal arcs the number of cycles to failure was 1002. However, there was a
significantly larger scatter in the results for 2 and 3 sinusoidal arcs, compared to

4 and 5 sinusoidal arcs.

The life cycles of a thin foil of MG can be plotted as a function of the maximum
number of arcs, with the relationship between the number of arcs and cycles to
failure expressed as maximum strain around arc formation, as shown in Figure
7-1. However, in the current study, tests to determine the fatigue life in terms of
cycles of MG foils was carried out at various boundary lengths, L=20, 30 and 50
mm. It was found that the lifespan of MG foils for different boundary lengths
follows the same relationship.

The cyclic loading range for fatigue life is measured assuming perfectly sinusoidal
arcs. Cyclic loading from an initial single sinusoidal arc to 3 sinusoidal arcs, is
shown in Figure 7-2, note that the local strains causing changes in the number of
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arcs are taken at the point when the shape of the foil is distorting and about add

an additional arc, see Rz in Figure 7-2.

Figure 7-2. A perfect sinusoidal arc-shaped cyclic loading is used to measure

fatigue life.

The cyclic loading to failure for Fe-based MG foil with boundary length L=50
mm with hi= L/4 was conducted with 4, 5, 6, 7 and 8 arcs, see Figure 7-3a. The
number of cycles to failure for 4 sinusoidal arcs, formed at a load of 10 N was
18000. For, 5, 6, 7 and 8 arcs formed at loads of 14, 26, 47 and 63 N
respectively had lifespans of 9900, 4222, 3417 and 1300 cycles, respectively.
The MG foils subject to higher strains caused by greater loading failed earlier
than foils subject to lower strains. For instance, for foils of length L=50 mm, the
strain increased from 0.35% to 1.03% when transformed from 4 to 8 arcs. Table
7-1 presents the fatigue endurance limit for Fe-based MG foils for three

boundary lengths and a range of sinusoidal arcs.
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Table 7-1. Summary of experimental results and details of fatigue endurance limit

for Fe-based glassy foil (N, cycles to failure; STD standard deviation).

Fe-based (19 um)
Sin;rscosidal Boundary Strain Load
lengths L (mm) Nt STD

(%) (N)
2 20 27075 2546 0.42 1
3 20 8475 1209 0.55 30
4 20 4210 1165 11 43
5 20 1002 54 1.3 57

3 30 10050 1700 0.65 3.65
4 30 7000 3827 0.85 15
5 30 4850 1899 1.03 26
6 30 1412 448 1.2 61
4 50 18000 1350 0.35 10
5 50 9900 1200 0.51 14
6 50 4222 255 0.65 26
7 50 3417 213 0.87 47
8 50 1300 458 1.03 63

Figure 7-3b presents cycles to failure versus strain amplitude for three lengths of
Fe-based MG foil of the same width and thickness. It was found for all three
lengths that the lower the strain the greater the number of cycles to failure, and
vice versa. Figure 7-3c shows the cycles to failure as a function of applied load
for the three samples of Fe-based MG. The three curves can be described by an
exponential function of the type F(x) = exp(x), where x is the number cycles to
failure, which depends on the initial arc geometry. It would be expected that

different materials would follow different curves with the same general shape.
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Figure 7-3d presents maximum local strain in the three foils at maximum

distortion of the arc-shape for Fe-based MG foils as a function of the number of

arcs.
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Figure 7-3: a) cycles to failure for three conditions of MG foils; b) strain

amplitude versus cycles to failure on three conditions of Fe-based metallic glass

foils; c) working range for fatigue test versus cycles to failure of Fe-based

metallic glass foils; d) strain developments with distorted arcs during cycles

loading.
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7.2.2 Fatigue behaviour of other metallic glass foils

This project is the first to study Ni-B-Si, and Ni-Fe-B-Si-Mo foils of 25 um
thicknesses. For comparison corresponding data for the Fe-based foil (19 um
thick) and the Ni-B-Si, and Ni-Fe-B-Si-Mo foils are shown in Figure 7-6. Note that
all three foils had L= 20 mm, ha= 5 mm and aspect ratio hi= L/4.

Figure 7-4a shows cycles to failure for the three MG foils. The result from cyclic
loading for the Ni and NiFe-based foils are limited to 2, 3 and 4 arcs due to a
constrained applied load, but the results for the Fe-based foil also includes 5 arcs.
The number of cycles to failure for 2 arcs for all three materials, was 19.10 x 103
cycles for Ni-based foil and 25.80 x 102 cycles for NiFe-based foil. While the
number of cycles to failure (at which crack initiation occurred) for 2 sinusoidal
arcs of Fe-based foil was much higher compared to all glassy foils, about 27 x
102 cycles. Similar behaviour is observed for all three glassy foils, where the
cycles to failure decrease quasi-exponentially with increasing strain. It is noted
that the thinner Fe-based foil failed at a higher number of cycles than the thicker
NiFe-based and Ni-based foils, 8.47 x 102 cycles, compared to 6.75 x 102 and
5.07 x 102 cycles, respectively for 3 arcs. However, increasing the load to form 4
arcs, cracking initiation was observed in all three foils at a much lower number of
cycles, 546 for the Ni-based foil, 840 for the NiFe-based foil and 4.21 x 10° for
the Fe-based foil. For example, the cyclic loading for 2 sinusoidal arcs for Fe-
based foil requires around 1 N while the NiFe-based foil for the same arc
formation requires 3 N, but clearly, the Ni-based foil exhibits higher load values
about 5 N. This indicates that the appropriate choice of foil thickness can
effectively cyclic life with desirable load ranges, a valuable tool in designing any
type of spring set-ups.

As the number of arcs increases the relative differences between the foils
becomes clearer, with the NiFe-based and Ni-based foils failing at a significantly
lower number of cycles than the Fe-based foil. This suggests that the cycle life of

MG foils could depend on the thickness of the foil as well as the alloy composition.
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Figure 7-4b shows local strain versus cycles to failure for three glassy foils for an
arc-shaped NiFe-based (25 um thick) metallic glass foils and Ni-based (25 ym
thick) glassy foils for the first time. For failure to occur, the strain values for all
three foils are similar, though the strain at failure of the Fe-based foil is
consistently slightly larger than the other two. As expected, for higher strains, the
number of cycles to failure is much smaller. However, a close observation of the
evolution of the foil's geometry figure 7-4b, reveals that the radius of curvature of
different foils just before the formation of a new (ni+1) arc. In the Table 7-2 shows
the comparison between two foils of Ni-based with thickness of 25 and 40 um,
respectively. The results show that the Ni-based foil of 40 ym exhibits higher load
and deformation values compared to the Ni-based foil of 25 ym for the same arc
formation. For example, for the transition from 1 to 2 arcs, the Ni-based foil with
40 um thick required about 5.8 N and elastic deformation of 0.56% strain. While
the Ni-based foil with 25 um thick required a load of about 4.2 N and a deformation
of 0.42% strain. Therefore, the radius of curvature of thicker foil presented higher

deformation of strain compared to thinner foil.

Table 7-2. Deformation of radius curvature for Ni-based foils of undulatory

response for two thicknesses.

Ni-based (25 pm) Ni-based (40 pm)
Sinusoidal arcs
Load (N) Strain (%) Load (N) Strain (%)
Transition from (1 to 2) 4.2 0.42 5.8 0.56
Transition from (2 to 3) 28 0.9 30 13
Transition from (3 to 4) 82 1.35 103 1.85
Transition from (4 to 5) 123 1.8 234 2.6
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In addition, the effect of composition alloy on fatigue life for metallic glass foils
Table 7-3 presents results of Ni-based foil with 25 pm thickness compared to
fatigue results for NiFe-based foil with 25 um. The fatigue performance of NiFe-
based in terms of cycles to failure is higher compared to Ni-based foil for the
same number of arc formation. As can be seen in Figure 7-4b, the deformation
of radius of curvature for both foils are quite similar, but clearly, cycles to failure
are different. For example, the NiFe-based with 25 um thickness for the transition
from 1 to 2 arcs required load of 3 N and strain on radius of curvature was 0.42%.
While the Ni-based with 25 um for the same transition required load of 4.2 N and
strain on radius of curvature was 0.42% similarly to NiFe-based. In this case, the
cycle life of metallic glass foils is affected by alloy compositions. Table 7-4
presents the fatigue endurance limits in terms of number of cycles, strain and

load for three foils with sinusoidal arcs formation.

Table 7-3. Comparison of strain deformation on arc curvature between NiFe-based
and Ni-based foil.

NiFe-based (25 pm) Ni-based (25 pm)
Sinusoidal arcs Cycle to Cycle to
Load (N) | Strain (%) ] Load (N) | Strain (%) ]

failure failure
Transition from (1 to 2) 3.2 0.42 25800 4.2 0.42 19100
Transition from (2 to 3) 0.9 6750 28 0.9 5070
Transition from (3 to 4) 1.35 840 82 1.35 546
Transition from (4 to 5) 1.8 - 123 1.8 -
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Table 7-4. Summary of experimental results for fatigue endurance limit in terms
of number of cycles, strain and load for three MG foils of length 20 mm with 2
arcs (Nr, cycles to failure; STD standard deviation).

Ni-based (25 pm) partially

Fe-based (19 pm) NiFe-based (25 pm) .
Sinusoidal crystalline
arcs . .
Strain | Load Strain | Load Strain | Load
N STD | 7, Ni | STD N | sTD
%) | () @) | (V) %) | (N)
1 225900 | 21250 | 0.42 1 - - - - - - - -
(distorted)
2 27075 | 2546 | 0.42 1 25800 | 2121 | 0.46 3.2 | 19100 | 2523 | 0.46 4.2
3 8475 1209 | 0.55 9 6750 | 574 0.7 16 | 5070 | 1301 | 0.9 30
4 4210 1165 1.1 30 840 107 1.2 40 546 155 1.35 50
5 1002 54 1.3 57 - - - - - - - -

7.2.3 Cyclic fatigue for pre-buckling (low strain amplitude)

For a long fatigue life of metallic glass foils, the strain must be below 2%. Thus,
fatigue life tests were carried out on the MG foil subjected to low strain. In this
case, the cyclic loading ranged from a single initial arc-shaped just prior to the
initiation of 2 sinusoidal arcs and just before the new arc is formed (ni+1), as
shown in Table 7-5.

Table 7-5 shows the cycles to failure of Fe76.10Cr2.48Sia.51B16.91 MG folil for L= 20
mm and hi=5 mm at low strain, 0.42% corresponding to the initiation of a second
arc and the completion of that arc. The fatigue performance increases with
decrease in applied strain. The fatigue life of amorphous alloys in terms of cycles
to failure is higher at lower strains. For example, the Fe-based metallic glass foils
failed after 225900 cycles without buckling and one arc transitioning into just
before two arcs are formed. Crack initiation, in this case, occurred at the sites of
maximum local strain, where the sinusoidal arcs are distorted, (R2 in Table 7-5),

at about 0.42% strain. The fatigue life, in this case, is about 8 times higher than
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with two sinusoidal arcs of the same foil, see Table 7-5. Obviously, the number

of arcs plays an important role in determining the fatigue life of metallic glass foils.

Table 7-5. Comparison between two different operating of cyclic loading of Fe-

based glassy foil

o Case 1 (1 to just before a Case 2 (1 to 2 fully perfect
Description .
new arc is formed ni+1) shaped)
N =~ w
Schematic ' 9 79 ‘ R ™~
-—-“ -: 4 R2 2
/v\ N — -—
Rz 2C -
Maximum strain 0.42% 0.42%
Cycles to failure 225900 27075

Tension-compression fatigue is a common form of fatigue, as for example, in
vibration of aircraft wings. For metallic glass foils, the number of cycles has been
shown to be limited due to tension-compression fatigue caused by undulatory
behaviour of the disturbance. The effect of tension-compression fatigue, and the
maximum strain on the fatigue performance can be explained in terms of the
forming of sinusoidal arc. Figure 7-5 shows a schematic diagram of the tension-
compression cycles produced by undulatory behaviour. The strain in the cross-
section at position 'a' represents tension along the outer surface of the foil and
compression along the interior surface of the foil. The foil surface instantly attains
its maximum tension and compression strain (omax) at position b. Position b shows
this strain just before a new arc forms (ni+1). After the point marked X reaches
position d, the strain drops immediately to minimum strain (omin), and this is
accompanied by the formation of an additional sinusoidal arc. In position f, where
point f is equivalent to point a on the initial curve, point X flips from tension-
compression to compression-tension. After that, at this point f, the process is then

reversed with multiple arc formations.
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Figure 7-5a shows that as metallic glass foils undergo deformation and bending,
the strain is inhomogeneously distributed in the foil, where compression occurs
at the bottom of the foil and tension on the top, so the foil experience varying
compression and tension due to the undulating nature of the applied load.
However, tension-compression phenomena along foil reverse during the
undulatory behaviour. For example, in one cyclic loading when the foil shape
goes from 1 to 2 arcs, it experiences maximum strain just before forming the
second (ni+1) arc. See points ‘b’ in Figure 7-5a, which refer to the pre-buckling
stage. Post-buckling, with the new shape (2 arcs), the maximum strain is less
than pre-buckling. In this case, both sides of the foil experience a double stress
at different parts of the cycle loading (tension-compression). Thus, it has been
found that the loading over one cyclic is constrained due to the double stress of
more than one maximum strain from different sides of the foil. The tension-
compression fatigue with undulatory behaviour can be seen in the schematic in
Figure 7-5b.

—
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b_-— |
. | - b
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Figure 7-5: a) Schematic diagram of cyclic loading of metallic glass foils from initial
arc-shaped to 2 sinusoidal arcs; b) cyclic loading for one cycle, showing stress cycle
points for initial single arc, distorted shape due to increasing applied load, two arcs,

distorted shape due to decreasing applied load, and finally to a single arc.

In cyclic loading, the undulatory behaviour can impart tension-compression
bending stresses along the foil, as explained above. The present tests found that
buckling phenomena leading to undulatory behaviour may affect the fatigue
performance of glassy foils by causing reverse bending fatigue. This means that
during cyclic loading, the local strain on the foil flips from tension to compression
in each sinusoidal arc formed due to the undulatory behaviour, see the results
previously mentioned for cycle fatigue of Fe-based at low strain amplitude. For
example, the Fe-based foils show maximum tension-compression just before
buckling occurs, then the maximum tension-compression as the buckling finishes
with the production of two sinusoidal arcs. Thus, the material experiences a
double fatigue cycle due to the two maximum stress that occur, pre-buckling and
post-buckling.

However, under low cycle fatigue conditions, Fe-based foil outperformed the
other two amorphous alloy foils when the data are expressed in terms of strain or
number of sinusoidal arcs formed. In Figure 7-6a, it can be seen that fatigue life
for amorphous alloy foils is generally similar at low strain ranges, but that the

lifespan of Fe-based foil is superior to that of other glassy foils tested in this study.
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This is due at least in part to the different MG compositions of the three foil types,

as well as the thickness differences between foils.

Verduzco, et al., [82] found that Fess.5CrsSiz.5B1s glassy wire had superior fatigue
performance in terms of applied strain range compared to HT steel wire of
diameter 245 um under high cycle. For Fe-Cr-Si-B glassy wire, using a double
pulley fatigue machine, the minimum strain range that could be obtained was

0.5%, leading to failure after 107 cycles, Figure 7-6b [82].
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Figure 7-6. Fatigue behaviour in terms of the applied strain range; a) cycle
loading for Fe7s10Cr248Sias1Biso1 foil in current study; b) cycle to failure for

Feso.sCrsSizsB1s glassy wire [82].

It has been shown that for any constant mean cyclic loading, the fatigue life of all
metallic glass foils decreases with increasing number of sinusoidal arcs under all
boundary conditions due to increased load/strain as long as the increased
number of arcs. These results are broadly consistent with a study carried out by
Yousfi et al. [2], whose results were given only as a function of cycles to failure
and with experiments were performed with only one value of boundary length, L=
20 mm. However, to understand the effect of undulatory behaviour on the fatigue
life of metallic glass foils, the results are given as a function of a strain range

rather than load range.
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7.2.1 Characteristic features of fatigue failure of metallic glass
foils
After fatigue testing, the foils were examined with a high-resolution SEM to better
understand failures. Interestingly, crack initiations occurred at higher stress levels
regardless of tension or compression on the surface. Two kinds of crack initiation
mechanisms in metallic glass foils were observed after cyclic loading tests as

shown in Figure 7-7.

Figure 7-7a indicates that the crack initiation site occurs in the interior of the
specimen at a high strain level and propagates out to the surface. It was observed

that such cracks were always initiated at defects.

The second type of crack was observed to consistently occur at the side edge of
the foil specimen at high strain levels. Figure 7-7b shows that the micro-crack
propagated rapidly, leading to failure. At high strain levels, crack initiation occurs
at the side edge of this type of crack. Due to the late capture of cycles to failure,
cracks at the edge are not considered as crack initiation since the majority of
crack initiation occurred on the interior surface. Table 7-6 shows the characteristic
types of crack initiations, including pictures of metallic glass foils used in this

study.
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Figure 7-7. Types of cracks of NiFe-based foil during cyclic loading; a) interior

crack; b) crack at foil edge.

Table 7-6. Types of crack initiation of metallic glass foils during cyclic loading.

MG foil Crack type | (interior Crack type Il (at foil
surface) edge)
Fe-based 75% 25%
NiFe-based 75% 25%
Ni-based 100% -

Figure 7-8 shows the crack initiation in NiFe-based foil at 6300 cycles, which
continued to propagate so long as the cyclic loading continued. Note crack length
at 6600 cycles, and after 7500 cycles, it is seen that the crack had increased its

length, deeper into the foil such that the foil was nearly split into two pieces.

Failure at 6300 cycles for Failure at 6600 cycles Failure at 7500 cycles for propagation crack
initial crack after initial crack
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Failure at 6300 cycles for Failure at 6500 cycles Failure at 7500 cycles for propagation crack
initial crack after initial crack

Figure 7-8. Crack propagation into NiFe-based MG foil during cyclic loading

Figure 7-9a shows an SEM image of crack initiation in Fe-based metallic glass
foil after 9900 cycles. Figure 7-9b shows the Fe-based foil sample failed after
9900 cycles, where cyclic loading was for 3 sinusoidal arcs. From the results, the
initiation site occurred as marked with a red circle, in the interior of the foil near
the middle of the surface. Crack initiation on the surface began from the interior
of the sample. However, with increasing number of load cycles the crack stops
growing inside the sample and extends toward the edge until a fracture occurs,

as shown in Figure 7-9a.

Looking closely at the point of crack initiation in Figure 7-9a, initially, cracks
propagate in a straight line following their initiation, the direction of propagation
is in both directions perpendicular to the direction of application of the load. The
crack likely originated due to an embedded defect and propagated towards the
outer face of the foil, in the direction of increasing strain and, as the number of

cycles increased with multiple arc formations, fracture occurred.
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Figure 7-9: (a) SEM of crack initiation location of Fe-based metallic glass on the
crack surface for 3 sinusoidal arcs at 9900 cycles; (b) foil sample for the same

foil.

Figure 7-10a shows an SEM image of a Fe-based metallic glass foils, while
Figure 7-10b presents the Fe-based metallic glass foil under cyclic loading with
5 sinusoidal arcs where deformation was induced after 930 cycles. As a result,
the maximum strain at the origin of the crack can be used as a parameter to
indicate the number of cycles to failure and the foil’s likely lifespan. It was found
that for foils of length 20 mm, the strain value for 2 sinusoidal arcs was 0.42%
and for 5 arcs was more than three times as great, 1.3%. Failure in the former

occurred after 27075 cycles and in the latter after 930 cycles.

a) b)n

Crack initiation after
930 cycles

Crack initiation / /-

after 930 cycles

Figure 7-10: a) SEM of Crack initiation of Fe-based MG foil failed after 930 cycles
within the cyclic loading range for 5 sinusoidal arcs with L=20 mm; b) same foil

sample after it had failed.

Furthermore, the main crack propagation is in the shear band, which is present
on both sides of the crack, as shown in Figure 7-11. Shear bands were also
observed in other and samples, including NiFe-based and Ni-based foils, and
exhibited similar cracking and shear banding phenomena. The shear band and
cracking observed in this study are significant mechanisms of damage for metallic
glass foils subjected to cyclic loading. Rapid crack growth occurs at the tip of the
fatigue crack once a shear band forms at the crack tip, as shown in Figure 7-11.

In order to gain a deeper understanding of the crack initiation, during cyclic
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loading we regularly interrupted testing and, using the SEM, examined the

original site of the crack and along the crack length for maximum strain.

The strain level for shear band which is at the maximum local strain at the crack
tip, can be used to represent the resistance to cracking by the shear band during
fatigue crack propagation. Note that the number of cycles to failure, i.e., to fatigue
crack initiation, was measured through the maximum local strain, whether in
compression or tension during the undulatory behaviour. The sinusoidal arcs
produced during loading/unloading show different tension and compression sites
along the foil; it would be expected that the cracks occur where the maximum

strain is applied.

cycles

..

After 9900 cycles

Figure 7-11: a) illustration of shear band at the bottom crack on the damage
evolution after 930 cycles; b) shear band at the top crack evolution after 9900

cycles.

For example, Figure 7-12 shows that the crack site had maximum tension-
compression for the initial single arc, this was converted to compression-tension

as 2 arcs were formed.

— Acracksiteat2 b)
sinusoidal arcs
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Crack tip position

-

Crack tip position

Figure 7-12: Showing crack initiation at tension-compression reversal to
compression-tension: a) MG foil formed into two sinusoidal arcs, demonstrating
a crack site at position of maximum compression-tension; b) same foil showing
initial arc-shape indicating crack site at tension-compression; c) schematic of

formation of two arcs.

However, another potential failure is related to the casting process at the foil's
edges, as shown in Figure 7-13. Micro-casting defects are generated by the
spinning cast manufacture of those foils, the condition of the copper roller, and
the gaseous atmosphere used [175]. These types of defects are observed at the
side edge of metallic glass foils starting from micro-notches, which are created
during the cutting process of the foils [2]. Due to the high-stress level
concentration produced at the tip of a defect, it is a conducive site for crack
initiation. However, it was found not only that the crack initiation occurred around
3 mm away from these edges but also that some cracks began life in the middle

of the surface interior.
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Figure 7-13. SEM image shows the cast edge of the metallic glass foil.

Another concern is to avoid early failure due to misalignment when setting up the
foil in an arc-shape on the base. A pre-test was carried out in each case to ensure
the base holder base was fully aligned with the pushing plate since misalignment
would cause more concentrated stress in some areas of the foil than others
during cyclic loading, resulting in a slight twist giving the sinusoidal arcs a different
arc curvature shape, resulting in higher stress and strain and earlier failure due

to a smaller radius of curvature.

Further, this study found that another potential cause of early failure is the
thickness of the foil. Ni-based and NiFe-based MG foils have similar thicknesses
but different compositions, the results for fatigue cracks compared to thinner Fe-
based MG foils showed a high lifespan for fatigue. Foil thickness influences
fatigue life during cyclic loading due to the different stress and strain values that
occur for different foil thicknesses. Whether crack growth initiates from defects
on the surface or shear events, it always is initiated in areas of the foil that are
subjected to maximum stress loading. While these metallic glass foils are
considered to have a low fatigue life overall based on their observed cyclic

lifetimes, that could be useful for some engineering applications.

In addition, the apparently better fatigue life performance of metallic glass foils
(expressed in terms of strain range), indicated by the present tests, arises from
the higher maximum local strain of arc-shapes during undulatory behaviour.
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However, thinner Fe-based foils clearly have better fatigue performance than
other glassy foils in the same applied strain range. As a result, the crack site
appeared just where maximum localised strain occurred just before a new arc
was formed (ni+1). As shown in Figure 7-14, the crack site is precisely at the
same site when two perfect sinusoidal arcs formed under cyclic loading resulting

in double stress, either compression-compression or tension-tension.

Crack site
a) ;
- 7 -
Crack site
/5
b) Ty

Figure 7-14. Schematic diagram of undulatory behaviour; a) stress cycle before
buckling (before new arc begins); b) stress cycle from one arc to two arcs,

indicating the crack location in both cases.

7.2.2 Surface roughness of Fe-based glassy foil

The metallic glass foils are manufactured by melt-spinning methods and these
foils have two surfaces, one surface called air-side and the other wheel-side. The
fatigue tests of metallic glass foils were conducted with wheel-side surface in
contact with the pushing plate and the air-side surface towards the base. The
crack initiation was carefully observed on both sides to identify which was more
susceptible to fatigue cracking. The metallic glass foils on the wheel-side show
more apparent signs of shear banding where the fatigue crack develops

compared to the air-side.

All metallic glass foils have different topographical characteristics on their two

sides, as shown in Figure 7-15.
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Figure 7-15: a) the wheel-side of the NizgB14Sis glassy foil, which is in contact

with the compression plate during cyclic loading; b) the air-side of the same foil,

but this surface is in contact with the base.

A Taylor Hobson Precision Interferometer was used to measure the roughness
of both sides of metallic glass foils in the direction perpendicular to the casting.
Due to abnormal early failure of these MG foils under cyclic loading, the surface
roughness of both sides of the foil was compared to determine whether it might
have had an effect on the failure or not. Several measurements were taken on
each side of the samples for the same scanning area. Figure 7-16 shows the
extracted profile (primary profile) of the copper roller side (wheel-side), while
Figure 7-17 shows the extracted profile for the air-side. In the vertical black line,
the analysis direction is along the foil from which a profile is extracted. It can be
seen that the maximum value of valley depth on the wheel-side is 7.3 £0.14 um,
which appears slightly greater than those on the air-side (depth=6.76 +0.45 pum).
The former could be due to unevenness of the roller surface and the latter could

be attributed to the presence of surface defects distributed across the foil surface.
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Figure 7-16: a) A profile measurement extracted from a 3D surface topography
of Fe-based MG on wheel-side, where the black line represents the 2D profile

extracted; b) 2D profile extracted.

All metallic glass foils showed a higher surface roughness on wheel-side than
that along the direction of casting. Due to the dip in the MG foil in the direction of
casting, the profile taken in that direction may not have shown the true roughness

profile.
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Figure 7-17: a) A profile measurement extracted from a 3D surface on air-side
foil of the Fe-based MG foil as-cast, where the black line represents the 2D
profile extracted ; b) 2D profile extracted.

7.2.3 Surface roughness analysis of Fe-based glassy foil

In order to improve fatigue life in metallic glass foils, it is essential to evaluate the
surface roughness parameters. The MG foils surface topographical parameters
studied include the total height, root mean square roughness and roughness
average. Total height, P:, measures the vertical distance between the highest
peak and deepest valley on the surface. Pq refers to the root mean square
roughness within the sampling area, which corresponds to the standard deviation
of the height distribution. The average roughness Pa represents the average
height of the sampled area and shows the general variation in height. Skewness
Ssk and Kurtosis Sky measure the topography of height distribution of the sample
from the mean surface level. The values of the roughness parameters for metallic

glass foils are given in Table 7-7.

Table 7-7. Surface roughness parameters of Fe-based metallic glass foil for scan

area of 0.8x0.8mm?.

Roughness parameters Wheel-side Air-side
Total hight, P; 7.3 +0.14 um 6.76 +0.45 um
Root mean square, Pq 1.35 £0.08 um 1.51 £0.22 um
Roughness average, Pa 0.98 £0.14 um 1.17 £0.25 um
Skewness, Ssk -1.95 +0.33 -0.73 +0.44
Kurtosis, Sku 8.22 +2.62 3.86 £1.40
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From the listed in Table 7-7, the kurtosis value of 8.22 +2.62 suggests the height
distribution has a few extreme peaks in the wheel-side of the foil. In contrast, the
air-side sample shows a more evenly distributed surface with a smaller number
of not-so-high peaks as shown by the Kurtosis values of 3.86 +£1.40, which is
bigger than 3. Both surfaces of these foils have a negative skewness value,
indicating that they possess surface valleys and peaks on their surfaces. The Pa
value increased from 0.98 +0.14 um on the wheel-side foil samples to more than
1.17 £0.25 um in the air-side foil samples. The Pq value was 1.35 +0.08 um for
the wheel-side and 1.51 £0.22 um for the air-side foil samples. Overall, that the
wheel-side has higher peaks compared to the air-side. However, all those values
presented are averages of several measurements taken on the specimen, and

the results shown in the figures are one of these measurements.

7.2.4 Surface analysis of NiFe-based glassy foil

Figure 7-18 shows the extracted profile of NiFe-based metallic glass foil on

wheel-side, it is seen that the total height is 7.90 +1.55 um.

The air-side of the NiFe-based MG foil has a total height of 3.03 £0.61 pum.
Comparison of FiguresFigure 7-18 andFigure 7-19 shows the air-side has fewer,
smaller amplitude peaks and troughs compared to wheel-side. The values of the
roughness parameters for NiFe-based metallic glass foil are reported in Table
7-8.
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Figure 7-18: a) Profile measurement extracted from a 3D surface of NiFe-based

on wheel-side; b) 2D profile extracted.
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Figure 7-19: a) Profile measurement extracted from a 3D surface topography of

NiFe-based on air-side foil as-cast; b) 2D profile extracted measurement.
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Table 7-8. Surface parameters
0.8x0.8 mm?,

of NiFe-based metallic glass foil for scan area of

Roughness parameters Wheel-side Air-side
Total height, P 7.90 +1.55 pm 3.03 +0.61 um
Root mean square, Pq 1.65 £0.52 um 0.75 £0.15 um
Roughness average, Pa 1.14 £0.50 um 0.62 £0.13 um
Skewness, Ssk -2.31 £0.04 -0.41 +0.09
Kurtosis, Sku 7.12 £2.42 3.13+0.20

7.2.5 Surface analysis of Ni-based glassy foil

Figure 7-20 shows the extracted surface profile of Ni-based metallic glass foil on

wheel-side. While Figure 7-21 shows the extracted surface profile from air-side for

the same foil. The values of total height appear quite similar, on the wheel-side it

is 5.10 £0.59 um, while on the air-side it is 5.68 +0.57 ym. The values of the

roughness parameters for Ni-based MG foils are reported in Table 7-9. From the

values given, it is concluded that greatest number of defects on the surface of the

foil is likely to be due to air pockets. These observations are consistent for all MG

foils studied.
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Figure 7-20: a) Profile measurement extracted from a 3D surface topography of
Ni-based MG on wheel-side; b) 2D profile extracted.
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Figure 7-21: a) Profile measurement extracted from 3D surface topography of

Ni-based MG foil on the air-side as-cast; b) 2D profile extracted.
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Table 7-9. Surface parameters of Ni-based metallic glass foil for scan area of

0.8x0.8 mm?Z.
Roughness parameters Wheel-side Air-side
Total height, Pt 5.10 £0.59 um 5.68 +0.57 um
Root mean square, Pq 0.88 £0.10 um 1.30 £0.26 um
Roughness average, Pa 0.58 £0.04 um 1.01 £0.31 um
Skewness, Ssk -2.32 £0.18 -0.31 £0.03
Kurtosis, Sku 9.66 +1.19 3.01 £0.21

These metallic glass foil samples show small peaks with intense heights based
on the Kurtosis value. The skewness value is negative in all cases, indicating that
metallic glass foils possess some sharp surface peaks and valleys. Generally, for
the cases examined, the wheel-side presented a greater depth of air pockets on
its surface than the air-side, with a greater potential to act as stress
concentrations that can affect fatigue life. As the number of cyclic loadings
increases, leading to local stress concentrations that result in shear bands which
can lead to crack formation on the surface due to the formation of micro-shear
bands in a direction towards the outside of the specimen.

Stress concentrations can combine with surface effects, leading to the initiation
and growth of fatigue cracks. These cracks can then propagate through the
material, eventually leading to failure. The stress concentration factor (K:) is
directly related to the magnitude of stress at the concentration point and, thus,
the crack growth rate. Therefore, the effective stress concentration factor and
defects on the foil surface are primary determinants of the fatigue limit. The
theoretical stress concentration factor is used to measure the localisation of high
stresses omax. Kt is used to relate the actual maximum stress at the discontinuity
to the nominal stress (tension or compression), and can be defined as follows
[176][177]:

_ Omax 7'1)

anom
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Where K: represents normal stress.

However, the geometry of the hole configuration determines the stress
concentration factor. Figure 7-22 shows the nominal stress distribution for the foil
loaded in bending mode. The presence of surface defects distorts the simple

stress distribution. This results in localised high stresses or stress concentration.

Figure 7-22. Stress concentration in a beam with two grooves loaded in
bending.

Stress concentrations near defects exhibit maximum stress, while the areas away
from the defects should experience smaller stress. The surface defects which
possess an elliptical shape cause high stresses around themselves which can
significantly impact the fatigue life of metallic glass foils, especially in situations

involving cyclic loading.

However, examining stress concentration mechanics in depth is not within the
scope of this work. Stress concentration in beam tension with notch defects, as
shown in Figure 7-23. In our case, we applied stress concentration as found for
beam bending, as no such investigation has been reported for the much more

complicated situation of a foil shape.
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Figure 7-23. Stress concentration factor K; for a notched beam in tension [176].

Analysis of stress concentration geometry is based on defects found on the
surface, and the respective r/t ratios for each defect. Where r is the radius of a
defect and t is the depth. The value of this ratio is selected from between 0.2 and
0.5, as shown in Figure 7-24. Based on the r/t values, the K: value is in order of
1.6 to 2.6, therefore the actual stress is higher than corresponding expected
stress. As seen in Figure 7-24, the stress concentration factor, K: increases as
the ratio r/t decreases. For the metallic glass foils studied the results of stress
concentration factors are listed in Table 7-10. These results suggest that stress
concentration averages a value of 2 for different MG foils, which will result in
earlier than expected failure during cyclic loading. Localised high stress near
surface defects, produce a stress concentration which impacts on the fatigue life
of metallic glass foils. Local strain can double in magnitude during cyclic loading,
unlike the calculated local strain at steps of distorted shape. The higher stress
concentration induced by the surface defects promote local strain accumulation
ahead of crack initiation, thereby helping cause fatigue failure of the metallic glass

foils.
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rit

Figure 7-24. Stress concentration factor k; for a notched plate in transverse
bending [177].

Table 7-10. The parameters used to calculate stress concentration of metallic
glass foils with different surface defects.

MG foil Defect depth, Thickness Ratio, Ratio, Stress concentration
t (um) , d (um) t/d r/t factor, Ki
Fe-based 7108 19 0.36t0 0.42 19t0 2.6 ~(1.91t0 2.6)
NiFe-based 6.5t0 10 25 0.40t00.26 0.27t00.41 ~(1.7t0 2.4)
Ni-based 5t06 25 0.20t0 0.24 17t0 2.4 ~(1.7 to 2.35)
Ni-based 5t06 40 0.12t0 0.15 1.7t02.4 ~(1.7 to 2.35)
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7.2.6 Suggestions to improve the fatigue property of metallic glass
foils

Previous work [2] suggested, and this research has confirmed, that the fatigue
cracking mechanism in MG foils is mediated by shear bands. Fatigue resistance
of metallic glass foils can be enhanced, and cycle lifetime increased by controlling
shear band behaviour and improving surface finishing. The fatigue life of many
metallic glasses is presently unsatisfactory.

For instance, Yousfi, et al., [2] conducted compression-decompression fatigue
experiments on Fego.65B3.90Cr2.75Si2.7 glassy foil with 3 sinusoidal arcs and found
that the fatigue endurance limit was only around 7 x 102 cycles. They suggested
that improving the surface quality of metallic glass foils may significantly increase
the cycling lifespan which is in agreement with the results reported in this study.
According to the present results, the low fatigue endurance limit of these metallic
glass foils may be attributed to the surface defects, which cannot effectively block
the shear band propagation and fatigue crack initiation. Therefore, elimination of
defects in the surface of metallic glass foils could be a key to improving the fatigue
property of metallic glasses. This might be achieved by avoiding casting defects
during fabrication by using moulds with better surface finish.

7.2.7 Suggestions force ranges and fatigue life requirements in
spring applications

As a result of the applied load, each of the glassy alloys tested displayed good
fatigue endurance. The majority of the specimens tested reached up to 27 x 103
cycles, for specific conditions L=20 mm and depending on arc formation. At the
force range of 1N Fe-based glassy foil exhibited comparable fatigue endurance
to the commercial alloys reached 2.3 x10° cycles. Based on these preliminary
results, the Fe-based alloy exhibits potential for fatigue applications, e.g., micro-
flat spring mechanisms. However, fatigue performance was not as good as that
of conventional crystalline alloys but may be sufficient if force /or strain levels are
relatively kept low. Due to this, fatigue life requirements for spring applications

can vary depending on factors such as their type, intended use, material, and
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design. Fatigue life is a critical consideration for springs because they often

undergo cyclic loading (compression and expansion) during their operational life.

Figure 7-4 (in section 7.2.2) suggests that the fatigue life and force ranges
expected in metallic glass foils for applications such as springs such as MEMS,
shock absorbers and micro-flat springs to estimate their lifespan based on the
applied load. Consequently, the load versus number of cycles under loading
conditions can be used to understand fatigue behaviour of springs as a function
of load. It is essential to control the loading conditions to prevent spring fatigue.
Fatigue resistance of springs can be determined by considering the expected
load levels, whether in high-cycle or low-cycle applications. Table 7-11 provides
load ranges of fatigue life requirements expected for metallic glass foils tested in

this work to be used as spring applications.

Table 7-11. Force ranges and fatigue limit requirements in MG foils for spring

applications.

. ) Boundary  Cycles to Max-strain ~ Max-Working Sinusoidal
Metallic glass foil ) )
lengths L failure (Ny) (%) load (N) arcs formation
Fe-based 20 2.3x10%to 0.2t0 1.9 120 2t06
103
Ni-based- 25 um 20 19x 103 to 0.421t01.8 186 2to5
546
NiFe-based- 25 um 20 25x 10%to 0.421t01.8 170 2to5
840

Certain spring applications such as the helical compression springs, are made of
Si-Cu alloyed valve spring wire with a diameter between 2mm to 5 mm. The
fatigue cycle to failure for these springs falls within the range of 107 to 10° cycles,
with an ultimate strength of 2216 MPa [178].

Additionally, for leaf spring type SAE, the predicted fatigue life is based on Figure
7-25, which indicates a maximum stress of 885 MPa and an initial stress value of
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200 MPa. The intersection of 885 MPa and 200 MPa lies in the zone of 5 x 104
to 7.5 x 10* cycles. According to the vehicle manufacturer, the maximum stress
of 896 MPa corresponds to the maximum load of 2 g, while the minimum stress
of 269 MPa corresponds to the maximum load of 0.6 g. Based on these

estimates, the leaf spring is expected to sustain around 6.8 x 10* cycles [179].
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Figure 7-25. Maximum applied load versus initial load /or stress for leaf spring
[179].

Another type of spring applications used in shock absorbers in automobile
suspension systems as triangular wave with a frequency of 4 HZ and SAE
standard suspension loading. The fatigue cycle to failure around 4 x 10° cycles.
Overall, these springs must sustain millions of cycles of operation without failure
[180]. Table 7-12 summarises the fatigue life of spring-type applications and their
force range.
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Table 7-12. Fatigue life requirements of spring applications.

Max-Working stress

] o _ Cycles to
Spring applications Material }
failure (Nf) (MPa)
Helical spring Si-Cu alloyed 107 to 10° 2216
Leaf spring SAE 65Si7 6.8 x 10* 896
Shock absorber SAE 9254 4 x10° 2950

7.3 Conclusions

The cyclic lifetime of metallic glass foils of Fe-Cr-Si-B, Fe-Ni-Si-B-Mo and Ni-B-
Si containing the crystalline phase has been studied. Due to their being thinner,
the metallic glass foils of Fe-Cr-Si-B alloy showed higher cyclic loading than the
two other glassy foils. The cycles to failure for low strain, which is run from initial
arc-shaped to 2 sinusoidal arcs just before a new arc formation (ni+1), was found
to be higher than 225 x 103 cycles compared to 27 x 103 with cyclic loading form
(1 to 2) entirely perfect sinusoidal arcs. Tension-compression during cyclic
loading is upturned within undulatory behaviour, further degrading the lifespan of
metallic glass foils. When the fatigue results were plotted in terms of applied load
and strain range, the Fe-based foil had higher fatigue life in terms of cycles to the
failure than the other glassy foils. The present results show that crack sites in the
different glassy foils are located in much the same positions, in the middle or near
the edges of foils. It was observed that crack initiation occurred when the

maximum strain was present at the crack site.

Surface analysis showed that the surface state significantly affected the fatigue
life and led to crack initiation due to stress concentration which often occurred
near casting defects on the wheel-side. The bottom of valleys tins the casting
defects are sites for nucleation and crack initiation, indicating that the highest

stress occurred around these defects.
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The fatigue performance of the glassy foils could be improved in two ways: (1)
reducing surface defects and enhancing surface finish during foil manufacture to
reduce the number and magnitude of consequential stress concentrations, and

(2) avoiding foil misalignment as much as possible during set-up.

Increasing stress, reduces fatigue resistance against strain at specific sites,
primarily due to surface defects. The fatigue performance of glassy foils under an
applied undulatory loading is limited due to stress acting along the foils. It was
found that Fe-based foils had a superior fatigue life compared to the other glassy
foils tested due to a difference in Young's modulus and thickness, resulting in a
higher resistance to strain.
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8 Conclusions and future work

8.1 General conclusions

The thesis investigates the undulatory behaviour of metallic glass foils that can
potentially be exploited for engineering purposes. The undulatory behaviour of
metallic glasses of different compositions and thicknesses was studied.
Moreover, partially crystalline structures also were examined. The fatigue life of
metallic glass foils was determined. Different parameters (boundary lengths L,

amplitude h and thickness d) were tested.

In depth critical literature review has been carried out to meet objective 1. Based

on this literature it has been unidentified that:

The main research findings related to the undulatory behaviour and mechanism
of undulatory behaviour that causes these transitions. The fatigue life of metallic
glass foils considered in this work suggests that the other metallic glass foils
selected for in-depth testing would be feasible due to the presumed ability of the
fatigue lives for those metallic glass foils. The main findings from this investigation

are:

Firstly, the undulatory behaviour has been shown for various metallic glass foils
of a fully amorphous and partially crystalline nature. Extensive experimental work
on investigates the effect of geometrical characteristic, impact loading rate and
impact of foil thickness has been carried out to meet objectives 2, 3 and 4. The
effect of the geometry initial sinusoidal arc set-up on the boundary length L was
investigated. It was found that higher L values lead to a lower load for the same
number of arcs. However, the initial arc set-ups with higher L values can allow
the formation of a higher number of arcs while remaining in the elastic
deformation region of the metallic glass foils, thus being able to reach higher
loads before (local) plastic deformation occurs. For a set-up of the same
geometry (initial length L and arc’s amplitude h) the new arc formation (n+1)
occurs at the same displacement independently of the type of alloy or the
thickness of the ribbon. It was shown that the undulatory behaviour is repeatable
after cycling loading and unloading, returning to the initial shape and position,
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similar to a non-linear spring-type behaviour. However, undulatory behaviour

showed a hysteresis during unloading compared to the loading path.

The foil reaches maximum local strain at those steps (waveforms) with a
maximum distorted shape that exhibit the highest bending or the smallest radius
of curvature. The local strain on the foils at the distorted shape is significantly
higher compared to the local strain at the perfect sinusoidal arcs; thus, the
limitation for the maximum number of arcs must be measured at the steps of
maximum distortion of the foils. Therefore, the strain must be primarily considered

immediately at steps of maximum distortion, before forming a new (ni+1) arc.

With increasing the foil’s thickness, the required load cause bending and buckling
to increase; however, plastic deformation would be reached earlier (in terms of

number of arcs) compared to thinner foil.

Based on the experimental work and analysis carried out, the ability of processing
the mechanism mentioned in objective 5 through the studied underlying
mechanism led to undulatory behaviour and the pathway to arc multiplication.
The following is the conclusion made; the main phenomena occurring include
bending, buckling and post-buckling in a repeatable manner. The Euler equation
was used to analyse the buckling critical load during the undulatory behaviour.

A modified expression of the standing wave equation was found to describe well
the waveforms where the foil exhibits only perfect sinusoidal arcs. In contrast, it
cannot describe waveforms with distorted shapes. Even though this Equation
does not give information on the applied load within undulatory behaviour, it can
still be a valuable tool in designing any type of spring set-ups. Furthermore, it can
generate unlimited waveforms of sinusoidal arcs as it does not restrict to metallic

glass foils limitation of 2% strain.

Extensive experimental work on fatigue and analysis crack initiation and surface
finishing has been carried out to meet objective 6. Based on the experimental
work key operational parameters and materials analysis work gave in-depth
understanding of the fatigue life of various of metallic glass foils. This work has

led to the following conclusions; the main tests of the cyclic loading/unloading

208



behaviour was characterised under various applied load or/strain range
conditions. The cycle fatigue life of glassy alloy foils was found to be greater than
partially crystalline. The fatigue lifespan of metallic glass foils undergoing cyclic
loading decreased as the maximum local strain increased, and the thickness of
the foil influences fatigue life during cyclic loading due to different stress and
strain values involved in different foil thicknesses. Cracking was found to initiate
from surface defects of MG foil acting as stress concentration points and leading
to localised plastic deformation and crack formation. Similarly, the side edges of
the foils can also act as stress concentration points due to their sharp geometry,
leading to crack initiation under cyclic loading conditions. For further
improvement, post-surface treatment is expected to increase the lifespan of
glassy foils by eliminating surface casting defects.

8.2 Future work recommendations

This section focuses on proposing the possible aspects that can be considered

to further extend or improve this research work in the future:

The undulatory behaviour of arc-shaped metallic glass foils studied in this work
could be modelled using programming to read data of undulation that needs to
be analysed. For example, Abaqus can be used to simulate the undulatory
behaviour of metallic glass foils by creating a finite element model. However, it
needs to define an appropriate constitutive model that captures the non-linear
behaviour of MG foils. It is worth noting that modelling the behaviour of metallic
glass foils in Abaqus can be challenging due to the complex nature of their
deformation behaviour. The simulation results’ accuracy depends on the material
model’s accuracy and the assumptions made during the modelling process. It is
recommended to validate the model against experimental data and adjust the

material parameters if needed.

Surface defects were found to be a primary reason for generating cracks at these
sites; further work would be of interest if capturing initial crack defects applied
using impact sound were seen to cause early stages of crack initiation. Also, from
the results of this work, it is found that the limited fatigue life is due to the

maximum local strain around crack sites. These multiple mechanisms would be
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available to cause fatigue failure. Further work would be interesting to identify
mechanisms that relieve strain along metallic glass foils within undulatory
behaviour to extend fatigue life during cyclic loading. Carefully optimising the
loading conditions can help minimise strain along the ribbon; it is possible to

reduce strain accumulation and mitigate fatigue damage.

The undulatory behaviour of metallic glass foils can be used to develop sensors
and actuators that can detect and respond to environment changes, such as
sensing and actuation. Future work could focus on optimising the design and

fabrication of these devices to improve their sensitivity and response time.

In addition, the undulatory behaviour of metallic glass foils can also be used to
generate electricity from vibrations and other types of mechanical energy. It would
be an exciting future project to develop new materials and designs for energy
harvesting devices to take advantage of this behaviour and improve their
efficiency and durability. Furthermore, the undulatory behaviour of these foils can
be used to improve their ability to absorb shock and resist deformation under
extreme conditions. Future work could focus on developing new materials and
designs for structural applications that can take advantage of this behaviour and

improve their performance and reliability.
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