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Preface

Metallic glasses and amorphous materials have attracted much more attention in the last
two decades. The first claim is their potential industrial applications as appropriate materi-
als for fabricating devices, and the second claim is the lack of understanding of many prop-
erties of these materials, which are very different from those of crystalline counterparts. A
noncrystalline solid produced by continuous cooling from the liquid state is known as a “
glass ”. From the other point of view, a noncrystalline material, obtained by any other proc-
ess, for example, vapor deposition or solid-state processing methods such as mechanical al-
loying, but not directly from the liquid state, is referred to as an “amorphous” material. But,
it should be remembered that both glasses and amorphous solids are noncrystalline in na-
ture. These could be extensively grouped into metal-metalloid or metal-metal type. In a
typical metal-metalloid-type glass, the metal atoms constitute about 80% and the metalloid
atoms (typically B, C, P, and Si) about 20%. The metal atoms may be of one type or a combi-
nation of different metals, but the total amount of the metal atoms is about 80%. Corre-
spondingly, the metalloid atoms may be of one type or a combination of different metalloid
atoms, and also the total amount of the metalloid atoms is about 20%. At this moment, bulk
metallic glasses (BMG) are appearing as a new class of metallic materials with unique physi-
cal and mechanical properties for structural and functional usage. Extreme values of
strength, fracture toughness, magnetic properties, corrosion resistance, and other properties
have been registered in BMG materials.

The overall purpose of this book titled “Metallic Glasses: Formation and Properties” is to pro-
vide opportune and fully developed coverage of selected advanced topics in metallic glasses
as well as amorphous materials. The articles for this book have been contributed by the most
respected researchers in this area. This book is divided into three sections including I. for-
mation and characterizations, II. structural features, and III. applications. InTech Publisher
and myself as the editor hope that this book will be supportive for the current researches
and prove to be very useful for the scientific community. If so, this will be the nicest reward
for us. Ultimately, I wish to thank all the authors for their contributions, and I should like
here to acknowledge the sustained helpfulness and dedication of the publisher’s staff, in
particular of Ms. Andrea Koric, for her persistance in concluding this interesting project.

Dr. Behrooz Movahedi

Department of Nanotechnology Engineering,
Faculty of Advanced Sciences and Technologies,
University of Isfahan,

Isfahan, Iran
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Chapter 1

Metallic Glasses from the Bottom-up

Aras Kartouzian and Jerzy Antonowicz

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/63514

Abstract

The main challenge in understanding the relation between the structure and properties
of metallic glasses is describing their structure at the atomic level. Currently, their
structures are considered simply disordered and indeed our understanding of their
structure is as undefined as this term. Following the most advanced structural models of
metallic glasses that are based on metal clusters, a bottom-up approach to fabrication of
metallic glasses using cluster beam technology is introduced. Using metal clusters to
fabricate metallic glasses from the bottom-up, that is, formation of cluster-assembled
metallic glasses, provides us with the possibility of varying their structure at the atomic
level while keeping their composition unchanged. A unique feature working with cluster-
assembled metallic glasses is the independent control of their structure and composition.
The advantages of this approach are presented, and its potential toward the resolution of
structure-property puzzle in metallic glasses is demonstrated along with the main
challenges.

Keywords: Cluster-assembled metallic glasses, metal clusters, structure-property re-
lation, cluster deposition, cluster-based structural models

1. Introduction

First discovered in 1959 by rapidly quenching (>106 Ks™) an alloy of Au,sSi,; (at.%) [1], metallic
glasses (MGs) are among the most studied metallic materials. The non-periodic character of
MGs underlies their unique properties which are often superior to conventional crystalline
materials. Due to their reduced eddy current losses, as compared to the crystalline alloys of
identical compositions, for instance, ferromagnetic MGs are commonly used as magnetic core
materials [2]. Also, the corrosion resistance of iron-based metallic glasses was shown to be

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,

open science | open minds and reproduction in any medium, provided the original work is properly cited. (e NN



4 Metallic Glasses - Formation and Properties

much higher than that of crystalline stainless steel [3]. As another example, the
Ti,CusePdy,Zr,, metallic glass is a biocompatible material that is about three times stronger
than titanium, has an elastic modulus that matches that of bone, and does not produce abrasion
powder [4]. Further, the combination of high toughness and high strength in Pd-based MGs
puts them among the strongest and most damage-tolerant materials ever known [5].

As of now, the main challenge in investigating these materials is to describe their structure at
an atomic level. In absence of an atomic description, no systematic design of MGs has been
possible, and the progress in the field is merely based on the costly and inefficient procedure of
trial and error. The pioneering work by Bernal [6, 7] on the structure of metallic liquids, who
suggested “dense random packing of hard spheres” as the structural model, was the first step
in this direction. Further research in the field has led to the discovery of many other metallic
alloys that could be solidified into the amorphous state with moderate cooling rates (10>-10°Ks
1y such as Pd,Ni, P, glass for which bulk sections of 10 mm across were produced at a cooling
rate of 1 Ks™ [8]. Based on the observations across the compositions of the MGs, Inoue put
forward a set of empirical criteria for their formation and stability [9]. This highly valuable
classification accelerated the discovery of new glass forming alloys. As a result, very soon a
revision of the criteria was required [10]. Such criteria that have been proven very helpful in
designingnew glasses, however, naturally suffer fromnumerousexceptions. Forinstance, based
on the binary phase diagram of Au-Al alloy and the relative atomic radii of gold and alumi-
num, it is expected to be possible to produce an Al,Au;_ MG. However, to date, no one has
succeeded in the production of MGs in this alloy system regardless of the employed techni-
ques [11].

Despite the intensive research in the field of MGs, the understanding of the fundamental link
between their structure and properties is still missing [12-15]. Theoretical computations have
made a large contribution toward our understanding of the structure of MGs but are damned
to be inaccurate due to their restricted timescale, which imposes cooling rates that are many
orders of magnitude higher than what is experimentally achievable (beside the ultrafast liquid
quenching reported by Mao et al. [16] with a cooling rate of ~10" Ks™). Currently, there exists
no perspective to solving this issue without external help from other disciplines. Currently,
the structure of MGs is addressed as disordered and our understanding of it is in fact as diffuse
and undefined as this term. Of course, considerable progress has been made in the past toward
describing the structure of MGs at the atomic level, but we are still far from having a coherent
and consistent model.

Assuming we have the correct model to describe the structure of MGs, the next step would be
to figure out the structure—property relation. Obviously in the absence of periodicity, it will
still be much more complicated to develop this relation in MGs compared to oxide glasses
considering that bond angles and lengths are much more flexible and distortable in MGs.

In this chapter, we introduce some of the most advanced experimental approaches to tackle
these issues using cluster beam technology. Accordingly, this chapter aims to put forward an
interdisciplinary approach and familiarize the material scientists working on MGs with cluster
beam technology and how it can be used.
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2. Cluster-based structural models for MGs

Although amorphous alloys lack long range order, they possess well defined nearest neighbor
shells. The resulting short and medium range order is experimentally observed in MGs. The
latest structural models for MGs [17-22] take this observation into account and use atomic
clusters' to describe the structure of amorphous alloys. A structure model based on efficiently
packed solute-centered atomic clusters was introduced by Miracle. In this model, atomic
clusters are idealized as spherical particles, which similar to atoms, fill the space in face-
centered cubic (fcc) or hexagonal close-packed (hcp) arrangements [22]. However, unlike
atoms, atomic clusters can overlap and share atoms with each other. This model has gained
some credit because firstly it is consistent with a broad range of previously established
guidelines for metallic glasses, and secondly, it has a predictive capability for the experimen-
tally observed medium-range order in MGs. Shortly after the presentation of Miracle’s model,
a revised version was suggested by Fan et al. [20] where the building blocks are again atomic
clusters, but are arranged randomly instead. Later, the same group refined their model based
on reverse Monte Carlo simulations and introduced the “tight-bond cluster model”, which
includes the clusters, the free volume between the clusters, and the interconnecting zones
among clusters [19]. In a closely related approach, Dong et al. [18] introduced the “cluster-
plus-glue-atom model”, where the structure of the MG is described by specific metal clusters
that are glued together by additional glue atoms. The recent review by Liu and Zhang [23]
provides a concise summary of structural models for MGs. Figure 1 presents a graphical
summary of the cluster-based models.

Efficient Cluster Packing Tight-bond Cluster Cluster-plus-glue-atom
& 5 % B % % ' Tosp
wee  dan BNE
W SRR 9 b5 8 R Wee,
g.*@a‘gﬁg ﬁa’%ﬁ - BB, B

Al oCu @Zr

Figure 1. Planar representations of cluster-based structure models for metallic glasses. Left—A Zr,,Cus, glass consist-
ing of Zr,Cu, clusters’ arranged in fcc structure [100]. Middle—A Zr,,Cus, glass consisting of randomly arranged tight-
ly bonded Zr,Cu, clusters. Right—A Zr,;Cus,Al, glass consisting of randomly arranged Zr,Cu, clusters glued together
by Al atoms.

! In this context atomic clusters are small particles consisting of up to 200 atoms.

2 Notation of clusters: Ag,, indicates a clusters consisting of m Ag atoms; Ag; indicates a cluster made out of 5 Ag atoms.
In the same way, Zr,Cu, indicates a cluster made out of 7 Zr and 6 Cu atoms.
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All these cluster-based models allow short- and medium-range order (up to distances of few
cluster sizes), while the disordered nature of MGs on the long-range is retained due to local
atomic stresses and topological frustration.

Cluster-based models have been employed by various groups for the interpretation of their
experimental and theoretical results. Probably, the best example was delivered by Hirata et al.
[24] through nanobeam electron diffraction experiments performed on rapidly quenched
Zr47Niz; MGs in combination with ab initio molecular dynamics simulations. They have
shown that sub-nanoscale-ordered regions can produce distinctly symmetric electron diffrac-
tion patterns that originate from individual and interconnected atomic clusters as building
blocks of MGs.

Cluster-based structural models have improved our understanding of MGs to a great extent;
the positive observations are exclusively limited to searching for and finding of cluster units
in MGs and occasionally relating the overall composition of MGs to the composition of
observed clusters. One definite knowledge that has emerged as the result of cluster-based
structural models is, however, that MGs indeed belong to the category of cluster-assembled
materials (CAMs)’. As such, it should be possible to fabricate metallic glasses by putting
appropriate clusters together. This approach, which has been neglected till quiet recently for
practical reasons as it will be outlined below, is the subject matter of this chapter.

3. The bottom-up approach to MGs

In order to verify the appositeness of cluster-based structural models for MGs, which suggest
that metal clusters are the building blocks of MGs, their fabrication by deposition of select-
ed’ metal clusters to form cluster-assembled metallic glasses (CAMGs) was recently proposed
[25]. In the following sections, we will go into some details about what metal clusters are, and
how are they synthesized. Despite the fact that CAMGs are still at a very early stage of their
development, they make up the core of this chapter, because they are expected to contribute
largely to our understanding of amorphous structure of MGs at the atomic level and also help
to decipher the structure—property enigma.

Generation, selection, and deposition of metal clusters are all among the most advanced
disciplines of material science. The current state-of-the-art only allows for the fabrication of
CAMG samples in form of thin films. This temporary technical limitation, which will probably
accompany us for another decade, brings CAMGs very close to thin-film metallic glasses
(TFMGs) that also have attracted interest [26].

TFMGs are also fabricated in a bottom-up approach and thus are included in this chapter.
However, they will not be at the spot light here, mainly due to the following two reasons:
Firstly, in TEMGs, the building blocks cannot be actively altered and controlled as they are
always atoms or an undefined distribution of clusters. Consequently, it is not possible to

3 CAMs are materials that are fabricated by assembling atomic clusters i.e. have atomic clusters as their building blocks.

*1In this context and throughout the text, selection refers to mass-selection; separation of clusters based on their mass.
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actively influence the structure of TFMGs at the atomic level. Secondly, the composition and
the building blocks of the films cannot be modified independently, so that a correlation between
the building blocks and the film properties cannot be established.

Nanoglasses are another class of metallic glasses that are closely related to CAMGs. Introduced
by Gleiter et al. [21, 27-29], nanoglasses are generated by sputtering or evaporating the material
of choice, and subsequently consolidating the formed glassy droplets into a pellet-shaped
sample. Here, only a very vague control on the structure and composition of the droplets may
be achieved. There are number of published works on nanoglasses, which deal with them in
appropriate details [21, 29, 30].

3.1. Cluster-assembled metallic glasses, CAMGs

Building blocks of CAMGs are metal clusters. In this section, we address generation, selection,
and deposition of metal clusters to form CAMGs. Metallic clusters can be generated in metal
cluster sources, which will be described briefly in Section 3.1.1. The output of a cluster source
is a distribution of neutral and charged clusters, and thus, a selection step (Section 3.1.2) is
required to pick out the desired clusters before deposition. Finally, the selected clusters should
be deposited on to a support material in order to fabricate CAMG, as will be explained in
Section 3.1.3. The three main steps of CAMG fabrication are schematically summarized in
Figure 2.

Cluster generation Mass selection Cluster deposition
s ~
=, u —.
& 3 _\ X 73 oy s -
g B ; y fy
i L
- {,@‘L b ;_..q
e = {,\c Quadrupole Strag,
* mass filter

Figure 2. Bottom-up approach to nanofabrication of metallic glasses. Left—mixed metal clusters are generated by laser
vaporization of a metal alloy target. Middle—using mass selection, a specific cluster is picked out of the cluster beam.
Right —mass-selected clusters are deposited on a support material to form a metallic film.

3.1.1. Generation of metal clusters

The development of cluster sources and subsequently the investigation of clusters, started back
in the 1960s with the idea of utilizing the non-equilibrium conditions of an adiabatically
expanding vapor, for example, by supersonic expansion’ of a gas into vacuum [31, 32]. Cluster

> Supersonic expansion is achieved when a gas expands into vacuum with a Mach number larger than unity.
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formation is believed to be due to the supersaturation of rapidly cooled vapor which stimulates
homogenous nucleation in the beam [32].

There are various possibilities to produce atomic clusters from bulk materials. Common to
almost all these methods is that atoms are firstly ejected from the bulk material and then are
brought together to form clusters in the gas phase. A review of all types of cluster sources is
beyond the scope of this chapter. Only the laser vaporization cluster source will be introduced
here in more detail as this is the only source that has ever been employed for fabrication of
CAMGs [33].

The first generation of a laser vaporization cluster source was reported in the early 1980s, at
Rice University by Smalley et al. [34]. Many variants of this cluster source have emerged since
then. The use of lasers for ablation of material is a very important feature of this kind of cluster
source, since it allows for the production of metal vapors of even the most refractory metals
such as W and Mo without overheating any part of the apparatus. The supersonic expansion
of the cluster beam is the other important feature of this source (also common among other
cluster sources). A schematic view of a laser vaporization cluster source is shown in Figure 3.

gas inlet

B Eansiun
to vacuum

Figure 3. A schematic view of the laser vaporization cluster source is illustrated. A laser beam is focused on to a metal
target (either pure metal, or an alloy) in the presence of high pressure of a buffer inert gas. The plume is mixed with
the gas and undergoes multiple collisions prior to expansion into vacuum.

The laser vaporization cluster sources produce clusters in the size range from two to several
hundreds of atoms per clusters. The vaporized material is cooled by collisions with inert gas
atoms which greatly outnumber the ablated metal atoms. The formation of clusters requires
three-body collisions between two metal atoms and a rare gas atom (in the case of dimer
formation), such that the rare gas atom can take the collision energy away in the form of its
kinetic energy and thus make it possible for the metal atoms to stick together without violating
the conservation of momentum. This process then needs to be repeated many times to form
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larger clusters and that is why higher pressures of the rare gas are required for the generation
of larger clusters. The formation of larger clusters can then proceed by either the addition of
single atoms to smaller clusters or by merging smaller clusters together.

In most cluster beam facilities, clusters traverse a skimmer after leaving the nozzle. The main
function of a skimmer is to collimate the expanded gas mixture that contains the clusters, into
a directed cluster beam [35-37]. The cluster beam is then guided further to the mass selection
unit before it is deposited.

3.1.2. Cluster selection

The cluster beam that leaves the source contains neutral clusters as well as negatively and
positively charged ones. The ion optics used to guide the cluster beam is set to guide either
the positive or the negative ions, but it cannot influence the neutral particles. For instance, if
negatively charged ions are excluded from the cluster beam through the ion optics, the cluster
beam will consist of positively charge ions that are actively guided and neutral clusters that
fly in the same direction. In order to exclude the neutrals from the beam, it is common practice
to include an electrostatic bender to deflect the charged cluster beam while the neutral beam
will not be affected. This separation step is a crucial prerequisite for cluster selection as
electrical and magnetic mass filters cannot interact with neutral particles and thus are not able
to distinguish among different neutral clusters.

After exiting the deflector, the beam of positively charged clusters is further guided to a mass
filter, commonly a quadruple mass spectrometer, which combines DC and radio frequency
AC voltages to select a specific cluster mass from the cluster beam. This is the selection step
where a single cluster mass or a collection of masses are selected for deposition. The selection
criterion of a quadruple mass spectrometer is the mass-to-charge ratio of the clusters; the
voltages can be set to make the trajectories of clusters that are heavier or lighter than a set mass
instable and thus exclude them from the cluster beam. This selects only those clusters that have
a mass within the set mass window while discarding all the others. The width of the mass
window can be controlled, and thus, the mass resolution of the device can be adjusted. In
general, the mass resolution is set to be just high enough to separate adjacent masses since the
transmission of mass filters decreases with increased mass resolution.

The intensity of a cluster beam is commonly evaluated by measuring the current that is caused
by charged clusters in the beam. To this end, a Faraday cup’ or alternatively a metal plate is
used to collect the clusters and the current flowing from the collector to ground upon arrival
of clusters is measured over time. The performance of a cluster source can be determined from
its cluster distribution by recording a mass spectrum. Figure 4 presents mass spectra for pure
Ag and CuZr alloy clusters generated by a laser vaporization cluster source. The number of
clusters in the cluster beam can be deduced from the measured current, dividing the cluster
beam current by the elementary charge will give the number of singly charged clusters that
have been detected over 1s. For instance, a cluster current of 160 pA translates into ~10° clusters

¢ Named after Michael Faraday, a Faraday cup is an electrically conductive cup-shaped plate , which is used to collect
charged particles under vacuum conditions.
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in 1s. For a laser vaporization source with a repetition rate of 100 Hz (100 laser pulses in a
second), this means 10 million clusters in each single laser pulse. Although these numbers may
sound large, much higher cluster currents are required for deposition purposes, as will be
explained in the next section.

Zr.Cu,,.

S i S ""T"‘|""'I"' Tt rTTTTI YT T YTy
[

ion intensity [arb. units]

i e i i

AL [P o (SRRSO I (ST (SR S (S TPUS| [
10 11 12 13 14 15 16

Number of atoms in pure Zr, clusters [#]

Figure 4. Mass spectra of pure silver clusters (top) and mixed CuZr cluster (bottom) generated by a laser vaporization
cluster source are shown. The mass resolution of the quadrupole mass filter is identical for both cases. While in case of
silver clusters, the ion peaks are clearly separated, for CuZr clusters peaks cannot be resolved due to the overlap be-
tween the masses of mixed clusters plus the fact that Zr with four and Cu with two naturally stable isotopes further
broaden the spectrum. In the top, Ag,," clusters’ with m = 9-14 are observed. The higher intensity of clusters with odd
number of atoms is due to their higher stability based on their electronic structure. Such odd-even stability oscillation
is common to 1s metals. In the bottom, mixed Zr,Cu,," clusters of various compositions are observed while the spec-
trum is dominated by pure Zr clusters. Two series of Zr,Cu,,", (m = 3-11) clusters are assigned. The Zr,," cluster peak is
clearly more intense than other clusters in the mass spectrum. Here, the geometry of the icosahedral clusters with 13
atoms is the stabilizing factor.

7 Notation of clusters: Ag,, indicates a clusters consisting of m Ag atoms; Ag; indicates a cluster made out of 5 Ag atoms.
In the same way, Zr,Cu, indicates a cluster made out of 7 Zr and 6 Cu atoms.
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3.1.3. Cluster deposition

After cluster selection, the selected clusters should be deposited onto a support material.
Collision with surface may lead to fragmentation of the clusters and render the selection step
obsolete. Accordingly, special care should be taken to achieve soft-landing conditions when
depositing clusters. The material used as support is, therefore, very important. If a conductive
support material is used, soft-landing can be easily achieved by applying a voltage to the
support to slow down the arriving ions to kinetic energies lower than 0.5 eV per atom (lower
than 2 eV for a cluster consisting of 4 atoms or lower than 5 eV for a cluster consisting of 10
atoms and so on). If on the other hand a non-conductive material is used, no adjusting voltage
can be applied and the energy of the ion beam should be adjusted by tweaking the ion optics
so that the kinetic energies of the ions are low enough to guarantee soft-landing.

Another issue regarding the conductivity of the support material is related to the charge of the
clusters. As discussed in Section 3.1.2, clusters are selected based on their mass to charge ratio
and thus only charged clusters are suited for mass selection. While the ions will lose their
charge once deposited onto a conductive surface, they will keep or only partially lose their
charge while in contact with an insulator surface. Consequently, a neutralization mechanism
is required to avoid interruption in deposition due to electrostatic repulsion. Due to this effect,
almost exclusively positively charged clusters are used for deposition purposes, since they can
be neutralized by an electron beam, whereas a proton beam would be required for neutrali-
zation of negatively charged clusters.

The other aspect regarding the choice of the support material is its atomic structure, that is,
whether it is crystalline or amorphous. Amorphous supports are preferred because they will
not provide periodic nucleation cites and thus will not promote the rearrangement of clusters
and crystallization of the film. However, as it will be shown in Section 4.1., having an amor-
phous substrate complicates the structural characterization of CAMGs. The Support material
may also be cooled down in order to suppress diffusion of clusters and to enhance the glass
forming probability by stopping the clusters from undergoing large geometrical deformations.

As already mentioned in the previous section, high cluster currents are required for deposition
of CAMGs. To further illuminate this issue, we may use the following example: A cluster beam
can be focused down to a round spot with a diameter of 0.2 cm. Using such a beam to deposit
clusters on to a support will result in a coated area of ~0.125 cm?, the so-called cluster spot.
An icosahedral cluster of 55 atoms (one of the largest clusters relevant for MGs) will have a
diameter of ~2 nm and thus cover an area of ~12.5 nm?. Filling a single layer (2-nm-thick film)
of the cluster spot with the total area of 0.125 cm?, with such clusters will demand ~1 x 10™2
clusters (for this estimation, the free space between touching spherical clusters was neglected
which leads to ~10% overestimation of the number of clusters). In order to get a 1-um-thick
film, at least 500 times more clusters should be deposited. Now assuming a cluster beam
current of 160 pA, about 139 h of deposition will be required. Obviously, an enhancement of
atleast an order of magnitude in cluster beam current is necessary to have a feasible deposition
time. Such high cluster beam currents are above what can currently be achieved using state-
of-the-art laser vaporization cluster sources, and consequently, the only reported CAMGs to
date have used a relatively broad collection of clusters and not an absolutely selected beam of
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a single cluster mass. Figure 5 depicts a cluster deposition facility incorporating all its
components.
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Figure 5. A schematic view of a cluster deposition facility is depicted. The facility is composed of a laser vaporization
cluster source (grey shade), set of ion optics before and after mass selection (green shade), mass selector (yellow
shade), and a deposition chamber (unshaded). The deposition chamber is further equipped with a sputter gun for
cleaning the surface of the support material prior to deposition, a rest gas analyzer (RGA) for monitoring the quality of
the vacuum in this chamber, and a transfer chamber for sample handling purposes such as removing the sample from
this facility for transport to other facilities for analysis and characterization. The dashed orange line shows the path of
the cluster beam from the cluster source through the ion optics and the mass filter down to the deposition chamber
where clusters are soft-landed onto the support material.
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3.2. Thin-film metallic glasses TEMGs

Driven to examine the relation between the heat of hole formation and crystallization temper-
ature in amorphous alloys, Nastasi et al. [38] fabricated probably the first thin-film metallic
glass in binary systems of Cu-W and Cu-Ta just couple of years after the very first TEMG in
La—Au system achieved by solid-state amorphization, where it was also showed that deep
eutectics are not a necessary criterion for glass formation in metallic alloys [39]. Currently,
TFMGs are commonly fabricated by co-deposition of multiple metals either from an alloy
target or multiple targets where the flux of each component can be controlled separately. Zr-
based alloys are the most studied systems to date.

Interest in TFMGs is fueled by their distinct properties even compared to counterpart MGs,
such as broader glass forming range and higher strength [26, 40-42]. Their broad and contin-
uous glass forming range leads to tunability of their properties by simply adjusting their
composition [26]. Their potential application as bio-coatings further increases their relevance.
Recently, the corrosion resistance of binary Zr-Ni and Zr—Co TFMGs was investigated [43].
Although TEMG enjoys a great technical significance, they will not play a momentous role in
unraveling the structure—property puzzle in MGs.

In the case of TFMGs, the gas phase entities used for fabrication of metallic films are mainly
atoms and not atomic clusters. Even if some clusters are available in the deposition beam, up
to now no control on the structure and composition of the building blocks could be achieved.
Moreover, beside the case of atomic deposition, no information on the properties of the
structural units that build up the films has been accessible. In contrast, in the case of CAMGs,
atoms are very often deliberately excluded from the deposition beam and only clusters are
used to build up a metallic film. The main advantage of CAMGs over TFMGs is that the
building blocks can be altered while keeping the composition of the resultant metallic film
unchanged.

4. Structure—property relation in CAMGs

In previous sections, CAMGs were introduced and their fabrication using cluster beam
technology was described. Here, we will have a closer look on how the study of CAMGs serves
to explore the structure-property relation in MGs. Using the example of Zr;Cus, alloy, we will
demonstrate this capability. Employing the aforementioned cluster beam technology, a
Zr5,Cus, film can be fabricated using many different combinations of various clusters as
building blocks. The possibility of having the same composition composed of different
building blocks is a unique feature of CAMGs. Investigating the properties of these films in
comparison with a rapidly quenched MG of the same composition will be a key step in
understanding the structure of amorphous alloys and thus the structure—property relation in
amorphous metals. On the other hand, comparing the properties of CAMGs with the proper-
ties of metal clusters used for their fabrication will reveal the nature of interactions among
metal clusters when forming an extended material. Furthermore, looking at the local structure
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of CAMGs will unravel the extent of structural deformation that metal cluster undergo as
building blocks of CAMGs. Figure 6 summarizes the different aspects of this approach.
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Figure 6. The scientific approach of utilizing CAMGs is presented. After fabrication of CAMGs from specific metal
clusters as building blocks, their structure and properties should be determined. On the one hand comparing the prop-
erties of CAMGs with the properties of rapidly quenched MGs with identical composition will provide us with infor-
mation on the structure of rapidly quenched MGs in relation to the metal clusters: the closer the properties of CAMGs
and MGs, the closer their structures are! On the other hand, comparing the properties of CAMGs with the properties of
their constituent metal clusters will reveal the nature of inter-cluster interactions. Further, by comparing the local
atomic structure of CAMGs with the structure of their constituent metal clusters, the degree of deformation and stabili-
ty of metal clusters while performing as building blocks of MGs can be deduced.

It will not be practicable to consider all the possible combinations. Instead, let us choose some
representative combinations to provide a more clear idea about the benefits of CAMGs.
Consider the following four scenarios:

1. the film is fabricated by deposition of equal number of Zr,; and Cuy; clusters.
2. the film is fabricated by deposition of equal number of Zr,Cu, and Zr,Cu, clusters.

3. the film is fabricated by deposition of a set of clusters in the mass range between 400 and
2000 amu, including pure Zr and Cu clusters with more than 4 and 7 atoms, respectively,
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and all the mixed clusters with a mass within that range, so that the overall stoichiometry
of the film remains is not violated (Atoms and smaller clusters are deliberately excluded).

4. the film is fabricated by deposition of Zr,;Cu,, clusters.

For all of the above-mentioned hypothetical films, the composition is the same; however, they
will possess different atomic structures unless the building blocks are strongly deformed and
are highly flexible in sharing atoms among each other. Considering the four different scenarios
introduced earlier, only the third scenario (using a set of cluster within a mass range) has been
realized experimentally [33] and will be presented in the next section as a proof of principle.

4.1. Zr-Cu CAMGs: the first steps

The first attempt to apply cluster beam technology for fabrication of metallic glasses was
undertaken recently using binary Zr-Cu alloys [33]. The justification for this choice is threefold.
Firstly, Zr-Cu binary system shows high glass forming abilities (GFA) in a wide range of
compositions [44—46]. Secondly, a large body of literature on Zr-Cu MGs and TFMGs exists,
which proved to be essential in interpretation of the experimental observations [44-59]. And
thirdly, cluster generation and cluster selection of mixed metal clusters become more difficult
with increasing the number of elements in the cluster, and thus, a binary system is the logical
starting point.

Metallic Zr5,Cus, films were fabricated by deposition of a set of clusters having masses between
350 and 2000 amu (scenario Nr. 3) on silicate glass substrates, under ultrahigh vacuum, and
soft-landing conditions. Films of various thicknesses ranging from 33 to 600 nm were pro-
duced. At this stage, the structure and properties of the clusters used to assemble the metallic
film are not available. However, all properties of metal clusters can be obtained in state-of-the-
art cluster laboratories including their optical, magnetic, chemical, catalytic, electronic, and
structural properties. The first question to be answered while fabricating CAMGs for the first
time is, however, whether the synthesized film is in an amorphous state at all. Surface X-ray
diffraction at the European Synchrotron Radiation Facility (ESRF) was used to answer this
question. The details of the experiments and sample preparation are available elsewhere [33].
Here, the most important findings underpinning this bottom-up approach are briefly sum-
marized.

Figure 7 depicts the diffraction pattern of the first cluster-assembled Zr-Cu MG. Despite the
interference caused by the broad diffraction band of the silicate glass support, a clear halo peak,
which corresponds to a scattering vector of 27.43 nm™, is observed in excellent agreement with
literature values for Zr;,Cusy MGs determined from high energy XRD, neutron diffraction, and
extended X-ray absorption fine structure (EXAFS) spectroscopy [60]. Accordingly, it could be
unambiguously concluded that the fabricated cluster-assembled metallic film is in a glassy
state. This observation alone is sufficient to prove the practical feasibility of employing cluster
beam technology to form CAMGs.

The good agreement between the observed scattering vector and the literature value may
suggest that the structure of the Zr-Cu CAMG is very close to that of rapidly quenched
samples. However, it should be noted that the position of the first XRD halo is not very sensitive

15
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to the atomic structure of amorphous metals [61]. In fact, there is almost no difference in peak
position for amorphous solids and their corresponding liquids.
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Figure 7. (A) Diffraction patterns of borosilicate glass (solid grey line), cluster-assembled film at room temperature
(dashed line), and cluster-assembled film after annealing at 450 K (solid black line) are shown. The arrows indicate the
position of the peaks that emerge as a result of annealing. (B) By subtracting the glass signal from the signal recorded
for cluster-assembled film, a halo peak is observed that can be fitted by a Gaussian (dashed line). The position of the
peak in scattering vector is in excellent agreement with literature values for Zr-Cu MGs of the same composition.

Crystallization temperature, T,, is a more sensitive probe for the structure. As shown in
Figure 7, annealing the Zr-Cu CAMG at 450 K for 580 s leads to emergence of sharp crystalline
peaks in the diffraction pattern that were not there prior to heat treatment. These diffraction
peaks belong to fcc Cu and bec CuZr phases [33]. The crystallization temperature of Zr-Cu
MGs is much higher than 450 K (about 200-300 K higher), which points to the structural
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difference between rapidly quenched samples and the glassy film fabricated from metal
clusters. A reasonable explanation for the lower T, of Zr—-Cu CAMG under discussion could
be based on an increased degree of structural disorder caused by the diversity of metal clusters
used to fabricate the film. In Fact, lowering the degree of short-range order is known to lead
to the decrease of T, in glasses [62].

Although the existence of an amorphous Zr;,Cus, phase in the fabricated CAMG could be
confirmed, the broad range of metal clusters used to produce the amorphous film detains any
detailed analysis of the relation between the structure of the film and its constituent building
blocks. The example provides a very promising first step in a rather long journey of mostly
unforeseeable challenges. Some of the upcoming challenges, however, can be expected, and a
number of research groups are working on solving them. The most immediate next steps that
have to be (are being) taken in this road are briefly listed in the next section.

4.2. The next steps

Having demonstrated the feasibility of CAMG fabrication using a diverse set of clusters in the
Zr—-Cu binary system, and the next steps can be taken in three directions of different nature.
The first and probably the mostimportant technical issue is the improvement of cluster sources.
As described in Section 3.1.3, much higher cluster currents are needed if specific single clusters
should be picked out for the deposition of designed CAMGs. Since the cluster science com-
munity is continuously engaged in enhancing the performance of the cluster sources, we
strongly anticipate that this and other technical issues will be resolved in the near future.

The second communicational issue is the lack of information on clusters relevant for MGs.
Scientists working on MGs and metal clusters have not been in any close contact and the
information flow between these two fields has been suffering. Yet there is more than enough
motivation from both fronts to come together and hopefully put an immediate end to this
disconnection. On the one hand, cluster science community is highly interested in under-
standing cluster—cluster interactions and expanding the borders of the cluster science to more
complex clusters. Further, departure from mainly purely fundamental science and moving
toward real application by developing cluster-assembled materials (CAMs) has been a long-
term goal of cluster scientists. On the other hand, the vision of getting to an atomic structural
model which can be verified through CAMGs, and eventually solving the long standing
structure—property puzzle has already triggered enthusiastic activities among material
scientists. Although not many individuals have been active across the borders of the two fields,
an enthusiastic collective interest that has been missing in the past is currently emerging.

The third issue is related to the handling of CAMGs and their characterization. Currently, none
of the cluster deposition facilities around the world and the equipment for thin film and MG
characterizations are in the vicinity of each other. This requires complicated sample handling
endeavors, which are not always compatible with the metastable state of CAMGs. For instance,
in the case of the CAMG treated in Section 4.1, the sample transfer from the cluster deposition
facility to the apparatus where its structure was studied has been a challenge, which could
have been fully avoided by having a cluster deposition facility present at ESRF. We consider
this issue less critical because we believe as soon as the other two issues are resolved (even
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partly), the interdisciplinary collaborations will naturally lead to emergence of (many) such
laboratories.
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Abstract

In this chapter, a series of molecular dynamics simulations have been carried out to
explore structural and dynamical features of monatomic liquid metallic films during
rapid cooling. Results show a semi-ordered inhomogeneous morphology containing
crystal-like and disordered regions. The icosahedron contributes to nucleation through
the synergy with other short-range ordered structures and participates in crystal growth
via assimilation, but the pinning effect should be overcome. The second-peak splitting
in pair correlation functions is found as the result of a statistical average of crystal-
like and disordered structural regions, not just the amorphous structure. The splitting
can be viewed as a prototype of crystal-like peaks exhibiting distorted and vestigial
features. Besides, we use the parameter P(a, 7, v) for predicting both local structural
order and motion propensity. The fraction of crystalline clusters follows a negative
power-law scaling with the cooling rate increasing, which is the inverse of P(a, 7, v).

Keywords: molecular dynamics simulation, metallic glass film, structural evolution,
dynamical feature, pair correlation function, local icosahedral order

1. Introduction

Ultrathinmetallic glassy films with a thickness of one orafewmonolayersattractmuchattention,
since they are now available as epitaxial films on insulating substrates and are, therefore, the
bestmodelsystemsfortwo-dimensional (2D) conductioninmetal systems[1]. Disorderisknown
to play an important role in the phase diagram of the superconductor material at low temper-
atures and high magnetic fields [2]. Significant effort is currently being invested in attempting
to understand theoretically the interplay between disorder and the conductivity in 2D sys-
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tems [3-5]. Specifically, insemiconductor field, thinner and thinner disordered films areneeded,
since the restriction to a thickness of a few monolayers may lead to novel atomic structures and
modify the physical and chemical properties dramatically [6-8]. Huang et al. [9] reported the
accidental discoveryof 2D amorphoussilicasupported ongrapheme. They found that theimages
of 2D amorphous silica contain both the crystalline and amorphous regions. Lichtenstein et al.
[10] studied the interface between a crystalline and amorphous phase of silica film supported
by the Ru(0001) substrate. The atomic structure of the topological transition from a crystalline
to an amorphous phase in the thin silica film can lead to a better description of the crystal-to-
glass and the liquid-to-glass transitions. Although there has been much progress in the
understanding of the properties of amorphous materials in three-dimension [11-13], some
important questions on the microstructural feature and its forming mechanism of the metallic
glassy films have remained unanswered. Therefore, further studies on the atomic structures of
the 2D disordered systems and their physical proprieties are necessary [14-16].

This chapter is organized as follows. In Section 2, we describe the modeling and simulation
methods. In Section 3, we discuss the structural evolution of liquid metallic nano-film during
rapid solidification as well as the effect of cooling rates [17, 18]. In Section 4, we consider the
motion propensity distribution to predict both local structural distribution and dynamical
signature in metallic nano-films [18]. In Section 5, we study the synergy and pinning effects of
the local icosahedral order during freezing [17]. In Section 6, we clarify the origin of the
splitting of the second peak in PCFs based on a statistical explanation [19]. Conclusions are
provided in Section 7.

2. Models and theoretical methods

Molecular dynamics (MD) simulations were performed using the embedded atom method
(EAM) potential [20] supplied in LAMMPS [21]. The pure copper film and the pure cobalt film
are studied respectively. For the copper film, 6400 copper atoms were distributed in a 20 x 20
x 1 lattice unit box based on the structure of FCC crystal and the initial box lattice was set to
be 3.61 A. For the cobalt film, the initial configuration consisting of 8640 cobalt atoms was
distributed in a 60 x 36 x 1 lattice unit box, in which atoms were arranged in the light of the
HCP crystal structure and the box lattice was set to 2.507 A. Periodic control was exerted on
the x- and y-directions of the box, and the z-direction was nonperiodic. Specially, the lower
boundary of the simulation box along the z-direction (not refer to atoms) was fixed, while the
upper boundary was free. That was to say, a virtual wall was set at the lower edge of the
simulation box in the z-direction, which is similar to the substrate in experiment.

The Velocity-Verlet algorithm was used with an MD time step of 1 fs while the temperature
was controlled by a Nosé-Hoover thermostat [22]. A well-equilibrated initial system was
prepared by gradually heating perfect crystals to melt at a low heating rate and then relaxing
the system at 2000 K for 500 ps. Then, the liquid system was quenched to 300K at different
cooling rates. At each cooling rate, the atomic configuration during the quenching process
were recorded for further analysis.
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3. Structural features in liquid metallic nano-films during rapid cooling

Figure 1 shows the potential energy landscape of the liquid copper nano-film at the tempera-
ture of 2000 K, which is composed of single-string structures and partial ring structures (we
find the ring structure is the icosahedron). We call the icosahedron in our simulations the quasi-
two-dimensional icosahedron (Q2D-I) because of one missing vertex atom due to the dimen-
sional limit. Atoms in single-string structures show high potential energy and motion
propensity, while Q2D-Is have a high dense packing [23]. Actually, in the melt film, both
structures disintegrate and reunite frequently owing to the random collision and energy
transfer of high-energy atoms. Besides, ensembles of atoms in different regions of this liquid
film exhibit temporarily enhanced or diminished mobility in comparison with the average.
Notably, the cooperative motion of single-string structures is dominant in the metallic liquid
film, in accordance with that in three-dimensional liquids [23-25].
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Figure 1. The potential energy landscape of the copper nano-film at 2000 K. The denoted circular region represent the
quasi-two-dimensional icosahedron (Q2D-I) and the elliptical one represents the single-string structure.

As the temperature decreases, atoms in the 2D liquid copper tend to gather into clusters. To
clarify the liquid-solid transition mechanism in metallic films during the cooling process in
the view of an atomic level, the structural evolutions at different cooling rates are investigated
as shown in Figure 2. At high cooling rates (250 and 500 K/ps), a semi-ordered morphology
exhibiting maze-like nano-patterns gradually forms at 300 K. To be specific, at 500 K/ps,
compared with the atomic configuration at 2000 K (Figure 1), Q2D-Is increases obviously
accompanying with the decrease of single-string structures at 1200 K. When the temperature
decreases into 900 K, Q2D-Is show continuous increase while the single-string structures begin
to arrange side by side, forming crystalline zones. The size scale of crystalline zones in the
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simulation is beyond 10-20 A, meeting the size requirement of MRO (5-20 A [26]). Thus, the
crystalline zone can be considered as the MRO. Notably, these MRO structures are the
precursor for nucleuses, whereas Q2D-Is would have barrier effects on nucleation. During the
rapid cooling process, Q2D-Is and crystalline zones competite against each other and finally
determine the solid structure at 300 K. For example, at 500 K/ps, Q2D-Is play the leading role
since crystalline zones are limited due to the high cooling rate, and the system exhibits the
most disorder at 300 K. However, when the lower cooling rate (250 K/ps) is performed,
crystalline zones tend to be dominant, and finally the film system shows more crystalline MRO
characteristics. Although the crystalline MRO gradually forms and develops during rapid
cooling, the transition time is so transient that crystalline zones cannot be converted into the
crystalline long-range order (CLRO). In contrast, in the case of 10 K/ps (as shown in Fig-
ures 2g—i), owing to the absence of the icosahedral frustration effect, atoms are mainly arranged
in an crystalline order.

Figure 2. Quenching processes at different temperatures with three different cooling rates. The denoted circular region
represent the Q2D-I and the elliptical one represents the crystalline zone.

To further investigate the influence of the cooling rate on the phase transition of metallic films,
both the pair correlation functions (PCFs) and the proportion of crystalline zones at different
cooling rates are plotted. The crystallization moments can be charaterized by the pressure
drops [27], indicating a linear relation between the crystallization moment and the supercooled
melt lifetime. However, the faction of crystalline zones in this simulation is determined
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through the statistical average of the recorded structural information [28, 29], which is different
from Morozov et al.'s method [27]. As shown in Figure 3a, the highest cooling rate (500 K/ps)
leads to a slight splitting second peak in the PCF curve, while at 250 K/ps, the second peak
exhibits obvious splitting and a small shoulder peak appears between the first peak and the
second peak. Although the second peak splitting of the PCF curve is usually considered as an
important signature of amorphous solids [30], we would rather regard it as the formation of
crystalline zones which can be seen as a precursor to the CLRO [31]. At a low cooling rate, such
as 10 K/ps, the PCF curve presents typical crystalline features: the splitting characteristic of the
PCF second peak becomes more obvious; the small shoulder peak changes into a sharper peak.
During the slow cooling process, Q2D-Is disappear while the crystalline MRO integrates
together, leading to the CLRO characteristic of the metallic film. Figure 3b shows the crystalline
fraction change of the above three queching processes. At the high cooling rate (500 and 250
K/ps), the FCC and HCP structures exhibits a similar amount and shows little changes during
the cooling process. However, at 10 K/ps, both the FCC structure and the HCP structure grow
fast between 800 and 500 K, and finally FCC structures become the dominant with the faction
of more than 50% at 300 K. Such results strongly indicate a non-linear relation between the
crystallization fraction and the freezing time, quite different from the Morozov's result in bulk
liquid metals [27].
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Figure 3. (a) Pair correlation functions (PCFs) at 300 K; (d) the fraction of crystalline zones during the cooling process-
es.

4. Power-law scaling of dynamical signatures

In this section, the motion propensity distribution is considered to predict the structural and
dynamical features of the liquid copper nano-film. First, the Common Neighbor Analysis
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(CNA) and motion propensity are introduced to reveal the relation between crystalline MRO
and the subsequent crystallization. The CNA can be used to measure the local crystalline
structure around an atom [28, 29, 32], based on the Honeycutt and Andersen bond analysis
[33]. Generally, there are five kinds of CNA patterns that LAMMPS recognizes, which are
defined as follows: FCC =1, HCP =2, BCC = 3, icosahedral = 4, and unknown =5. The first three
indices are all “crystalline”. Also note that the CNA calculation in LAMMPS uses the neighbors
of an owned atom to find the nearest neighbors of a ghost atom. The local motion propensity
of a particle [34, 35] is directly associated with the probability of a particle undergoing a
substantial displacement within a short time interval. The motion propensity of a particle p is
defined as follows:
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where || Af};(t,t+'c)|| is the displacement of the particle p obtained from the quenched configu-

ration between t and £+ 7 and a is the length scale over which the motion is probed. Here a =
029, and 7=1000 fs [36].

Figure 4 shows the CNA pattern and the motion propensity distribution of queched films at
different cooling rates. When the cooling rate is high (500 K/ps), although the barrier effect of
Q2D-Is is prominent, several ordered crystalline clusters, such as FCC and HCP structures,
still exist at 300K, indicating that the so-called “full amorphous state” may contain few
crystalline SRO structures, namely the crystallite. However, due to the limitation of experi-
mental methods, it is hard to measure the real atomic arrangement within the SRO range.
Actually, these crystallites are quite stable, which can be seen from their motion propensity
distribution as shown in Figure 4a. As the cooling rate reduce, it can be clearly seen that
crystallites are rare and discrete initially, but appear at random positions, exhibiting a large
structural heterogeneity of the metallic glassy film [37]. At 250 K/ps, more crystallites appear
and grow in size at 300 K as shown in Figure 4b. A two-step crystallization process is proposed
[38]: first, the fluctuations of structure and energy cause the formation of several SRO crystal-
lites which can precursors for the nucleus of crystalline zones; Then, the crystallites expand
into surrounding and form crystalline zones. Notably, the FCC or HCP structures do not
emerge alone. Instead, the crystalline zone is made up of alternant FCC and HCP structures
as presented in the CNA patterns. When the cooling rate is quite low, there would be enough
relaxation time for the evolution from HCP structures to FCC structures, similar to Wolde et
al.'s viewpoint [39]. For example, at 10 K/ps, the weakening barrier effect of Q2D-Is would
result in the ordered atomic arrangement and the formation of nano-polycrystalline structures
dominated by FCC structures at 300 K. The appearance of HCP structures is actually just an
intermediate state during the crystallization. Besides, it is worth noting that, the complete-
disorder region is characterized by high motion propensity, whereas the low motion propen-
sity is related to the crystalline zones. Generally, the basic principle of local propensity Q,(a, 1,
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v) is that the configurational order does not determine the motion of a neighborhood directly
but affects the probability of the undergoing motion. Therefore, a theoretical discussion is
necessary to verify the possible relation between the structure and dynamics.
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Figure 4. Local atomic ordering (left) and motion propensity (right) of the quenched structures at 300 K with different
cooling rates: (a) 500 K/ps; (b) 250 K/ps; (c) 10 K/ps. In the left column, local structures are colored based on the CNA
method: blue, FCC; green, HCP; red, disordered structures. In the right column, coloring denotes the motion propensi-

ty.

Next, we emphatically studied the relation between the total motion propensity and the
crystalline-like structure in the copper film at different cooling rates. Q4 is the standard
deviation of the total motion propensity obtained from the quenched configuration at 300 K
during a short relaxation time, which may reflect the total fluctuation of the 2D system with
respect to time clearly. Figure 5a shows the Q4 change as a function of time during a short
period ¢ =1000fs, at different cooling rates. For the quenched structure under the highest
cooling rates, its Q4 shows the highest dynamical fluctuation during the relaxation, indicating
that the system is in the metastable state. In contrast, the dynamical fluctuation at a lower
cooling rate exhibits less obvious features, in good accordance with Figure 4. This means that
the total motion propensity is reliable to measure the system stability. For further exploration,
a global measure of the propensity P(a, 7, v) is calculated by the correlation function Q,(a, 7, v):

P(21,1:,1>)=NZ:13 [Q, (a,’c,v)-l]2 . )
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Figure 5. (a) The standard deviation (Q,,) of the total motion propensity and (b) the relationship between the total mo-
tion propensity (left) and the fraction of crystalline zones (right) at different cooling rates.

where v=1logV, V is the cooling rate. Q, (4, 7, v) is the motion propensity of a single particle.

Figure 5b shows the relationship between P(g, 7, v) and the crystalline fraction at 300 K, with
respect to the cooling rate. As the cooling rate increases, the fraction of crystalline zones
increases and shows an index relationship with the cooling rate. For a low cooling rate (v <
12.5), the copper film exhibits a dominant crystalline characteristic with a relatively low P(a,
7, v) (P <0.025). However, when the cooling rate increases (v > 13.8), Q2D-Is in the metallic film
become dominant leading to a high value of P(4, 7, v) (P>0.075). At a moderate cooling rate,
such as v =13.8, a complicated amorphous-crystalline composite forms, with the FCC and HCP
structures distributing randomly and exhibiting the crystalline MRO characteristic. Obviously,
the fraction of crystalline zones exhibits a negative power-law scaling with the cooling rate,
which is the inverse of P(g, 7, v). This indicates a close relationship between P(g, 7, v) and the
crystalline structure as the cooling rate increases. Such phenomena have not been reported in
experimental research, due to some factors associated with multiple scattering and the atomic
cluster distortion. To conclude, as a new parameter, P(a, 7, v) may be a direct consequence of
the local structural ordering and the dynamic signature may also result from the local
structural ordering.

5. Synergy and pinning effects of local icosahedral order

The above results show that, Q2D-Is appear earlier than crystalline zones during the cooling
and can be preserved under the higher cooling rate since the local icosahedral order (LIO)
grows with severe undercooling [40]. When crystalline zones emerge, the quantity of Q2D-Is
decreases, indicating that Q2D-Is influence the formation of the CMRO.
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Figure 6a shows how crystalline zones nucleate through the synergy effect of Q2D-Is. It should
be pointed out that, the single-string structure is the basic unit of crystalline zones since it can
extend to form the close-packed plane (CPP), similar to the expansion of a graphene piece into
a graphite layer. Figure 6d reveals the similar topological unit between Q2D-Is and CCPs,
which is the structural basis for the assimilation of Q2D-Is. Initially, in the supercooled melt,
owing to the strong atomic activity, the SRO structures including the single-string structure
and Q2D-Is disintegrate and reunite frequently. During the nucleation, several Q2D-Is are
decomposed and integrate into the nucleus with the help of single-string structures, indicating
that the LIO should be the raw component of the crystal nucleus. Figures 6b, c show the growth
of crystalline zones with the assistance of Q2D-Is in the parallel and perpendicular direction
to CPPs, respectively. In the parallel growth, when Q2D-Is are contacted by the front of
crystalline zones, Q2D-Is would be touched by the CPPs naturally due to their similar
topological unit, leading to the gradual assimilation (see Figure 7 in detail). On the other hand,
when the crystalline zones grow in the perpendicular direction and contact a Q2D-], a suitable
connection to the Q2D-I by the surrounding single-string structures or CPPs would assimilate
the Q2D-I into the crystalline structures, leading to the perpendicular growth of crystalline
zones. Thus, Q2D-Is show the synergy effect during the whole crystallization process. Notably,
icosahedra are usually seen as a barrier to crystallization [40], but these results demonstrate
that icosahedra can participate the crystal growth through the synergy effect in the 2D system,
providing a new view of the correlation between the LIO and crystallization.

Figure 6. (a) A crystal nucleus forms through the synergy between Q2D-Is and single-string structures. The crystal nu-
cleus is characterized by white solid lines. (b, c) crystalline zones grow through through the assimilation of Q2D-Is in
the direction parallel and perpendicular to the close-packed planes (CPPs), respectively. The Q2D-Is are characterized
by dotted circles and rounded rectangles. The IS, TS and FS represent the initial state, transition state and final state,
respectively. (d) Q2D-Is and CPPs have the similar topological unit. From top to bottom: the side structure of Q2D-Is,
longitudinal section of Q2D-Is and CPP.

Next, the detailed assimilation of Q2D-Is by crystalline zones is investigated to explore the
mechanism of the synergy effect. Figure 7a shows the assimilation process of a Q2D-I by
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crystalline zones in the direction parallel to CPPs. The contaction between CPPs of crystalline
zones and a Q2D-I would result in a half-icosahedral and half-crystalline geometrical frustra-
tion, as illustrated in Figure 7b. Then, the Q2D-I is gradually assimilated as the geometrical
frustration evolves into the crystalline order. According to Figure 7c, during the assimilation,
the Q2D-I experiences an energy fluctuation accompanying with an obvious oscillation for the
average potential energy. In order to measure the energy fluctuation, the root mean squared
deviations (RMSDs) [41] are calculated based on the mean value of energy fluctuations in the

N —
whole system: RMSD=«]%Z | AE-AE | 2, where N is the atomic number, AE; is the potential
=1

energy fluctuation per atom, AE is the average of AE,. The average fluctuation of the system
during the process in Figure 7 is 0.04347915 +0.02080011 eV (where, AE =0.04347915 eV and
RMSD =0.02080011 eV). The fluctuation of Q2D-I just in the range indicates that energy
fluctuations lead to the assimilation during the parallel growth. Thus, the Q2D-I can be actually
seen as a pin during the assimilation, which needs to be drawn out for the growth of crystalline
zones. In another word, Q2D-Is have pinning effects on the crystal growth due to the energy
fluctuation. If the pinning effect can be overcome, the assimilation of Q2D-Is would assist the
growth of crystalline zones, presenting the synergy effect of the LIO.
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Figure 7. (a) A Q2D-1 is assimilated by crystalline zones in the direction parallel to CPPs. White solid arrows show the
crystal growth direction. (b) Detailed structural evolution during the assimilation. Three adjacent CPPs naturally con-
nect to the Q2D-I with red solid arrows showing the direction. (c) Potential energy change during the assimilation. The
curve of the Q2D-I shows potential energy fluctuations during the assimilation.
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Figure 8 shows that the crystalline zone assimilates a Q2D-I in the direction perpendicular to
CPPs, which presents more complicated features than that in the parallel growth. However,
under closer observation, the assimilation process is very similar to that during a parallel
growth. When crystalline zones touch a Q2D-], the Q2D-I would be gradually connected by
the surrounding CPPs, revealing that the crystal growth in the direction perpendicular to CPPs
originate from the connection between CPPs and Q2D-Is in the parallel direction. Figure 8b
presents that the Q2D-I also undergoes a potential energy fluctuation and the average energy
oscillates during the assimilation. The potential energy fluctuations during the perpendicular
growth indicate the pinning effect of Q2D-Is. The average fluctuation of system is
0.04774295 +0.01739893 eV (where, AE=0.04774295eV and RMSD =0.01739893 eV), and the
Q2D-I's energy fluctuation leads to the leap over the pinning effect during the perpendicular
growth. Once the pinning effect succeeds, Q2D-Is might survive as shown in Figure 9. In this
case, the surrounding CPPs have to bend to cater to the Q2D-I due to the incompatibility
between Q2D-Is and the crystals, exhibiting the geometrical frustration. In another word, the
Q2D-lis actually a pin, causing the geometrical frustration of the surrounding crystalline order.
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Figure 8. (a) A Q2D-Is is assimilated by crystalline zones in the direction perpendicular to CPPs. White solid arrows
show the crystal growth direction. The assimilation in (a) is very similar to that in the parallel growth. (b) Potential
energy change during the assimilation. The curve of the Q2D-I shows potential energy fluctuations during the assimi-
lation.

Figure 9. Preservation of a Q2D-I due to the pinning effect. The solid arc line shows the frustrated CPP catering to the
Q2D-1.
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6. Origin of the second peak splitting in pair correlation functions

A splitting of the second peak in the PCF curve in three-dimensional materials is usually
regarded as a characteristic indication of disordered structure forming [42, 43]. However,
owing to the lack of one dimensionality as well as the difference of atomic arrangement, the
explanation on the second peak of the PCF in 2D systems should be clarified. In addition,
previous studies are usually based on the viewpoint of how the clusters connect to each other
to form a large supercluster with a specific geometric structure. Due to the fact that the PCF is
the statistical average of the atomic configuration, it seems more appropriate to use the
statistical methods to interpret the nature of the second peak splitting of the PCF in 2D system.
Actually, fewer efforts have focused on the relation between the splitting of the second peak
and the crystalline or glass formation of 2D disordered films by statistical average analysis. In
order to understand these questions well, this section would provide a statistical explanation
on the nature of the splitting of the PCF in the 2D copper system.
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Figure 10. PCF evolutions of the 2D copper at different cooling rates: (a) 500 K/ps; (b) 250 K/ps; (c) 100 K/ps; (d) 10
K/ps. Brown curves represent the PCF without the second peak splitting; Blue curves show the second peak splitting;
Green curves show typical crystal peaks.

The PCFs of the 2D copper are shown in Figure 10. It is worth noting that the main peak height
of the PCFs, which represents the nearest-neighbor shell, increases significantly with the
decreasing temperature, and the second peak begins to split. As shown in Figures 10a, b, at
the cooling rates of Q1 =100 K/ps and Q2 =250 K/ps, the second peak begins to split into two
subpeaks at 633 K. Interestingly, a small shoulder peak appears between the first and second
peaks at 300 K in Figure 10b, which means the short- or medium-range ordered structures
form. With the cooling rate decreasing to Q3=100K/ps, the splitting emerges at 800 K;
moreover, the small shoulder peak between the first and second peaks arises on the left at
300 K with significant height, which indicates that the length of the ordered structure is further
extended to a large scale. At the cooling rate of Q4 =10 K/ps, the left shoulder peak arises at
633 K and becomes more prominent than the right subpeak as the temperature decreases,
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suggesting that the orientation of the crystalline structure becomes more consistent. It is widely
known that the atomic structure of amorphous materials is similar to that of liquid metals, and
the fact that the second peak of the PCFs splits into two subpeaks is regarded as a characteristic
indication of disordered structures. However, this is not the true case in 2D systems. As shown
in Figures 10c, d, the evolution of the PCFs clearly indicates how the second-peak splitting
converts into crystal peaks. For example, as shown in Figure 10d, at 800K, the splitting of the
second peak of the PCF appears, but at 633 K, the splitting of the second peak becomes three
peaks, and finally these three peaks evolve into three typical crystal peaks at 466 K. Based on
this evolution trend, it can be seen that the splitting second-peak has a close relationship with
crystal peak, and that the splitting second-peak is the rudiment of the crystal peaks. Our
simulations do not support other hypothesis which states that the splitting of the second peak
occurs as a result of the connection of some small clusters to a supercluster with a special
geometrical structure.
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Figure 11. (a) Snapshot of the 2D copper at 300 K with the cooling rate of 250 K/ps. Crystal-like ordering regions are
constituted by blue atoms, while other regions show fully disordered ordering. (b-d) PCF curves of different regions:
local crystal-like regions, fully disordered regions, the global region, respectively.

In order to further clarify the origin of the splitting of the second peak, the structural config-
uration of the 2D copper at 300K at the cooling rate of Q2 =250 K/ps is supplied in Figure 11.
It is seen that the overall atomic structure consists of two types of regions: the well-organized
region with crystal-like order and the fully disordered region with some packing frustration.
Our theoretical results are in good agreement with the experiments by Huang and Lichtenstein
[9, 10], which prove our MD simulation result is reliable. It is also worth noting that in the
disordered region there are some single strings, arcs, and rings which clearly illustrate the
packing frustration of the atoms in the quick cooling process. In fact, Figure 11a shows that
the structure of the 2D amorphous Cu is the mixture of crystal-like and fully disordered
structural regions with a certain percentage. The local PCFs in these two distinct regions differ
from one another. As shown in Figures 10b-d, the local PCFs of the crystalline region have
some crystal-like subpeaks, showing typical crystalline features, while the local PCFs in the
fully disordered structural region show no splitting on the second peak. However, the global
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PCFs averaged by the overall atomic structures of the two types of regions show a slight
splitting in the second peak. It is known that the PCF is the statistical average of the structural
configuration, thus, the slight splitting of the global PCF is caused by the combined average
results of the crystal-like and fully disordered regions. Moreover, the very similar results are
also obtained for the simulations of the 2D cobalt, which indicate the coexistence of crystal-
like and fully disordered regions. The splitting of the second peak in 2D systems may not be
the signature of the glass formation, but the appearance of both the crystal-like and disordered
structures. The splitting second-peak can be viewed as an embryonic form of the crystal peak.

The above results arouse us to further investigate the origin of these two subpeaks in the
second-peak splitting. Figure 12 shows the respective PCF curves of the liquid, amorphous,
and ideal crystalline solid Cu. It is known that in ideal FCC crystal there are four nearest
coordinated shells, namely, R1=2.55 A, R2=3.61 A, R3=4.44 A, and R4=5.12 A. The positions
of the first peak in both the liquid and amorphous Cu correspond to the ones in the ideal FCC
crystal at R1=2.55 A, while the second peaks correspond to three peaks of the ideal FCC crystal
at the locations R2=3.61 A, R3=4.44 A, and R4=5.12 A. From the correspondence of the peak
positions and the evolution trend, it is concluded that the two subpeaks on the second peak
are due to the appearance of a small amount of the short- or medium-range ordered structures.

(]

Figure 12. PCF curves of the liquid, amorphous, and ideal crystal copper. Red line: liquid at 1800 K; Blue line: amor-
phous solid at 300 K (Q =400 K/ps); Green line: amorphous solid at 300 K (Q =200 K/ps); Black line: ideal crystal. R1,
R2, R3, and R4 represent the ideal FCC peaks.

Figure 13 shows the fraction of the crystal-like regions with the temperature at different cooling
rates. If the splitting occurs on the right without the left subpeak, this point is labelled with a
blue arrow, while if both the left and right subpeaks appear, it is labelled with a red arrow.
According to this rule, Figure 13 may be divided into three zones. When the fraction of the
crystal-like region is less than 18.5%, it belongs to the non-splitting region corresponding to
the fully disordered structure in the liquid state. If the fraction of crystal-like region exceeds
to 50%, the left shoulder subpeak appears, which indicates it almost becomes the polycrystal-
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line structure. However, if the fraction ranges from 18.5 to 50%, it is the mixture of the
disordered and crystal-like structural regions, which results in the splitting second peak of the
PCEF. The disordered structure in 2D may be a simple mixture of crystal-like and fully disor-
dered region, which sheds a new light on the understanding of the atomic structure of the low-
dimensional materials.
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Figure 13. Relationship between the fraction of crystal-like regions and the second peak splitting at different cooling
rates: 500 K/ps (blue line), 250 K/ps (red line), 100 K/ps (blue line), 50 K/ps (brown line), 25 K/ps (purple line), 10 K/ps
(dark blue line).

7. Conclusion

In summary, we systematically investigate the structural evolution and dynamical properties
of glassy metallic films during rapid cooling. Our results have shown several aspects as
follows:

* A semi-ordered amorphous morphology with maze-like nano-patterns emerges as the
temperature decreases at a high cooling rate. The growth competition between two typical
dominating structures, Q2D-Is and crystalline zones, significantly affects the final solid-state
structure. The FCC and HCP strutures are alternant in the crystalline zone region, acting as
the precursor of CLRO structures.

* The disordered region usually has a high motion propensity distribution, whereas a lower
motion propensity corresponds to the crystalline-like order region. Both the local structural
distribution and the dynamical signature in metallic nano-films can be predicted by an
excellent indicator P(a, 7, v). The region with a lower P(a, 7, v) can accommodate a larger
crystallin-like order, and vice versa.

* The LIO has synergy and pinning effects on the freezing behavior of a monatomic liquid
film. crystalline zones would gradually form through the synergy of Q2D-Is with other SRO
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structures, but the pinning effect should be overcome when crystals grow in both the
directions parallel and perpendicular to close-packed planes, consuming energy.

* The origin of the splitting of the second peak in PCFs is a statistical result of the disordered
and crystal-like ordered structure with a certain percentage rather than the fully disordered
structure. The results show that the shoulder peak on the left side of the second peak is due
to the appearance of a small amount of the short-or medium- range ordered structures. The
structure in 2D disordered film may be a simple mixture of the crystal-like and disordered
structural regions.
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Abstract

Metallic glass (MGs) has many unique properties such as low density, low Young's
modulus, and so on. These unique physical and mechanical properties attract much
attention on their application in manufacturing production. While, structural proper-
ties such as complete absence of the long-range order and most MGs are consist of equal
or more than ternary constituent which complex factors make that the atomic level
structure of metallic glass still have not well known by researchers. The limited methods
and data sets obtained by experiment make the acknowledge in uncovering atomic
structure of melt states of alloy, and the supercooled liquid about the alloy is absent as
well. These messages are important to improve and increase the understanding of MGs,
as we know that glasses are essentially frozen liquid made by quenching of their high-
temperature melts. Computer simulation method is an useful tool to obtain structure
messages of melt and the supercooled liquid. The static, dynamical properties as a
function of temperature can also be investigated by ab initio MD simulation. The atomic
level rearrangement consists of both local topological structure change and chemical
reordering and evolution of electronic properties of the Alg,Ni,Nd,; and Cas;Mg,,Cus,
alloy during the glass transition process is investigated, and the discussion of the results

is given in this chapter.
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1. Introduction

Foramorphous metals, the expanding application inmanufacturing production makes metallic
glass (MGs) attract much attention to uncovering their atomic structure. As a consequence of
the complete absence of the long-range order, equal or more than ternary constituent ele-
mentsand the varying chemical affinity between the constituentelements which complexfactors
known by researchers. Topological and chemical short-range order is existed in MGs and is the
most pronounced structure factor in these amorphous alloys.

Atoms packing from micro-observation view and structural different together with changes
by temperature decrease during the glass transition progress are important to explore these
interesting properties of MGs. The electronic structure and the bond between paired atoms in
amorphous alloy are still little reported.

The limited methods and data sets obtained by experiment make the acknowledge in uncov-
ering atomic structure of melt states, and the supercooled liquid about the alloy is absent as
well. These messages are important to obtain useful knowledge such as general structural
models and fundamental principles of atom packing and the correlations of thermodynamic,
kinetic and mechanical properties with the MG structures.

Computer simulation method is an useful method to obtain messages of melt and the super-
cooled liquid. The static, dynamical properties as a function of temperature can also be
investigated by ab initio MD simulation from the obtain results together with the electronic
structure, bond and electronic density of states evolution during the glass transition process
[1, 2].

Using the first-principle computer simulation method, the atomic level structure of metallic
glass was indicated, which is vital to understanding of the behaviour of these materials. The
research was focussed on first-principle molecular dynamic simulation of the rapid solidifi-
cation process of CasMg,,Cus, alloy [1] and the evolution of structural and electronic proper-
ties during the glass transition process of Al-Ni-Nd alloy [2].

Some theory means have used to propose the evolution of the structure of this alloy during
the glass transition such as HA index method and bond-angle distribution function. The result
indicates that the increasing pentagonal bipyramids ordering suppress the formation of the
crystal structures during the rapid solidification processes.

Evidence for the existence of covalent bonds is provided by our research, the polyhedral local
topological structures together with the chemical short- to medium-range order (SRO)
structures play an important role in glass transition and also increase the glass-forming ability
of these alloy. The charge density of the alloy was also given.

The static and dynamical properties of Cas;Mg,,Cus, alloy and Al-Ni-Nd alloy during the rapid
solidification process are investigated using ab initio MD simulations. The results we calcu-
lated agree well with the previous report of these MGs.



Structure of the Metallic Glass and Evolution of Electronical Properties during Glass Transition in Atomic Level
http://dx.doi.org/10.5772/63676

2. Part 1, atomic level structure of metallic glass

Since the unique physical and mechanical properties of the metallic glass, there has been
increasing interest in developing and understanding this new family of materials. A number
of experimental techniques, such as X-ray diffraction (XRD) and neutron diffraction, have been
carried out to understand the structure of the metallic glass as well as modelling methods,
which include Reverse Monte Carlo (RMC) and molecular dynamics (MD). These results given
by researchers have more attraction and more attention on their application in manufacturing
production.

Atomic level structure of metallic glass was investigated using ab initio MD simulations, and
the local atomic structures of Ca-Mg-Cu and Al-Ni-Nd amorphous metallic glasses have been
investigated by the pair distribution function (PDF) analysis of neutron diffraction data. The
pair distribution function (PDF) is a pair correlation function to indicate that the probability
of an atom is located at distance r from an average centre atom. PDF is used to characterize
the structural properties of liquids and amorphous solids.

The a-p partial PDF is defined in Eq. (1)

_ r - ni/;’(r)
gaﬂ(i’) B NaNﬂ <,Z: 47rr2Ar> M

where in the system of N atoms, N, and Ny are the number of atoms of type « and type f,
respectively. r is the interatomic distance between two atoms i (of type a) and j (of type f).
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Figure 1. The total paid distribution functions and partial pair distribution functions of the CasMg,,Cuy, alloy at differ-

ent temperatures.
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It can be seen that the first peak of total PDF of Cas,Mg,,Cus, (Figure 1) gets higher as the
temperature decreases, which indicates that atomic ordering in the first coordination shell
increases as the temperature decreases. The first peak of total PDF starts splitting at 900 K. At
the lowest temperature, 300 K, a splitting of the first peak into two peaks around 3.05A and
3.65A and a splitting of the second peak are seen. For the PDF of Ca atom, we can find a
shoulder which appears at 500K and becomes more pronounced as the temperature is
decreased. This prepeak is located at 3.05A° which is equal to the interatomic distance of Ca-
Cu pair and it is believed to originate from increasing interaction of the Ca-Cu atomic pairs.
For Mg atom, the prepeak located at 2.75A°, which appears at 700 K, indicates that affinity of
Mg and Cu atoms becomes stronger below 700 K. Besides, the shoulder of PDF of Cu atom at
300K is due to the formation of Cu-Cu atomic pair.
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Figure 2. The partial pair distribution functions of Ca-Ca, Ca-Mg, Ca-Cu, Mg-Mg, Mg-Cu and Cu-Cu atomic pairs of
the alloy at different temperatures.

The partial pair distribution functions of the different atom pairs such as Ca-Ca Mg-Mg, Mg-
Cu and Cu-Cu are shown in Figure 2. All of these functions reveal an increase in the height of
the first and second peaks with decreasing temperature, which demonstrates the increase of
the short to medium range order during the solidification process, while the location of the
first peak changes little at the same time. We can distinguish splittings of the second peak of
all six partial pair-correlation functions. However, the splittings occur at different tempera-
tures for these functions. For the Ca-Mg and Cu-Cu pairs, the splitting first occurs at 500 K and
is well developed at 300 K. While for other pairs, the splittings occur at lower temperature than
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500K (the experimental Tg=401K) [3]. It demonstrates that some different substructures in
prefer atom pairs have been formed before reaching the final glassy state.

Figure 3 shows the total PDF and partial PDF (Al-Al, Al-Ni and Al-Nd) of Alg,Ni,Nd; alloy.
The peaks about first and second of all the PDFs get higher during the glass transition process,
which indicates that short to medium structure orderings of the associated atom increases as
the temperature decreases. The increase of Ni atom PDF is obvious, which leads to the
sharpness peak of the partial PDF (Ni atom) at 300 K eventually. It determines the composi-
tional and geometrical order became stronger and formed during the glass transition process
around Ni atom. Total PDF shows a splitting of the second peak at 500 K, and dislocation of
the two well-developed new peaks is around 4.67 and 5.58 A at 300 K.
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Figure 3. The total and partial pair distribution functions of the Aly,Ni,Nd, alloy at different temperatures. (a) Total, (b)
Al-Al, (c) Al-Ni and (d) Al-Nd.

The splitting of the second peak with the different shapes of partial PDFs may caused by the
different radii of the atoms in the atomic pairs, which indicate the complex structures of the
disorder systems. The partial coordination numbers of Al-Ni and Al-Nd pairs estimated from
the DRP model are 10.9 and 16.4 [4]. The CNs of the Al-Nd pair decreases with decreasing
temperature, which determines that Al turns to prefer to be near Ni rather than Nd atoms
during the glass transition process.

3. Part 2, the evolution of structural properties during the glass transition
process

Honeycutt-Andersen (HA) bond-type index is compute to obtain detailed information [5] of
the local structure of the Aly;Ni;Nd, alloy. Three-dimensional image of the local configurations
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is given during the solidification process. The HA bond-type index represents the number and
properties of common nearest neighbours of atom pair; it can used to analysis the local
environment surrounding the atomic pair, which is under consideration. Each H-A bond index
is classified by the relation among their neighbours with four indices of integer.

The first integer is 1 if the pair is bonded and the considered atomic pair is closer than cut-off
distance or else 2. The common neighbour of the considered atomic pair is defined as the
second integer, the number of bonds among common neighbours is the third number and the
fourth is used to distinguish the atomic pair if the former three integers are not sufficient.

More than 12 types of the bond pairs are found in the alloy at different temperatures with the
HA bond-type index method, which indicate the complex structures of the disorder systems.
The variation of seven typical bond pairs of Ca-Mg-Cu alloy is shown in Figure 4; whereas the
other pairs of 1311, 1422, 1531, 1532 and 1651 types are not shown because they are quite rare
and every type of them is <2% in the whole temperature range. It can be seen that 1551 pair
has a fraction of 12.5% at 2000 K and increases rapidly with temperature decreasing (41.3% at
300 K). The 1541 does not change much in the whole temperature range; the fraction of 1541
pairs at 300 K is 18.2%. These two pairs that contain five coordinated vertices represent the
pentagonal bipyramids. As the melt being quenched, a large quantity of pentagonal bipyra-
mids structures are formed in undercooled and glassy alloy. Moreover, it can be observed that
the quantity of 1431 pair, which is the most popular type at 2000 K, decreases as the temper-
ature decreases and the 1441 pair increases about 5% in the supercooled region.
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Figure 4. Evolution top seven most populated HA bond-type index in the CasMg,,Cus, alloy as a function of tempera-
ture.

The population of them, which indicate the fourfold bond structure, is much less than the most
prevalent type of 1551 pair. In addition, the 1661 pair, which presents the sixfold bond,
increases from 1.04% at 2000 K to 15.22% at 300 K. Furthermore, the 1321 pair with higher
energy and larger distortion decreases obviously in the solidification process.

Much information of chemical and topological orderings of the higher order correlations can
be provided by the bond-angle distribution function, which is defined about a group of three
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atoms. One is defined as a central atom; the other two within a cut-off distance that is deter-
mined by the location of the minimum of PDF are denoted as the side atoms. The two side
atoms together with the central atom define the bond angle. The bond-angle distribution
function can be obtained by statistically summing the bond angles of all the groups of three
atoms.

Two peaks located at about 61.8° and 101.2° at 2000 K of total bond-angle distribution about
CasMgy,Cuy, alloy (Figure 5), and the height of the of the first is higher. Peaks become higher
during the glass transition process. The total bond-angle distribution have two peaks near
60.1°and 106.7° at 300 K. Close packing of three neighbour atoms is suggested by the first peak
at around 60°, and the second peak located near 108° is consist with the pentagon configura-
tions. The shoulder appeared at 300 K at around 145° relates to threefold coordinated atoms.
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Figure 5. Calculated total bond-angle distribution functions of CasMgyCuy, alloy at different temperatures.

The peaks of all the partial bond-angle distribution function of Ca-Mg-Cu alloy (Figures 6-8)
become more pronounced as the temperature decreases, which exhibits that the distribution
of the local structure types around the relevant atoms decreases at lower temperature. For the
bond-angle distribution around Ca atoms at 300 K, predominant angles correspond to 56°, 100°
and 145° can be seen clearly, and the flat peaks located at 58°, 95° and 95° are shown at 2000
K. The N-Mg-N bond-angle distribution functions in the amorphous phase (T =300 K) have a
prominent peak at 60° and 115°, while they present two broad peaks at about 60° and 109° at
2000 K. In addition, the plot of N-Cu-N shows main peaks at 60° and 110° at 2000 K, and the
location of the peaks is at around 65°and 135° at 300 K. The second peak of N-Cu-N shifts to
large angle during the solidification process, which is more evident than the other peaks.
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Figure 6. Calculated partial bond-angle distribution functions of the N-Ca-N (N =Ca, Mg, Cu) at different tempera-
tures.
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Figure 7. Calculated partial bond-angle distribution functions of the N-Mg-N (N =Ca, Mg, Cu) at different tempera-
tures.
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Figure 8. Calculated partial bond-angle distribution functions of the N-Cu-N (N =Ca, Mg, Cu) at different tempera-
tures.
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The detailed three-dimensional image information about the evolution of local atomic
configuration of the Al-Ni-Nd alloy is obtained using the method of Honeycutt-Andersen (H-
A) bond-type index during the glass transition process. The 1431 and 1541 bond pairs are the
most two popular types seen from Figure 9 in the molten alloy liquids, which fraction is 28
and 22%, respectively. The two pairs do not change very much in whole temperature range.
Moreover, fraction of 1551 pair is 13% at 2000 K and increases with decreasing temperature
rapidly which is 22% at 300 K. The 1541 and 1551 pairs represent the pentagonal bipyramids
that contain five coordinated vertices. During the glass transition process, in the undercooled
and glassy alloy, large number of pentagonal bipyramid structures are formed. The 1421 pair
increases 5% during the rapid solidification process. Furthermore, 1311 and 1321 pairs
decreases obviously, which consists with higher energy and larger distortion. The bond-type
index around Al-Nd atomic pair is 1661 only, due to the large radius of Nd atom and fraction
of this index is <2% during the whole temperature range.
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Figure 9. Evolution of the top six most popular H-A indices types in the Alg;Ni,Nd, alloy as a function of temperature.

Figure 10 shows the total and partial bond-angle distributions of the Al-based alloy at different
temperatures. The partial bond-angle distributions have five classes: Al-Al-Al, Ni-Al-Al, Nd-
Al-Al,N-Ni-Aland N-Nd-Al (N = Al, Ni, Nd). Total bond-angle distribution exhibits two peaks
at 2000 K that located at 55.48° and 106.66°, but the height of the first peak is higher. The peaks
become higher by the temperature decreases. Two peaks located 56.49° and 107.79° at 300 K
of the total bond-angle distribution. All the partial bond-angle distribution functions have
more pronounced peaks by glass transition progress, and this shows that the distribution types
of the local structure around the atomic pair decreases at low temperature. The hump between
two peaks decreases as the temperature decrease and becomes less distinguishable of the Al-
Al-Al, Ni-Al-Al, Nd-Al-Al and N-Ni-Al (N = Al Ni, Nd).
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Figure 10. Calculated total and partial bond-angle distribution functions of the Alg;Ni,Nd, alloy at different tempera-
tures (N=Al, Ni, Nd). (a) Al-Al-Al, (b) Ni-Al-Al, (c) Nd-Al-Al, (d) N-Ni-Al, (e) N-Nd-Al and (f) total.

The close packing of three neighbour atoms is related to first peak at 56.49° position of the total
bond angle. For Al-Al-Al, it is at around 60° shows the configuration of equilateral triangle,
which is formed by the three neighbour atoms at 300 K. The second peak of the total bond
angle is located near 108°, it indicates the pentagon configurations, which is agreement with
the exist of the pentagonal bipyramids obtained by the HA bond-type index. The shoulder
appeared at 300K at around 145° relates to the threefold coordinated atoms. We also found
that the increase in the peaks height of the bond-angle associate with the Ni is more evident
than the others. The significant geometrical order around Ni is formed by the glass transition
process. The shapes of the peaks for N-Nd-Al do not change very much, indicating that the
neighbours’ order of the elements Nd does not change much as the temperature decreases.

4. Part 3, the dynamical properties of the nucleation and glass-forming
process of liquids

The dynamical properties are important for describing the nucleation and glass-forming
process of liquids. The variation of mean-square displacement (MSD) as a function of temper-
ature is also calculated through Eq. (2)
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These quantities of MSD [6] for Ca, Mg and Cu atoms are plotted in Figure 11a—c. The linear
behaviour can be clearly seen and the slope decreases with temperature decreasing for all the
three atoms. The self-diffusion coefficients, as the functions of temperature, are shown in
Figure 11d. It is found that the self-diffusion coefficients of Ca atoms are less than the others
at all temperatures, which is due to the larger radius of Ca atom. The relation between the self-
diffusion coefficients and the temperature obeys an Arrhenius relationship.
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Figure 11. The MSD and self-diffusion coefficient of the alloy at different temperatures: (a)~(c) The MSD of Ca, Mg and
Cu atoms; (d) variation of diffusion coefficients and the In D of Ca, Mg and Cu atoms at different temperatures.

According to the Arrhenius relationship, there will be a linear relationship between the In D
and 1/T, which is also plotted in Figure 11d, whereas, it shows non-Arrhenius in the super-
cooled region in which the self-diffusion coefficients decrease more rapidly than expected. As
mentioned above, the development of polyhedron local structures in the undercooled liquid
delays the diffusive regime and leads to the non? Arrhenius behaviour [7], which also inhibits
the crystallization and promotes the formation of the amorphous solid. The activation energy
Eais23.01, 23.20 and 22.28 kJ/mol for the Ca, Mg and Cu self-diffusions, respectively. The pre-
exponential factor D0 is 17.1210 x 10, 18.9210 x 10° and 17.8510 x 10 m?%/s for Ca, Mg and Cu,
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respectively. The polyhedral order and CSRO, which are enhanced in the supercooled region,
decrease the self-diffusion coefficients.

5. Part 4, electronic density of states of the glass transition of the alloy

In order to investigate the electronic origin of the glass transition of the Alg,Ni,Nd, alloy, we
calculate the DOS for Alg;,Ni,Nd, alloys at different temperatures and plot in Figure 12. The
snapshots of the configuration at 2000 and 300 K are also shown. The local DOS of N-d, Ni-d
and Al-spd of Figure 12a—c indicates that the covalent bond is formed due to the hybridization
between the electronic states of Al-p and Ni-d. Peak of DOS (Ni atom) becomes narrower and
higher, the resonance between the electronic states of Ni and Al around the -2 eV is more
significant during the glass transition process, shows the stronger hybridization between the
electronic orbitals are formed and more ordered local structure around Ni formed. The lower
peak of Nd than Ni, and the height of the peak for Nd increases slightly indicates the transition
metal of Ni is more active than the rare earth of Nd during the solidification process. The
chemical bonds contained in the snapshots (12 d) are calculated by the same cut-off distances
of the corresponding atomic pairs at 300 and 2000 K, which presents the interaction of nearest
neighbour atomic pairs are enhanced during the glass transition and the larger number of
bonds are formed at the same time. It is contributing to the higher peak of DOS image (the Ni
and Nd atom) at the lower temperature as well.

Dos

Figure 12. DOS (a)—(c) and snapshots (Al—pink, Ni—blue, Nd —green; (d) 2000 K, (e) 300 K) of the Alg,Ni,Nd, alloy.
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Figure 13. Contour plots of the valence electronic-charge density of amorphous solid CasMg,,Cus, for different atomic
configurations: (a) Ca-Cu-Ca, (b) Cu-Cu-Ca, (c) Cu-Mg-Ca, (d) Ca-Mg-Ca, (e) Ca-Ca-Ca and (f) Mg-Cu-Cu.

6. Part 5, electronic charge densities of the amorphous solid

A combined neutron and x-ray diffraction study [8] have been performed for CasMg,,Cus,
bulk metallic glass-forming system, which indicates that the average distances of Cu-Mg and
Cu-Ca are consistent with the sum of covalent radii, whereas all other interatomic distances
are consistent with the sum of metallic radii. Our simulation shows an accumulation of charge
between Ca-Cu and Mg-Cu atomic pairs, which evidence the persistence of Ca-Cu and Mg-
Cu covalent bonds (Figure 13). On the other hand, the covalent bonds of Cu-Cu pair are also
existed as presented in the plot. The Cu-Cu interaction is not as attractive as Cu-Ca and Cu-
Mg. In other words, Cu atoms prefer to cluster with Ca and Mg atoms rather than Cu itself.
But this does not mean that Cu atoms repel each other. This is what the CSRO tells us. As a
result, Cu-Cu covalent bonds are still found. The electrons with an sp character of the Mg atoms
are transferred to the d states of Ca and Cu atoms. The accumulation of charge between Ca-
Mg pairs indicates that there is Ca-Mg covalent bond in this alloy as well. While, this phe-
nomenon is not found about Ca-Ca pair, which presents that the Ca-Ca bond is metallic bond.
Our result provides string evidence for the existence of Ca-Mg, Ca-Cu, Mg-Cu and Cu-Cu
covalent bonds, which is in accord with that covalent bonds between the elements dominate
in the Ca-Mg-Cu alloy proposed by the former experiment. An increasing fraction of covalent
bonding is benefit to increase the glass-forming ability [9], and this is in favour of the glass
formation for the Ca;,Mg,,Cuy, alloy.
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7. Part 6, evolution of the electronical properties of the metallic glass

In our simulation, we also study the ground-state electronic charge densities. The charge
density p(r) in a plane defined by three neighbouring atoms at three temperatures of 2000, 700
and 300 K are plotted in Figure 14. The Ni ions tend to form strong interactions with Al, by
the neutron diffraction data report [10], whereas the Nd bond length to Al is close to the
expected sum of atomic radii about neutral ions. The accumulation of charge between Ni-Al
atomic pairs at all temperatures is shown in the image 13; it indicates persistence of the Ni-Al
covalent bonds. All different atomic configurations are chosen of the most nearby atomic pairs
at the corresponding temperature. The interatomic distance of 2000 K is less than the others
due to the broad distribution of interatomic distance at high temperature (Figure 1). The
accumulation of charge between Al-Al atomic pair and Nd-Al atomic pair at 2000 K is more
evident than the other temperature. While effect of temperature for Ni-Al atomic pair is
insignificant, as a result of during the glass transition process Al atom prefer to transform near
Ni atom than Al atom and Nd atom. The Al-Al and Nd-Al atomic pairs are weakly covalent
bond properties in the molten liquid states, whereas Nd-Al is metallic bond properties at
300 K because of that the electronic charge density around Nd atom is a spherical distribution
almost. The electrons with a sp character of the Al atom are likely transferred to the d states
of Ni atoms at 300 K. The increasing fraction of covalent bond and metallic bond can increase
the GFA of the alloy, and it is in favour of the glass formation during the solidification process
of the multicomponent molten alloy.

Distance(A)

L L I - - I R
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Figure 14. Contour plots of the valence electronic charge density of Alg,Ni,Nd, alloy for different atomic configurations
at different temperatures.
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8. Conclusion

Ab initio molecular dynamic simulations are used to understand the evolution of structural
and electronic properties during the glass transition process of the AlgNi,Nd, and
CasMg, Cuy, alloy based on the density functional theory. The pair correlation function, CN,
diffusion coefficient, mean square displacement, HA bond-type index and bond-angle
distribution at different temperatures are observed by our simulation.

The PDF images investigates that the short to medium structure orderings are enhanced with
decreasing temperature during the rapid solidification process. The interaction between
different atomic pairs is strengthened, and the splitting of the second peaks occurs at different
temperatures for the partial PDF, which indicates that some different substructures in prefer
atom pairs have been formed before reaching the final glassy state.

The CNs we calculated agree well with the previous report of Ca-Mg-Cu MGs [11]. The CN of
Ca atoms changes from 14.87 to 15.39, it is from 12.15 to 12.35 for Mg atoms and it is from 9.18
to 9.32 for Cu atoms, which are very close to the previous theoretical result. According to the
ECP model [12, 13], which allows the number of structural sites to be counted, each Mg atom
will be surrounded by 10 Ca atoms in the binary Ca-Mg MGs, and three additional solute sites
occur at the interstices of these Mg-centred clusters. The CNs around Ca atom are about 15
while which is more than result of 13 in the Ca-Mg-Zn MGs [14], which shows that the packing
around Ca atoms is more efficient in the Ca-Mg-Cu alloy. The interatomic distance we obtained
and the partial coordination numbers of Al-Niand Al-Nd pairs in our simulation are consistent
with the previous experimental of the neutron diffraction and theoretical results of Al-Ni-Nd
alloy [10].

The pentagon configurations and the three neighbour atoms packing are the most primary
short-range order in both these two alloys, which local structural order is enhanced obviously
by the decreases of temperature during the glass transition progress concluded by the bond-
angle distribution methods in these two alloys, which is consist with results evaluated by the
Honeycutt-Andersen (H-A) bond-type index that the amount of pentagon configurations
increases during the glass transition and become the primary short-range order (SRO) as
temperature decreases.

Our modelling studies of multicomponent of Al-based MGs and Ca-based MGs show that the
covalent bonds of Ca-Mg, Ca-Cu, Mg-Cu and Cu-Cu pairs are existed in Ca-Mg-Cu alloy and
accumulation of charge between Ni-Al atomic pairs which evidences the persistence of the Ni-
Al covalent bonds in Al-Ni-Nd alloy at all the temperatures.

The evolution of structural and electronic properties during the glass transition process of Al-
Ni-Nd alloy is also simulated. A result of the fact is that Al turns to prefer to be near Ni than
Al and Nd during the glass transition process. In the molten liquid of 2000 K, weakly covalent
properties of Al-Al and Nd-Al atomic pairs are existed, while the electronic charge density
around Nd is almost a spherical distribution at 300 K.

Glass-forming ability (GFA) is also another important research issue. Inoue have provide three
empirical rules for BMG formation [15, 16]: which suggested that multicomponent system of
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more than three elements, difference of atomic size mismatch large than 12%, and negative
heat of mixing between the components atoms tends to transform to glass easily of this
multicomponent alloy system. The formation of the crystal structures is suppressed by the
increasing polyhedral local structures ordering and chemical SRO of covalent bonds and
metallic bonds; the increasing of the electronical interaction during the rapid solidification
processes plays an important role during the glass transition and increases the glass-forming
ability of the Al-Ni-Nd alloy.

We also found that the electrons with a sp character of the Al atoms are more likely to transfer
to the d states of the Ni atoms. The more disordered amorphous state and the optimum
bonding state seem to achieve the confused compositions and multicomponent MGs with good
glass-forming ability and unique mechanical properties.
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Abstract

Metallic glasses exhibit excellent corrosion resistance and electrocatalytic properties,
and present extensive potential applications as anticorrosion, antiwearing, and catalysis
materials in many industries. The effects of minor alloying element, microstructure, and
service environment on the corrosion resistance, pitting corrosion, and electrocatalytic
efficiency of metallic glasses are reviewed. Some scarcities in corrosion behaviors,
pitting mechanism, and eletrocatalytic reactive activity for hydrogen are discussed. It
is hoped that the overview is beneficial for some researcher paying attention to metallic
glasses.

Keywords: metallic glass, corrosion resistance, pitting corrosion, electrocatalytic prop-
erty

1. Introduction

Except for high compression strength, microhardness, electrical resistivity, and good soft
magnetic properties, most metallic glasses exhibit excellent corrosion resistance. The excel-
lent corrosion resistances of metallic glasses are mainly attributed to the homogeneous single
glass phase, the alloy chemistry, and the presence of metalloids [1-3]. No grain boundaries,
dislocations, and other defects where corrosion can occur preferentially are expected to allow
the growth of a uniform protective film. The chemical homogeneity is believed for rapid
cooling rates required to produce full amorphous structure since no enough time is availa-
ble for solid-state diffusion, that is, it is impossible for the formation of second phases,
precipitation, and segregations. The homogeneity in chemical composition and microstruc-
ture promotes amorphous oxide formation on the surface which retards ionic transport. The

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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improvement of corrosion resistance is also considered to link to the ability of these metasta-
ble alloys to form supersaturated solid solution in one or more alloying elements. The alloying
element available in solid solution may be incorporated into the oxide film to enhance its
passivity. Thus, the effect of the amorphous structure, chemical and structural homogeneity,
and the possibility of forming unique chemical composition not typical of near-equilibrium
crystalline alloys are mostly considered as factors that can affect the corrosion properties of
metallic glass.
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Figure 1. A schematic diagram of potentiodynamic polarization: (a) the theoretical anodic polarization curve, (b) the
calculation of corrosion potential and corrosion current density.

In order to estimate the corrosion resistance, immersion test is one of method to calculate the
average corrosion rate in one year, while the electronic chemistry methods such as the
potentiodynamic polarization are applied in most researches, where the considerable infor-
mation on the electrode processes can be attained, such as corrosion potential (E,,,,), corrosion
current density (I,,,), corrosion rate, pitting susceptibility, passivity, and the cathodic behavior.
A schematic curve of the theoretical anodic polarization (a) and the calculation of corrosion
potential and corrosion current density (b) are illustrated in Figure 1. As can be seen in Figure
1(a), the scan start forms point (1) and progresses in the positive potential direction until
termination at point (2), the open circuit potential is located at point A. At the potential, the
sum of the anodic and cathodic reaction rates on the electrode surface is zero. As a result, the
measured current will be closed to zero. With the increase of the potential, it moves to active
region. In this region, metal oxidation is the dominant reaction taking place. Point B is known
as the passivation potential, and as the applied potential increases above the value the current
density is seen to decrease until a low, passive current density is achieved in passive region E.
Once the potential reached a sufficiently positive value, that is located as point C, sometimes
termed the breakaway potential, the applied current rapidly increases. Around the open circuit
potential, a new line is fitted according to the linear regions of the polarization curve as
illustrated in Figure 1(b). The current density at that point is the corrosion current density
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Figure 2. A schematic cyclic-anodic-polarization curve [4].

(L) and the potential at which it falls is the corrosion potential (E.,.). It is generally agreed
that the higher is the corrosion potential, the more difficult is the occurrence of the oxidation
reaction for the metals, moreover, the larger is corrosion current density, the higher is corrosion
rate, that is, the lower corrosion resistance for metallic glass.

While for the susceptibility of pitting corrosion, the cyclic-anodic-polarization is usually
measured, and some parameters and typical characteristics with regard to pitting corrosion
susceptibility are defined in the schematic polarization curves of Figure 2 [4]. A potential scan
is started below the corrosion potential, E,,. At E_,, the current density goes to zero, and then
increases to a low and approximately constant anodic value in the passive range. In this range,
a thin oxide/hydroxide film, a passive film, protects the material from high corrosion rates. If
the current density decreases when the potential scan direction is reversed, as in path 1, the
material is shown to be immune to pit corrosion. However, if on the potential up scan, the
current density suddenly increases, and remains high on the down scan, until finally decreas-
ing to the passive-region value, as in path 2, the material is shown to undergo a form of pitting
corrosion. The potential at which the current density suddenly increases (pitting initiation) is
known as the pit potential, E;,, and the potential at which the current density returns to the
passive value is known as the repassivation potential or the protection potential, E .. Between
E, and E,,, pits are initiating and propagating. In the case of path 2, pits will not initiate at
E.m the natural corrosion potential; and, therefore, the material will not undergo pitting
corrosion under natural corrosion conditions. If, on the other hand, path 3 is exhibited, where
E,,isbelow E,,, the material will undergo pitting corrosion at surface flaws or after incubation
time periods at E_.. In terms of the overall resistance to pitting corrosion, two parameters of
(Epit = Ecor) and (E,,, — E,,) are important. Higher values of both are desirable to reflect high

values of E;; and E, relative to E,.
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2. Corrosion resistances of nonferrous metallic glasses

Metallic glass is comparatively newcomer to the amorphous material group, which is fabri-
cated from a cooled liquid without crystallization under a rapid cooling rate. As the first
metallic glass of AugSi,, was discovered in 1960 by Duwez and coworkers [5], a series of
metallic glasses such as Zr-, Ti-, Pd-, Cu-, Fe-, and Mg-based alloys are successfully fabricated
by the method of melt quenching. In order to extend the industrial application of metallic
glasses, the corrosion behaviors of metallic glass have been of great interest. The corrosion
resistance of nonferrous metallic glass of Cu-, Ti-, Zr-, and Mg-based alloys will be discussed
in the following part.

2.1. Effect of composition

Among of nonferrous metallic glasses, Zr-based metallic glass (Zr-MG) is investigated abroad
in corrosion resistances. Addition of minor element such as Ag, Cu, Y, Ti, Ni, and Nb has been
utilized to enhance the glass forming ability and resistance to general and local corrosion. Inoue
and coworkers [6-10] have investigated the effect of Ni on the corrosion resistance of Zr-Ni-
Cu-Al alloy. Zr-MG without Ni shows lowest corrosion potential and no obvious passivation
region, but pitting directly can be observed as potential rises. Zr-MG with Ni is spontaneously
passivated with current density around 10* A/m? before the occurrence of pitting corrosion in
chloride solution. Since the Cu element in the Zr-MG is easily dissolved in chloride solutions,
thus leads to a low corrosion resistance. The additional Ni inhibits the formation of soluble
Cu-Cl films and facilitates forming the protective surface films with a high concentration of
Zr cation, leading to a denser, thicker, and more pitting resistance ZrO, passive film. Zhang
and coworkers [11, 12] reported that partial substitution of Ni and Co by Ag was effective in
improving the corrosion resistance of Zr-MG, as the Ag addition increases the concentration
of Zr and decreases the concentration of Al in the surface passive films, while Liu and
coworkers [13] found that the addition of Ag could promote the formation of AL,O, butslightly
suppressed the formation of ZrO,. The cast Zr5,Al;(Co,s  Nb, (x =1, 3, and 5 at%) metallic glass
are spontaneously passivated in NaCl solution with a passive current density between 10~
and 10° A/cm?, and the pitting potentials shift to positive direction with the increasing of Nb
content [14]. Though the Nb-bearing alloy’s pitting potential and passive region are larger than
Nb-free alloy, after pitting, however, the alloy with 4 at% Nb exhibits higher corrosion current
density than Nb-free alloy, as shown in Figure 3, meaning that the corrosion reactions in Nb-
bearing alloy are more severe at high potential [15]. Generally, the addition of Nb element in
Zr-MG can facilitate the formation of highly protective Zr-, Al-, and Nb-enriched surface film,
while Cu addition will deteriorate the passivation [16]. For Zrs;Al;,NisCu,, metallic glass alloy,
the mass loss and the average corrosion rate decrease with increase of Ti content in 1 M HCI
solution [17], and the Ti addition improves the stability of passive film and pitting resistance,
while they are susceptible to pitting corrosion [18].

Compared to Zr-MG, Cu-based metallic glasses with their superiority in price and mechanical
properties possess great potential applications in the fields, such as bipolar plate materials,
biomedical instruments, and microdevices. The investigations about corrosion resistance have
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been carried extensively. Small addition of Nb, Cr, Ta, and Mo has proved to be effective in
improving the corrosion resistance [19-21]. Asami et al. [19] investigated the effect of small
addition of Nb, Mo, and Ta to CugZr3Ti,, at% metallic glass in 1 M HCI, HNO,, NaOH, and
0.5 M NaCl solutions. The results demonstrate that Nb element is most effective in decreasing
the corrosion rate in all of the solutions, moreover, the corrosion rate decreases with increasing
the Nb content. The minor element addition can enhance the stability of passive film enriched
in ZrO, and TiO,. Except the minor addition Mentioned above, some rare metal element
additions of In, Y, Ce, and Ln to Cu-MG are effective to improve the corrosion resistance [22-
25]. The results demonstrate that the dissolution of rare element is favorable to forming
continuous Zr-, Ti-rich protective oxide film and alleviates the local corrosion and propagation
at the initial corrosion stage. The Ln addition can increase the nearest neighbor atomic distance
affecting the topological instability, which is attributed to the improvement of corrosion
resistance.
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Figure 3. Potentiodynamic polarization curves for the alloy in phosphate-buffered solutions at 37°C [15].

As conventional titanium alloy, Ti-based metallic glass with high yield strength, low Young’s
modulus, high corrosion resistance can be applied as biomaterial [26], and mostly possesses
higher corrosion resistance than Ti-6Al-4V alloy in a simulated body fluid environment. The
minor element addition of Zr, Nb, and Cu will change the corrosion behavior of Ti-MG [27-
29]. Nb addition can enhance the pitting resistance due to an improvement of the passive layer
properties for near-homogenous alloys. Small addition of Zr promotes the corrosion potential
and decreases the corrosion current density. The addition of Cu can shift the beginning of
polarization reaction to a positive voltage level, while provokes severe Cu-induced selective
dissolution under the higher applied voltage levels, resulting continuous pitting and the
depletion of Ti and Zr in the alloy. With increase of (Ti + Zr)/Cu ratio, the pitting corrosion
resistance is greatly enhanced due to the formation of surface film mainly composed of TiO,
and ZrO,.
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As well known, magnesium alloy is also one of biomaterials. Recently, the corrosion behavior
of Mg-based metallic glass is investigated. Wang et al. [30] reported that the Mn addition can
promote the formation of a dense passive film, which delays the corrosion of the matrix. The
Zn addition provokes the formation of Zn(HO), and Mg(OH),, and the evolution of the
corrosion process of the MgZnCa glass is schematically illustrated in Figure 4 [31]. When Mg-
MG is immersed in body fluid, the anodic dissolution of magnesium occurs and the magne-
sium hydroxide layer well is formed on the surface of the sample. The attack of CI” occurs at
the weak sites of the magnesium hydroxide layer and transforms the magnesium hydroxide
into soluble magnesium chloride. The fresh substrate, exposed to the medium directly, suffers
further corrosion, and results in the releasing of Mg* and Zn?, as shown Figure 4(a). As
immersion prolonged, the Zn*" concentration is increasing due to the continuous dissolution
of Zn. The Zn(OH), precipitates preferentially, compared to that of Mg(OH), (Figure 4(b)), the
Zn(OH), precipitations will repair the defects in the surface layer, and then forms a continuous
and uniform layer. With the corrosion proceeding, the corrosion product layer will be
thickened and Zn(OH), precipitation spreads, which are evidently depicted in Figure 4(c).
Meanwhile, the undissolved Mg(OH), and Zn(OH), precipitation can provide favorable sites
for apatite nucleation. With Ti addition, the protective film of Mg(OH), will enrich Ti, im-
proving the stability [32].

. Mg2* b Zn(OH),

WIS

== Mg{OH); Mg(OH);

apatite

)

Zn{OH);

Mg(CH)z

Figure 4. The sketch map for the evolution of corrosion process of Mg-Zn-Ca bulk metallic glass immersed in SBF: (a)
initial stage, (b) middle stage, (c) final stage [31].
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2.2. Effect of microstructure

The microstructure and composition homogeneities are destroyed with the crystallization,
which is necessary to deteriorate the corrosion resistance of metallic glasses. Zry Al Coyg
metallic glass exhibits a decrease of passivation potential and an increasing of penetration rate
with increasing heating temperature in Ringer’s simulated body fluid at room temperature
[33]. The corrosion parameters of some metallic glasses are summarized in the Table 1 [34-
39]. It can be attained that the corrosion resistance of most metallic glasses after crystallized
will decrease, as shown that the corrosion potential decreases and the corrosion current density
increases relatively, suggesting that the passive films formed on the surface of the glassy alloy
in the anodic process are protective and denser than those on the crystal alloys. However,
another metallic glasses exhibit more positive corrosion potential and low corrosion current
density after crystallized, meaning that the crystalline alloy possesses excellent corrosion
resistance, compared to metallic glass with same composition, since the nanocrystal phase
such as a-Ti, CuZr precipitation or the reduction of the free volume in amorphous state that
in turn reduces the average atomic distance.

Composition State E, Leon (A/ E; EiEon Lu(A/  CPR  Temp Solution
(mV) cm?) (mV) (mV) cm?) (um/y) (K)

Zrg.CuyFe,sAlAg,s  Am. 290 55x10%  -22 268 15 310 PBS
[34] Cry. -305  7.7x10° 45 160 09 310  PBS
TiyyZr, CuizsPd,, [35] Am. 31 46x107 - — -~ HBSS

Cry. 61 20x10% - -~  HBSS
Tiy,Zr,Si,Ta, [36] Am. 455  49x10° 113 29x10° - 310  SBF

Cry. -321  87x10° 176 40x10% -~ 310  SBF
ZryCupAl FeTis [37]  Am. 214 30x10% - -~ 310 SBF

Relx 43 88x10° 39 83 -~ 310  SBF

Cry. -22 14x10° 407 429 — 310  SBF
Zr,Ni [38] Am. 354  13x107 82 11x10¢ - 300  0.1MNaCl

Cry. -369  14x107 76 93x107 -~ 300 0. MNaCl
CuysZry5Al [39] Am. 760  12x107 110 870 52x107 - 300  ASS

Cry. 460  50x10° 110 570 16x19¢ — 300  ASS

Table 1. Summary of corrosion parameters for some metallic glasses and its crystalline alloys from literature reports.

Wang et al. [40, 41] reported that the corrosion resistance of Mg-MGs was slightly reduced
when the in situ second phase or reinforcement phase were induced into metallic glass. It is
believed, when corrosion is developing, the continuous distribution of glass matrix might be
able to prevent corrosion from spreading from one a grain to another a grain directly across

69



70 Metallic Glasses - Formation and Properties

the glass matrix. Then corrosion is stopped after the crystalline phases dissolves and a
continuous glass matrix is exposed to solution. If the crystalline phase is nanoparticle and
presents high chemical potential, the corrosion resistance of metallic glass composite will not
reduce, even increase for some metallic glass alloy [39, 42].

When bulk metallic glass is fabricated into metallic glass coating, the corrosion resistance of
metallic glass coating is affected not only by the composition, but also by the surface and
porosity of the metallic glass coating [43]. The effect of porosity on corrosion resistance for Ti-
MG evaluated with potentiodynamic polarization is shown in Figure 5 [44]. The metastable
current transition of different magnitude can be observed for the porous bulk metallic glass.
Although rapid increase in anodic current due to pitting is not observed, anodic current density
slightly increases, indicating that some of metastable pitting occur within the pore at the same
time and afterward are stabilized by the pore wall during the anodic polarization process.
Undoubtedly, the existing of pores would result in crevice corrosion, where potentiodynamic
polarization curve exhibits a slow increase of current density in the anodic polarization part.
Gebert et al. [45] reported that the state of surface finishing of Zr-based metallic glass remark-
ably influences its corrosion and passivity. It is considered that the smoothness, homogeneity,
and the modification of surface chemistry such as Cu concentration on the surface of Zr-MG
are modified after polished with different polishing materials.

) Hanks' solution

10? Porosity: 60% [

\ Porosity: 0%

Current density (A m'x)
=

Porosity: 50%

0.6 -0.4 0.2 0.0 0.2 0.4 0.6
Potential (V) vs. SCE

Figure 5. Potentiodynamic polarization curves of the produced porous TisZr;Cus Pd,,Sn, bulk metallic glass with var-
ious porosities in Hanks’ solution at 310 K compared to pure Ti alloy [44].
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Besides chemical and physical defects of glassy alloy, the mechanically generated defects can
enhance the corrosion susceptibility. Gebert et al. [46] reported that a slight improvement of
spontaneous passivity but a decrease of resistance against chloride-induce pitting were
detected when Zr-based bulk metallic glass was shot-peened with long time, and the corrosion
damage evolution was governed by the nature of the mechanically generated defects, such as
craters, cracks of scratches and their surrounding stress fields. The effect of shear bands
breaking through a sample surface on corrosion processes in acidic environments is investi-
gated. The preferential sites for corrosion initiation and propagation are formed along the shear
bands, as shown Figure 6 [47]. The local chemical and structural changes in the close vicinity
of the shear band zone are mainly predisposing factor. An et al. [48] found that the Cu-MG
after tensioned exhibited more negative corrosion potential and larger corrosion current
density in chloride solution, which indicated the deterioration of corrosion resistance of Cu-
MG tensioned, compared with as-cast.

Figure 6. SEM images of corroded shear band regions at surfaces of predeformed Zr-based metallic glass after expo-
sure to 12 M HCI: (a, b) bent ribbon; (c, d) lateral area [47].

2.3. Effect of environment

Though the microstructure and chemical composition of nonferrous affect the corrosion
resistance, it is evident from Table 2 that the environment is also a significant factor in the
corrosion properties. Table 2 provides corrosion parameters for some nonferrous metallic
glass in various electrolytes. Pourgashti et al. [49] found that Zr-MG exhibited excellent
corrosion resistance in 3.5% NaCl solution, and showed better corrosion resistance than 316L
in HNO; and H,SO, solutions. It can be seen from Table 2 that the tendency of corrosion current
density I iS Lommicr > Leomimos > Leornact > leomimsos: The Zr-MG reveals to increase in passive
current density and decrease of transpassive potential with increase in nitric acidic concen-
tration [51]. Gebert et al. [50, 55] reported that Zrs;;Cu,AlNis was immune to localized
corrosion in alkaline solution. However, a susceptibility to pitting corrosion was observed
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during anodic polarization experiment at chloride concentration as low as 10 M. Moreover,
the effect of temperature on the corrosion resistance was investigated. The Zr-MG exhibits that
E,; decreases as the temperature increases, indicating an increased tendency of pitting in the
chloride solutions as the temperature is increasing.

Composition Eeore L. (A/ Ei EjiEcorr  Loass CPR  Temp Solution
(mV) cm?) (mV) (mV) (Afem?)  (um/y) (K)
Z141, i NigClipsBess [49]  —469 67x107 97 10 298 3.5%NaCl
428 9.0x107 - 80 298  1MHNO,
-491 54x107 - 620 298  05MH,SO,
-322 14x10° - 260 298  1MHC
Z1:CttspAlLNis [50] 450 298 0.001 M NaCl
50 423 0.001 M NaCl
T — 523 0.001 M NaCl
Z15,TisCtinyAlNi [51] 603 23x10% 1450 - I S— 298  1MHNO,
107
357 56x107 1370 - 22% - 298  6MHNO,
10
818 34x10° 1200 - 98%x - 298 11.5M HNO,
10°
CigsZrs:Tyo [52] 18.9 24x10% - 332 298 0.005M HCI
-102  12x10% - 825 298  0.01MHCI
-1196  20x10% - 342 298 05MHCI
3229 12x10° - 702 298  1MHCI
1649  27x10° - 26 298  0.005M NaCl
211 23x10° - 77 298  0.01MNaCl
580  18x10% - 376 298  05MNaCl
876  64x10° - 792 298  1MNaCl
TiyCuysZr,sCo,Sn,Si,Ag,  -2708  27x10% - 310  PBS
53] -151.7  20x10% - 298 0.9 wt% NaCl
2898  16x10% - 298  1MHCI
3456  14x10° - 298 1M NaOH
Mg,oZn,,Ca, [54] -1120 - 976 144 320  SBF
-1330 - 87 1417 - 320  PBS

Table 2. Summary of corrosion parameters for some metallic glasses in different corrosive environment.
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As similar to Zr-MG, CugZr,T,, metallic glass during the potentiodynamic polarization
exhibits the active dissolution state in the whole anodic region in different solutions [56]. The
current density increases to a very high value after the E_,, is reached indicating high rate of
metal dissolution and no sign of passivity is observed. The higher the concentration of chloride,
the higher is the I, value which in turn indicates that the rate of corrosion increases with
increase in concentration of CI". The E_,, becomes more negative with the increase in concen-
tration of solution. The tendency of I, and E_, also can be seen in Table 2 for Cu-, Ti- and
Mg-based metallic glass.

3. Corrosion resistance of Fe-based metallic glass

Due to its high strength, good soft magnetic properties, excellent corrosion resistance, and low
producing cost, Fe-based metallic glass is attended extensively to the researchers in material
science and technology fields around the world. Besides the glass forming ability, strength,
and soft magnetic properties, the investigation on corrosion resistance is interesting for the
industrial application of Fe-based metallic glasses.

3.1. Enhance of minor element addition

The effects of the addition of a small amount of metallic elements such as Cr, Mo, Nb, W, Nj,
Ta, Y, Al, Co, and Mn on the corrosion resistance of Fe-MGs are investigated by means of
electrochemical polarization and weight loss measurements. It is well known that chromium
is an effective element enhancing corrosion resistance of Fe-MGs. In Fe-Co-B-Si-Nb metallic
glass [57], the corrosion rate decreases from 0.7 mm/year for Cr-free alloy to 6 x 10> mm/year
for the alloy with 4 at% Cr in 0.5 M NaCl solution at 298 K. For the Fe; 55i;5 5BsNb;Cu; metallic
glass in marine environments, the corrosion rate is 14 times lower for the material with 2 at%
Cr and 88 times lower for the material with 4 and 6 at% Cr as compared with the material in
amorphous state without Cr [58]. Though increasing Cr concentration up to 8 at% Cr tends to
stabilize the passive layer, the corrosion rate remains very high. The addition of 8 at% is not
sufficient to the formation of a stable passive layer, and the materials are dissolved or undergo
severe attack in 1, 2, and 5 M H,SO, [59]. In 9.7 M H,SO, solution at 70°C, the
Feg;1C;151,4B6 5Ps «Cry 3Al g metallic glass exhibits high corrosion rate of 13 mm/year that is five
times lower than that of AISI304L [60]. The crack width on the corrosion product layer after
potentiostatic polarization measurement decreases with increase of content as shown in Figure
7(a) and (b), the pitting morphology occurs on the surface of metallic glass with 6.3 at% Cr, as
showed in Figure 7(c), however, a homogenous surface without cracks or pitting is formed for
the alloys with Cr content exceeding 8.3 at% as shown in Figure 7(d) and (e), due to the
formation of Cr-enrich passive film on the surface.
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Figure 7. SEM micrographs on the surfaces in 9.7 M H,SO, solution at 343 K: (a) x = 0.0, (b) x=2.3, (c) x=6.3, (d) x=8.3,
(e) x = 12.3 [60].

With minor addition of Y, not only glass forming ability, but also corrosion resistance is
increasing evidently. The dependence of the electrochemical parameters upon the yttrium
content is shown in Figure 8 [61]. The corrosion current density I, passive current density
I« corrosion potential E

pas

«orr from the polarization behavior and open-circuit potentials OCP
of FeCrMoCBY metallic glass after immersion in 1 M HCl solution for 100 h as a function of Y
content are presented, respectively. It can be seen that the passive current density is sensitive
to the yttrium content. The effects of some metal element additions are summarized in Table
3. It is obvious that minor element addition into Fe-MG will evidently increase the corrosion
resistance. The corrosion rate of FeBSiNb alloy with 0.4 at% Ni addition is about 1000 times
lower than that without Ni addition in 0.5 M NaCl [62]. Generally, the minor element additions
suchas Mo, Y will provoke the formation of passive film, resulting in improvement of corrosion

resistance [61, 65].
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Figure 8. The statistical analysis of the various electrochemical parameters obtained from polarization behavior of im-
mersion tests of Fe-MG with the variation of yttrium content [61].
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Composition Elem. X Content E_ I, (A7 Epit lPas (A7 CPR Temp Solution
@%) (mV) cm?) mV) md) (um/y) (K)
FeBSiNbX [62] Ni 0 -626 4.56>< - - 897 298 0.5M NaCl
10"
0.2 -426 3.2 x - 7.9 x 1.8
107 10°¢
0.4 -367 1.2 x - 4.1 x <1
107 10°¢
0 -936 ?{)94;( - - 978 0.5M NaOH
0.2 -677 9.9 x --- 1.6 x 56
107 107
0.4 -647 7.0 x - 1.1 x 32
107 107
0 -404 7.0 x - 9.3 x 2106 0.5M H,SO,
10° 103
0.2 -356 3.4 x - 1.9 x 787
10 103
0.4 -334 1.1x - 1.0 x 674
10°¢ 103
FeBCuX [63] Nb,Zr 35,35 - - -170 - - 298 NaCl+NaOH
Nb,Mo 35,35 - 270 - (pH13)
Zr.Mo 35,35 - - -310 - -
Mo 7 - - -340 - -
FeCrMoBCX [64] Nb 0 -169 - 715 2'55X - 310 RS(pHS6)
10~
3 -45 - 876 2.0 x -
107
4 122 - 1299 3.8 x -
10°®
FeBCrX [65] Mo, Nb 0 -— -— — 2.083>< — 289 0.1 M H,SO,
10
Mo,Nb 0.3,0 -—- - - 1.4 x -
10
Mo,Nb 0,03 - - - 1.0 x -
10
Mp,Nb  0.15, - - -—- 4.5 x -
0.15 10+
FeCSiBPAIMoCoX Cr 0 -304 6.5 x - 1.2 x - 298 0.5M H,SO,
[66] 10 102
2.3 -279 2.3 x - 1.9 x -
10 10
12.3 -235 7.0 x — 2.9 x -—
107 10°°
0 =311 4.5 x -— 7.9 x - 1MHCI
10°¢ 10
2.3 290 1.9 x - 2.8 x -
10°¢ 10+
12.3 220 8.0 x - 1.7 % -
107 107
FeCrNiX [67] Si 20 -200 1.96>< - - - 298 0.01 M HCl
10°
P 20 -800 1.5 x - - -
107
FeCrMoCX [68] B 4 -— -— -— — 5~30 298 1M HCI
6 - - - - 640 6M HCl
8 - - - - 25-70 12M HClI

Table 3. Summary of corrosion parameters affected by element addition for some metallic glasses.
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Besides the metal elements, the metalloids element addition of B, Si, P, S, Ni, and C are also
important to the corrosion resistance. The Fey, Cr;;Mo,,CsB.(x = 4, 6, 8 at%) glassy alloys
exhibits spontaneously passivation in 1 and 6 M HCl solutions with wide passive region and
low passive current density [68]. With increase of boron content in alloys, the corrosion
resistance of glassy alloys is improved, even in 12 HCl solution, the glassy alloy with 8 at% B
do not suffer pitting corrosion. With P addition in the Fe,;C;Mo,,Ci5By, glassy alloy, the
kinetics of passivation and composition of passive film are improved in HCl solution. While
with Si replacement of P, the corrosion resistance can be enhanced due to the formation of
passive film composed of chromium oxide with some amounts of silica [67].

3.2. Effects of microstructure homogeneity

Since metallic glasses are metastable and can be transformed into stable crystalline phase by
heat treatment or mechanical working, the structural change can also affect corrosion resist-
ance for metallic glasses. A comparison of passive current density I, corrosion/transpassi-

vation potential E,, and corrosion rate CPR for some Fe-based metallic glasses and their

crystalline alloy is summarized in Table 4 [69-71]. It can be observed from Table 4 that the
corrosion/passive current density and corrosion rate increase for the crystalline alloys com-

pared with metallic glass, while corrosion/transpassivation potential depends on their

compositions.
Composition State E., (mV) Lass (Adem?) CPR (um/y) Temp (K) Solution
FeCrMoCBY [69] Amor 77 3.0x10° - 298 1M HCI
200 6.0x10° - 6M HCI
Cryst 29 1.0 x10* - 1MHCI
152 - - 6M HCl
FeSiB [70] Amor  -735 - - 298 0.5M NaCl
Cryst -765 - —
FeSiBNbCu [70] Amor  -605 - 120 298 0.5M NaCl
Cryst -515 - 310
FeZrB [71] Amor =520 1.9x103 - 298 0.5M H,0,
Cryst 463" 2.2x1072 -—
FeNbZrBCu [71] Amor 860 1.0x 103 - 298 0.5M H,0,
Cryst -685" 1.3 x1072 -
FeNDbB [71] Amor  -1070 7.5x10™* - 298 0.5M H,0,
Cryst -850 1.0x 102 -

Table 4. Summary of corrosion parameters affected by microstructure for some Fe-MGs.
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Figure 9. BF-TEM micrographs of (a) fully amorphous, (b) devitrified SAM 1651 after immersion in 6 M HCl for differ-
ent periods of time [69].

The decrease of corrosion resistance in crystalline alloys obtained by the isothermal heat
treatment of Fe-M-B (M = Nb, Zr) metallic glasses is explained by the formation of the a-Fe
crystalline phase that has greater corrosion susceptibility in compared to that of the amorphous
phase [70]. Long et al. thought the galvanic effects between adjacent phases with different
composition were resulted in the deterioration of corrosion resistance for Fe-Co-B-5i-Nb
metallic glass [72]. A comparison of BF-TEM morphologies for amorphous and devitrified
SAM 1651 [69] is shown in Figure 9. It indicates that the lacier morphologies for devitrified
SAM 1651 mean the degradation in the corrosion resistance. However, the abrupt increase in
the corrosion potential for crystalline alloy is attributed to the decrease of the residual stress
during densification, and the surface atom electrochemically active site [73]. Since atom at a
glassy metal surface are in nonequilibrium configuration and may effectively sit on higher
energy wells than that corresponding to atoms on an equilibrium configuration. Moreover,
the faster migration of silicon ions to the surface in the crystalline structure promotes the
SiO, film formation, which enhances the corrosion properties [74].

During the fabrication processing of bulk metallic glass and metallic glass coating, the porosity
is not avoided due to rapid cooling. The effect of porosity on the corrosion resistance is
investigated in some literatures [75-77].The corrosion resistance of coating 1 with the porosity
of 0.04% is better than that of another two coatings with the porosity of 0.2% and 0.5%,
respectively [75]. When the porosity decreases form 1.89% of low deposition rate to 1.22% of
high deposition rate, the corrosion resistance of FeCrMoCBY amorphous coating increases
evidently due to the elimination of through pores [76]. However, when the porosity is lower
than 1.22%, the corrosion resistance seems more sensitive to the amorphous phase content. If
the thickness of the coating decreases, the number of through-porosity in coating increases,
which affects the corrosion resistance, as shown in Figure 10 [77]. It indicates that through-
porosity is much more detrimental to the corrosion resistance of the coated material compared
with nonthrough porosity.
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Figure 10. Anodic polarization conducted on the bare substrate and coated substrate with various thickness of Fe-MG
coating in 3.5 wt% NaCl solution [77].

In some bulk metallic glass or metallic glass coating, the crystallize particles such as WC, TiN,
SUS316, NbC, TiO,, and Al O; are induced [78-83]. It is obvious that the crystallized particles
are deteriorated the structural homogeneity. However, little investigations are done about the
influence of crystalline particle on the corrosion resistance, which is important for the potential
application of Fe-based metallic glass as anticorrosion and antiwearing materials.

3.3. Effects of service environment

The corrosion behaviors of Fe-based metallic glasses are affected by environmental factors.
Intuitively, the stronger the aggressiveness of the solution is, the weaker the corrosion
resistance of metallic glass exhibits. The results [68] attained in immersion experiments for
FeCr;sMo,CyB, glassy alloy in 1, 6, and 12 M HCI solutions exhibit, as expected, that the
corrosion rate increases as the increase in concentration of HCI solution. The alloy occurs
pitting on the surface after 168 h of immersion in the 12 M HCl solution at room temperature.
FeCrMoCBP alloy is spontaneously passivated with a passive current density of about 107 A/
m? and a wide passive region in 1 M HCI solution, however, its passive film is not stable by
anodic polarization, as an anodic current density increases with increasing potential in 6 M
HCl solution, and no passive film seems formed on the surface with rapid increasing of current
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density in 12 M HCl solution [84]. Fes, ,Cr 5 ;Mo0,3,Mn, \W 1B; ;C; ;5i; 4 (Wt%) alloy can passivate
spontaneously in the H,SO, solution, and the passive current density is changed from 1 x 10~
Afcm? with 0.4 M to 2 x 10 A/cm? with 0.1 M [85]. The corrosion penetration rates of
FeCr;sMoy,Er,CsB; metallic glass [86] are 39.9, 27.5, and 3 mm/year in 1 M HCl, 1 M NaOH,

and 0.6 M NaCl with pH 7 solutions, respectively. The critical passivation potential E,, and

corr

critical passivation current density I, of Fe-Ni metallic glass decrease with increase of pH
value of solution, as shown in Figure 11 [87].

10°

02b o

Ecr, VISCE)

& .0
Figure 11. The effect on critical passivation potential E., and current density I, of Fe-Ni amorphous alloy at 298 K [87].

The corrosion rate of FeNiB metallic glass is only 70 um/year in 3.5 wt% NaCl solution [73],
while the corrosion rate increases to 130,000 pm/year in 1 M HNO; solution, near two thousand
times larger than that in sodium chloride solution, as shown in Table 5. In Table 5, it is attained
that more negative corrosion potential is obtained with increase of pH value, and the corrosion
current density decreases. As the acidic ion or hydroxyl ion concentration increase, the
corrosion potential becomes more negative and the corrosion current density increases
generally. That is, the corrosion resistance decreases with increase of acidic ion concentration
and hydroxyl ion content. When the concentration of hydrogen ion is same, the existence of
chloride ion will deteriorate the corrosion resistance. In a word, the corrosion resistance of Fe-
based metallic glass decreases as the solution aggressiveness increases.
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Composition E,. L. (A/ Ey; L. (A/  CPR Temp Solution
(mV) cm?) (mV) cm?) (um/y) (K)
FeNiB [88] 15102  — 130,000 298 1M HNO,
- 1.5%x103 - - 14,900 - 1 M NaOH
- 8.0x10° - -—- 70 -—- 3.5 wt% NaCl
- 1.3x10* - - 1140 - 1M HClL
FeNiBAiND [62] -367 1.2x107 - 1.1x <1 298 0.5 M NaCl
10
-647 7.0x107 - 1.1x 32 298 0.5M NaOH
107
-334 1.1x10° - 1.0 x 674 298 0.5M H,SO,
103
FeCSiBPCrAlMo [89] -264 9.0 x 107 -—- - - 298 0.5 M H,SO;
-283 41x10° - - - 298 1M HCI
FeCoCrMoCBY [90]  -269 2.4 x107 1090 - - 298 Hank'’s
-315 48x10° 1200 - - 298 Saliva
FeCrMoCBY [91] -614 2.0x10° 988 1.3 x - 298 3.5wt% NaCl
10,
-414 1.1x10° 904 1.7 % -—- 298 1M HCl
103
377 46x10° 879 55% - 298  1MH,SO,
10
FeCoCrMoCBY [92] - - - -—- 0.12 298 1M HCI
- - - - 0.12 298 1M HNO,
- - - - 0.13 298 1 M NaOH
- - --- - 0.07 298 3.5 wt% NaCl
FeCrMnMoWBCSi -367 - - - - 298 0.25 M H,SO,
85] 219 298  0.25M Na,SO,
455 - - - - 298 0.5 M HClI
49 - - - - 298 0.5 M NaCl
FeCoCrMoCBY [93] -257 47 %108 715 - - 298 Acid rain
-378 7.5%x108 1033 - - 298 3.5 wt% NaCl
FeBND [94] —-458 1.5x10° -—- - - 298 NaCl+H,SO,pH1.0
=700 1.5x107° - - - 298 NaCl pH5.5
-637 7.0x10° - - - 298 NaCl+NaOH pH10
FeCoBSiNb [94] -381 1.5x10° - - - 298 NaCl+H,SO, pH1.0
=550 2.0x10° - - - 298 NaCl pH5.5
-509 1.5x10° -—- - - 298 NaCl+NaOH pH10
FeCrNiB [94] 192 60x10% 298 NaCHH,SO, pH1.0
-128 1.5x108 - - - 298 NaCl pH5.5
-209 2.0x10° - - - 298 NaCl +NaOH pH10

Table 5. Summary of corrosion parameters affected by environment for some Fe-MGs.
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4. Pitting corrosion of metallic glasses

Though metallic glass exhibits excellent general corrosion resistance, it is also susceptible to
pitting corrosion in aggressive solutions, especially containing CI~ ion [95]. Since the surface
film is not stable during the anodic polarization, many pits are observed on the surface of
FeCrMoCB metallic glass with 4 at% B immersed in 12 M HCl solution for 168 h [68]. During
potentiodynamic polarization in 1.7 M HCI solution, many peaks of current density occur for
FeCrMB (M = Mo, Nb) metallic glass, which is attributed from pitting corrosion. Moreover,
the morphologies of pits are confirmed by SEM analysis after the immersion test [65].
Fe;,Mn;;Mo,,Cr,B,C,, metallic glass is susceptible to pitting corrosion, although presents good
corrosion resistance characterized by a low passivating current in 0.6 M NaCl solution [96].
Fe,Cr;sMo,,B4C,5Y, metallic glass, as known SAM1651, exhibits hysteresis loop during cyclic
potentiodynamic polarization in 4 M NaCl solution at 373 K, which indicates the formation of
localized corrosion [97]. Pardo et al. [58, 59] found that FeSiNbBCuCr metallic glass was
immune to pitting corrosion in simulated industrial environments, since the current density
decreased when the potential scan direction is reversed and it is identified that no pit formed
on surface after immersion test. Though no hysteresis loop is observed and E,, shifted toward
more anodic values from the cyclic polarization curve, the formation of pits occurs when the
anodic branch is enlarged during the forward scan [98]. The size of corrosion pit is less than
50 um in the PBS solution [99], and the pits are distributed inhomogeneous on the surface of
Zr-based metallic glass in NaCl solution [100]. The formation of pits is attributed from the
broken of the passive film or irregular microstructure on the surface [101]. Jiang and coworkers
[102] found that almost all pits were passed through by shear bands for as-cast sample, while
the pit was distributed randomly after annealing.

Gostin et al. [103] considers that no pitting propagation is attributed from the high repassiva-
tion ability due to the high content of the beneficial Mo in its composition, although the yttrium
oxide particle provides a favorable location for pit formation and local dissolution is initiated
at their interface with the glassy matrix. However, Gostin et al. [104] also found that a pitting-
like process occurred for the glassy alloy with high concentration of C, as the initial breakdown
of passive film caused by the sudden direct exposure of the alloy surface to the electrolyte
subsequent to local rupturing of the C-rich layer by growing CO, bubbles. Liu and coworkers
[105] reported the pitting was initiated since the formation of a nanoscale Cr-depleted zone
near the intersplat due to oxidation effect during thermal spraying, as shown in Figure 12.
Paillier et al. [106] reported that Cu-rich nanocrystals of 5-10 nm were formed inside the
corrosion pits during the corrosion process, as shown in Figure 13. The corrosion mechanisms
of is feasible that elements like Zr, Ti, and Al mainly dissolve in solution whereas Cu and
probably Ni is prone to form nanocrystals on the surface covered by a passive oxide layer, as
in Figure 13(a), the structure vanishes with the complete removing of the surface oxide by HF
(Figure 13(b)). On the bare surface alloy without native oxide layer, the small pits develop first
with the bow-like morphology, and then, because the corrosion appears to proceed quicker in
the vertical direction, and goes along with the canyon-like morphology. Very deep trenches
are indeed hollowed leading to a canyon aspect, as shown in Figure 13(c).
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Figure 12. TEM images of the corroded morphologies of the amorphous coating after immersion in 6 M NaCl solution
for 1h (a) and 2 h (b) [105].

Figure 13. SEM images of ZrsyTi;CuyAl Ni; after different immersion times in HF 0.1%: (a) 60 s, (b) 120 s, and (c) 180 s
[106].
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5. Electrocatalytic properties of metallic glasses

Metallic glasses have gained considerable attention in catalysis research due to their unique
structural and chemical properties [107], such as the unique atomic structure with a short-
range ordering of the constituents, the large flexibility in their chemical composition compared
to that of crystalline alloys, the structural and chemical homogeneity, the high reactivity due
to their metastable structure, and the excellent conductivity for electricity and heat. Some
investigations about the electrocatalytic activity of metallic glasses for the hydrogen evolution
reaction or oxygen reduction reaction, such as Co- [108, 109], Zr- [110, 111], Ni- [113], Cu- [114],
Pt- [115, 116], and Au-based [117] metallic glasses, are done in last few decades. However, Fe-
based metallic glasses are the most attractive as catalytic material. Since the first catalytic
materials of Fe-based metallic glass were reported in 1981 [118], a larger number of investiga-
tions have be done [118-123], such as the Fey, ;B,,s amorphous ribbon used as a catalyst for the
Fischer-Tropsch-type reaction of CO + H, [119], amorphous Fe-Zr precursor for ammonia
synthesis [120], amorphous FeNiCrPB alloy as catalysts for acetylene hydrogenation [121] and
hydrogen evolution [122,123]. The chromium effect on the catalytic activity for FeNiCrPB
metallic glass is shown in Figure 14. It can be seen that the catalytic activity is strongly affected
by Cr presence, while catalytic efficiency is independent of Cr content.
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Figure 14. Catalytic activity vs. % Cr: O, amorphous; O, crystalline [122].

The famous composition of Fe,Co,,Si; By, (G14) [124] is firstly reported in 1988, exhibiting
good electrocatalytic activity for hydrogen evolution reaction (HER) comparable with Pt. A
comparison of kinetics parameters between G14 and pure Fe, vit.7505, pure Pt is illustrated in
Table 6. With increasing temperature the exchange current densities 7, of G14 is significant-
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ly greater than that of the polycrystalline iron. After this, the relationship between electroca-
talytic activity of hydrogen evolution and crystallization [125], anodic treatment [126], and
anodic dissolution [127] of amorphous G14 have been investigated in KOH solution. The
results indicate amorphous G14 exhibits higher electrocatalytic activities compared with their
crystalline alloys. This enhancement is not related to the electronic properties of metallic glass.

Electrode T (K) ip (A/cm?) b (-mV)
Fe (poly) 298 1.0 x 107 135
323 3.3x10° 140
348 4.0x10° 150
Fe,sSi; B 298 1.0x 107 140
323 5.0x10° 150
348 1.6 x10™* 155
FeyC04Si10B1o 298 1.0x10° 95
323 4.8x10° 140
348 2.7 x10* 150
Pt (poly) 298 24x10° 120
323 4.8x10° 150
348 3.3x10* 170

Table 6. Electrocatalytic activity parameters of the cathodic hydrogen evolution for G14 and pure Fe, vit.
7505(Fe,Si; By;), pure Pt.

The electrocatalytic properties are affected not only by the composition of alloy, but also by
the surface composition and/or surface area by chemical pretreatment. The catalytic studies
[128] on the hydrogenation of carbon monoxide by Fe-based alloy indicated that the activity
is augmented by a treatment in HNO; solution. Guczi et al. [129] thought that the surface
composition and valence state determined in depth were related to the catalytic activity and
selectivity revealed in CO + H, reaction. An increased number of nickel and iron sites by
removing of the prevailing boron oxide, iron oxide, and iron oxide layer after HCI treatment
was responsible for the enhanced catalytic activity, as shown in Figure 15, that is, the activity
of the FeB sample in as-received state was about twice that observed for the FeNiB sample, on
the other hand, comparing the HCl etched samples, the activity of the FeNiB alloy was about
30 times higher than that of the FeB ribbon.

The electrocatalytic activity of Fe,Ni,P,B, metallic glass [130] is improved for HER by acid
pretreatment with 1 M HF or HNO; for 10 min, since a porous structure with highly roughed
and numerous small craters resulted from the selectively leachability of phosphorous from the
surface of Fe,(Ni,P;,B; metallic glass enhanced the electrode surface area in comparison to the
as-polished surface.
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The mechanism of hydrogen evolution reaction at the metal electrode in alkaline solution is
based on three-step reactions as following:

Wr— 100 —
a b
80 - 80 4
60 60 1
50 601
204 204
0 0

vi0mols i) Sc, (%) Sc_(%) vi0%holsa?) S (%) Sg, (%

Figure 15. Catalytic activity, S, and S selectivities over (a) FegB,, (b) FeyNiyB,. Hatched: as received. Full black:
treated with HCI [129].

Electronation of water with adsorption of hydrogen—Volmer reaction is shown in Eq. (1):
M+ H,O0+ e MH, + OH" (1)
Electrochemical desorption of H,—Heyrouvsky reaction is shown in Eq. (2):
MH,, + HO+ e~ M+ H,+ OH" (2

Chemical desorption—Tafel reaction is shown in Eq. (3):

2MH,, & 2M + H, 3)

Due to involving the transfer of electron from the electrode surface, the density of electrons
close to the energy level of metal surface is an important parameter governing electrocatalytic
reaction activity. However, it is difficult to estimate during HER, so the efficiency is usually
evaluated with overpotential 1), Tafel slope b, and exchange current density i,. The performance
of cathodic electrode with respect to HER is primarily characterized by the overpotential which
is given by the working electrode potential minus the reversible potential. A linear relationship
exists between the overpotential and the cathodic current density as shown in Eq. (4) [131]:
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n =a+blog(i) 4)

where 4 is constant, b is the Tafel slope, and the exchange current density i, = 10™". The Tafel
slope is mainly affected by the reaction mechanism. In the case of identical Tafel slope, the
exchange current density is mainly affected by the effective surface area.

Some Fe-based metallic glasses with high electrocatalytic efficiency are reported, such as alow
overpotential 155, =318 mV for amorphous Fe; Mo, alloy [132] at 30% KOH solution at 303 K,
a low Tafel slope b = 95 mV and a large exchange current density i, = 1 pm/cm? for amor-
phous FeyCo,,5i;,By alloy [124] at 1 M KOH solution at 298 K, and Fes,sC;Si; 5Bg 5P5,M0,5C043 5
alloy with b =110 mV and i, = 16 pm/cm? [133]. It is evident that the Tafel slope as well as
overpotential decrease with increase of Mo content at the same conditions [132]. However, the
Tafel slope does not change with replace of Co for Fe in the amorphous FeCoB alloy [134]. The
results of Tafel slope are considered that the effective transfer coefficients for the dissolution
of boron and the metals are equal.

6. Summary

The investigation of corrosion resistance of metallic glass is attractive for allover researchers
in materials science and engineering, since the unique structure and properties, extensive
potential application. Most researches are focus on the effects of element addition and
nanocrystallization on the general and local corrosion resistance in various environments.
Certain elements are identified are quite effective in improving the corrosion resistance. And
the crystallization of metallic glass is usually deleterious for the corrosion resistance. In
general, the decreasing is the corrosion resistance of metallic glasses, the increasing is the
solution aggressiveness, especial for the chloride ion concentration. Unfortunately, the
mechanism of pitting corrosion of metallic glass is not clear, as that of conventional materials
such as stainless steel. As practical application of the metallic glasses in industrial field, some
metallic glasses such as Fe-based metallic glass are used as anticorrosion or antiwearing
materials. The coating is one of effective methods. During the coating processing, some
inclusion, oxidation, crystallization, and even second particle as reinforcement phase in the
coat layer is inevitable. However, the effect of these particles on the general and pitting
corrosion resistance is seldom reported. Therefore, further investigation about the pitting
corrosion is necessary to the industrial application of metallic glass.
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Abstract

The amorphous ribbons of Cus,Zr,NisAl;alloy were manufactured by rapid solidifica-
tion. The ribbons were investigated by X-ray diffraction (XRD), scanning electron
microscopy coupled with energy dispersive spectroscopy (SEM-EDX) and differential
scanning calorimetry (DSC). The activation energy of the crystallisation in amorphous
alloys was determined by Kissenger technique. The mechanical properties of the ribbons
were characterized using Vickers microhardness (HV) tester. According to the XRD and
SEM results, the CusZr,Nis;Al; alloys have a fully amorphous structure. The EDX
analysis of the ribbons showed that compositional homogeneity of the Cus,Zr,NisAl;
alloy was fairly high. From the DSC curves of the amorphous ribbons, it was deter-
mined that glass transition temperature (T,) is around 440-442°C and super-cooled
liquid region (AT, =T, - T,) before crystallisation is around 61-64°C. The microhard-
ness of the as-quenched ribbons was measured about 550 HV. However, this micro-
hardness value decreased with increasing annealing temperature and it was calculated
about 465 HV after annealing temperature of 800°C.

Keywords: rapid solidification, microhardness, copper-based alloy, crystallisation,
Kissenger plot

1. Introduction

Amorphousalloys, with high corrosion resistant, ultrahigh strength and soft ferromagneticand
mechanical properties, have widely been the subject of intense investigation [1-4]. These
excellent properties stem from their high chemical and structural homogeneous creation.
Besides, it is possible to synthesise the amorphous alloys without restriction a wide chemical
composition range. Amorphous alloys are used in many applications such as defence, electri-
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cal, welding, automobile and aircrafts industries. Cu-based amorphous alloys are optimal
materials because of their excellent mechanical properties and high electrical and thermal
conductivities for these applications [5, 6]. In addition to these applications, copper alloys are
also used as the rocket nozzles, high-performance switches, the heat exchangers, the condens-
er tubes of ships [7, 8].

Cu-based amorphous alloys can be produced by many different techniques such as rapid
solidification, mechanical alloying, vapour depositions, plasma processing and solid state
reactions. In the rapid solidification method, the amorphous alloys are manufactured on thin
ribbons forms, which are usually ductile and bright surface. Many Cu-based binary, ternary,
quaternary and quinary alloys have been manufactured by these methods [9-15]. In this work,
Cu-Zr-Ni-Al quaternary amorphous alloys are produced by rapid solidification technique at
wheel surface velocities of 35 and 41 ms™ as ribbons forms with very flexible. The effects of the
wheel surface velocities and different annealing process on mechanical and microstructural
properties of produced ribbons are systematically investigated. Therefore, it has been revealed
the amorphous nature of Cus,Zr,NisAl; ribbon alloys in order to contribute the continuously
improving Cu-based alloys in industry.

2. Methods and materials

An ingot of the Cus Zr,Ni;Al; (at.%) alloy was prepared by arc melting the mixtures of the
pure elements, Cu (99.7%), Zr (99.9%), Ni (99.5%) and Al (99.99%) in a titanium-gettered argon
atmosphere. From this alloy, ribbon materials of approximately 75 pum thickness and 5 mm in
width were manufactured by a single-roller Edmund Biihler melt spinner at wheel surface
velocities of 35 and 41 ms™. The structure of the ribbon samples was examined by XRD using
a Philips X'Pert powder diffractometer with Cu-Ka radiation generated at 40kV and 30 mA.
The transformations temperatures and heat effects during transformations were examined by
Perkin-Elmer Sapphire DSC unit under inert gas atmosphere using continuous heating mode
with the heating rate of 40 Kmin. Moreover, the DSC analysis was carried out for the melt-
spun ribbon at wheel speed of 35 ms™ using continuous heating mode with the heating rates
of 5-40 Kmin™. The cross section of the melt-spun ribbons was studied by Zeiss Evo L510 SEM
and SEM-EDX after conventional metallographic preparation. The ribbons were annealed for
30min at different temperatures under vacuum/inert gas atmosphere. These temperature
values are 300, 580, 680 and 800°C. The annealed ribbons were investigated by XRD from
surface, SEM from cross-section with the same conditions used for as-quenched ribbons. The
Vickers microhardness measurements of the as-quenched and subsequently annealed ribbons
were performed using a Shimadzu HMV-2 by an applied load of 0.98 N with a dwell time of
105 at ten different locations.

3. Results and Discussion

Figure 1 shows the X-ray diffraction patterns of the rapidly solidified CusZr,NisAl; ribbons
produced at wheel surface velocities of 35 and 41 ms™. As shown in Figure 1, the XRD patterns
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exhibit the broad maxima characteristic which is feature of amorphous materials without the
evidence of any crystalline peaks. This means that the surface velocities of 35 and 41 ms™ are
optimal to synthesize Cus,Zr,Ni;Al; alloy as fully amorphous structure.
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Figure 1. XRD pattern of the melt-spun CusZr,NisAl; ribbons prepared at wheel speeds of 35 and 41 ms? as-
quenched.

DSC traces of amorphous CusyZr,Ni;Al; alloys at wheel speeds of 35 and 41 ms™ at a heating
rate of 40 Kmin™ display distinct and an obvious glass transition temperature, T,, before
crystallisation, as shown in Figure 2. From the DSC curves, it is seen a wide super-cooled liquid
temperature range followed by a pronounced exothermic reaction for both ribbon alloys.
Table 1 summarises the characteristic temperatures which are glass transition temperature
(T,), crystallisation temperature (T,), super-cooled liquid region (AT, (AT, =T, - T,)), and peak
temperature (T,) of the CusZr,NisAl;alloy. According to the Table 1, T,, AT, and T, increase
while T, decreases with increasing melt-spun wheel surface velocity.
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Figure 2. The DSC curves of the CusZr,NisAl; ribbon alloys at wheel speeds of 35 and 41 ms™ obtained during heating
at a heating rate of 40 K min™.
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Wheel speed/ms™ T,/°C T,/°C AT,/°C T,/°C
35 442 503 61 507
41 440 504 64 509

Table 1. Thermal values obtained from DSC curves for melt-spun Cus,Zr,NisAl; ribbons at different wheel speed.

Figure 3 exhibits the DSC curves at 5, 10, 20 and 40 Kmin™ of the ribbon alloy which are
manufactured at wheel speeds of 35 ms™. The obtained peak temperature values, T, T,, T, and
the super-cooled liquid region (AT,) from Figure 3 are presented Table 2. As can be seen
Table 2, T,, T,, T,and AT, values are moved to higher temperatures with increasing heating
rate. It is attributed the heating rate which are depended on the parameters of crystallisation
and glass transition during continuous heating [7, 16]. Therefore, this case reveals the signifi-
cant of the kinetic aspects of the glass transition for glassy alloys [17].

Exothermic (a.u.)

40 Kimin A \ ——
_hEtI K/min

10 K/min

5 Ki/min Fﬁ_____.-—-—""

T T T T T T T T : - :
100 200 300 400 500 600
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Figure 3. DSC analysis results for the melt-spun ribbon prepared at wheel speed of 35 ms™ using continuous heating
mode with the heating rates of 5-40 K min™.

¢ (K/min) T,/K TJ/K AT/K T,/K
5 703 761 58 764
10 708 766 58 771
20 715 776 61 780
40 723 783 60 785

Table 2. Thermal values obtained from DSC curves for rapidly solidified CusyZr,NisAl; amorphous ribbons
manufactured at wheel speed of 35 ms™ at different heating rates.
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The activation energy (E) for glass transition or crystallisation is commonly estimated by the
Kissinger [18] equation. The Eq. (1) is given below. To calculate activation energy of the
amorphous alloys with this equation, it is necessary to use data from different heating rates of
the alloy

lnfﬂ):—£1+A 1)

where T is the specific temperature, glass transition temperature (T,), crystallisation temper-
ature (T,), or peak temperature (T,), of crystallisation, ¢ is the heating rate, R is the gas constant
(8.314 J/mol K), E is the activation energy, A is a constant. By plotting In(¢/T?) versus 1/(RT),
nearly a straight line is obtained. From the slope of this straight line, the activation energies
E, E,or E,are calculated using the certain peak temperatures ( T, T, T,). Figure 4 shows the
Kissenger plots of Cus,Zr,Nis;Al;ribbon alloy produced at wheel speed of 35 ms™. From the
Kissenger plots, the activation energies of E,, E, and E, are determined 421.35 (+12), 432.26 (+9)
and 403.05 (x6) kJ/mol, respectively. These values are very high compared with previous
studies whose activation energies are E, = 393, E, = 381 kJ/mol for Cus Zr,NisAlsalloy [7], E, =
357, E,=297, E, = 289 k]/mol for Cus, ;21 5TisNi [19] and E, =377, E, =307, E, = 340 kJ/mol for
CuysZr,;5Ag;Al; alloy [20]. On the other hand, it is also possible to mention that the amorphous
CusZry Ni;Al; alloy has very high thermodynamic stability with E, =432.26 kJ/mol value
compared with previous works.
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Figure 4. Kissinger plots of the amorphous Cus,Zr,NisAlsalloy produced at wheel speed of 35 ms™.
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The annealing of the amorphous alloys is a significant process to characterise their crystalli-
sation behaviour. Thus, it might be revealed that the amorphous structure transforms into
what kind of crystalline phases with increasing annealing temperature. For this purpose, the
melt-spun ribbon of CusZr,Ni;Al; alloy synthesised at wheel speed of 35 ms™ was annealed
in the temperature range of 300-800°C for 30 min. Figure 5 shows the XRD patterns of
CusoZry NizAls alloy after annealing. According to Figure 5, before exothermic reaction, the
XRD pattern of CusZr,NisAls alloy with annealed of 300°C exhibits fully an amorphous
structure. After the annealing temperature of 580°C, intermetallic phases with sharp diffraction
peaks have been obtained from the amorphous matrix and fully crystallisation of the amor-
phous phase. This result is in good agreement with crystallisation peak in DSC traces which
is above 503°C. The obtained phases in the XRD spectrum were marked by symbols and
indexed as cubic-AlCu,Zr with lattice parameters, a=b=c=6215 A, orthorhombic-Cu,Zr,
with lattice parameters, a=9347; b =9322; ¢=12,976 A, tetragonal-Zr,Cu with lattice parame-
ters, a=3220; b =3220; c=11,183 A and f.c.c-Cu with lattice parameters,a=b=c=3615 A.These
phases were also observed in previous works after a similar annealing process for Cu-based
amorphous alloys [7, 20-22]. Number of the crystalline peaks which belongs to AlCu,Z,
Cu,yZr,, Zr,Cu and Cu phases was increased by increasing annealing temperature (800°C), as
shown in Figure 5.
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Figure 5. XRD pattern of the melt-spun ribbon of CusyZr,NisAls alloy manufactured at a wheel speed of 35ms* and
annealed in the temperature range of 200-800°C for 30 min.

In addition to XRD patterns of annealed ribbons, typical SEM micrographs from cross section
of the amorphous CusZr,Ni;Al; alloy prepared at a wheel speed of 35 ms™ as well as annealing
ribbons at 300, 580, 680 and 800°C are shown in Figure 6. In Figure 6a, b, the microstructure
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with featureless morphology of unannealed and annealed at 300°C ribbons are exhibited. This
featureless morphology is a typical characteristic of the amorphous materials. In previous
works, similar SEM images taken surface of amorphous structured materials were reported [7,
23, 24]. These micrographs are in accord with the XRD spectrums which exhibit fully amor-
phous features unannealed (Figure 1) and annealed at 300°C ribbons (Figure 5). As can be seen
obviously in Figure 6c-e, with increasing annealing temperature (580, 680, 800°C), the
microstructure of CusZr,NisAlsribbon alloys changes and transforms into irregularly shaped
features which is a characteristic of crystalline structures. These crystalline structures belong
to AlCu,Zr, CuyZr,, Zr,Cu or Cu phases obtained by XRD patterns (Figure 5)

Figure 6. Typical SEM images from the cross section of the melt-spun ribbon of Cus,Zr,NisAl; alloy prepared at a
wheel speed of 35ms™. (a) As-quenched and annealed at the temperatures, (b) 300°C, (c) 580°C, (d) 680°C, and (e)
800°C.

The compositional homogeneity of the amorphous CusZr,NisAl; ribbons was by measured
EDX in order to confirm initially intended composition values. The EDX analysis illustrates
mean values of element concentrations of Cus,Zr,Ni;Al; alloy produced at a wheel speed of
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35 ms in Figure 7. As can be seen obviously from the EDX results, the peaks in the spectrum
belong to Cu, Zr, Ni and Al elements. As shown in Figure 7, the average chemical composition
of the ribbon alloy is in good agreement with the chemical composition values of

CusyZr,NisAls alloy.
_cpsfey
3 CugyZr  NizAlg (at. %)
453 Element | Llement | Elemen
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Figure 7. EDX analysis result of the melt-spun ribbon of Cus,Zr,Nis;Al; alloy produced at a wheel speed of 35 msas-
quenched.

In order to determine the influence of annealing on the microhardness of the Cu;yZr,)NisAl;
ribbon alloys which are as-quenched and annealed at different temperatures such as 200, 275,
400, 500, 600 and 800°C, Vickers HV measurements were analysed. The following Eq. (2) was
used for these measurements [25]

2Psin(0/2) 1.8544(P)
= d2 = d2 (2)

HV

where P is the indentation force, 4 is the mean diagonal length, and 1.854 is the geometrical
factor for the diamond pyramid. Figure 8 shows the variation of microhardness values with
increasing annealing temperature for CusyZr,NisAl; alloy prepared at wheel speed of 35 ms™.
As shown in Figure 8, the hardness values decrease with increasing annealing temperature.
In previous works, this decline of the hardness values with the annealing temperature is
generally reported for Cu-based amorphous alloys [7, 26-31]. The microhardness of as-
quenched ribbon was calculated 550 HV, while it was determined 532-470 HV for annealed
ribbons in the range of 200-500°C (Figure 8). At the temperature range of 500-800°C, the
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microhardness values of the CusZr,NisAl; alloy were not changed distinctly and it was
determined as approximately 465 HV. Thus, it can easily be concluded that the highest
microhardness value (550 HV) of the CusZr,NisAl; alloy was measured for as-quenched
ribbon alloy.
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Figure 8. The change in Vickers microhardness values for CusZr,NisAl; alloy prepared by the wheel speed of 35
ms’with annealing temperatures.

4. Conclusions

1. Themetallicglass CusZr,Ni;Al; alloys were successfully produced by rapid solidification
technique at wheel speeds of 35 and 41 ms™.

2. DSC traces of the CusyZr,NisAl; alloys showed similar distinct glass transition, T, which
are around 440-442°C. The ribbon alloys exhibited also wide super-cooled liquid regions,
AT, which are 61-64°C.

3. The activation energies of E,, E, and E for Cus Zr,Ni;Al; alloy prepared at wheel speed
of 35 ms™ were determined 421.35 (+12), 432.26 (+9) and 403.05 (+6) k]/mol, respectively.

4. The intermetallic AlCu,Zr, CuyZr, Zr,Cu and Cu phases in the microstructure of
CusoZrNisAl; alloy were observed after annealing temperature of 800°C.
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5. The compositional homogeneity of CusZr,Nis;Al;as-quenched ribbons was most correct-
ly confirmed by EDX.

6. The microhardness value of Cus,Zr,NisAl; alloy was calculated approximately 550 HV
for unannealed ribbons. However, it decreased with increasing annealing temperatures
and was measured about 465 HV after annealing temperature of 800°C.
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Abstract

In the present chapter, results of our recent investigations on the role of gallium (Ga)
on the aluminum (Al) site in Zr;Al, 5, Ga,Cu,Nij; metallic glass (MG) composition
have been discussed. The material tailoring and cooling rate effects on the mechanical
behavior of Zr-based metallic glasses and their nanocomposites have been studied. The
substitution of Ga on the Al site in Zr—Al-Cu-Ni alloy affects the nucleation and growth
characteristics of quasicrystals (QCs) and consequently changes the morphology of
nanoquasicrystals. The Zr;Al;5,Ga,Cu;,Ni;; system displayed metallic glass forma-
tion in the range of x = 0-7.5. In this process, we have come out with a new glass
composition; Zr-Ga-Cu-Ni with glass transition temperature (T,)—614 K. The effect of
cooling rate on the glass forming ability (GFA) and mechanical properties for this new
metallic glass composition has been discussed and compared with some other Zr-
based metallic glasses. The various indentation parameters such as microhardness, yield
strength, strain hardening constant, nature of shear band formation, and so on for the
alloys have been analyzed. The study is focused on investigations of these materials to
understand the structure (microstructure) property correlations.

Keywords: metallic glasses, quasicrystal, composites, mechanical properties, cooling
rate

1. Introduction

Metallic materials are traditionally considered as crystalline in nature, possessing translation-
al as well as orientation symmetry, i.e., their constituent atoms are arranged in a regular and
periodic manner in three dimensions. However, a revolution in the concept of metals was

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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brought, when metallic glasses (MGs) and quasicrystals (QCs) have been discovered. MGs are
amorphous in nature possessing short-range ordering while QCs possess aperiodic long-
range order associated with crystallographically forbidden rotational symmetries. Both
quasicrystal-forming alloys and MGs giving rise to nanoquasicrystalline phase on annealing
have attracted attention owing to their promise to qualify for many potential applications.

1.1. Metallic glasses

Ever since the formation of first metallic glass in the Au-Si system by rapid solidification,
numerous investigations have been carried out over the past 15 years due to their attractive
properties and technological potential. In initial period of metallic glass study, high cooling
rates of the order of 10° to 10° K/s were the usual requirement for the formation of glassy phase.
However, in the recent years, a new class of metallic glass known as bulk metallic glass (BMG)
has been synthesized using very slow cooling rates. These newly developed BMGs have
generated immense research activity driven by both a fundamental interest in the structure
and properties of disordered materials and their unique promise for structural and functional
applications. MGs have very high-yield strength and very high elastic limit compared to
crystalline steel and Ti alloys (Figure 1(a)). They have very high fracture strength coupled with
2-3% of elastic strain. Conventional aluminum, titanium alloys and steels can sustain 1-2% of
elastic strain. The glasses have tensile yield strength (6~ 1.9 GPa), i.e., a high strength-to-
weight ratio, making them a possible replacement for Al, but with a much greater resistance
to permanent, plastic deformation (i.e., fracture toughness). A large domain of high fracture
strength and elastic strain can be achieved by nanocrystallization into the amorphous matrix.
Figure 1(b) represents the highest strength, specific strength and specific Young’s modulus of
any bulk amorphous or crystalline metal.
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Figure 1. (a) Amorphous metallic alloys combine higher strength than crystalline metal alloys with the elasticity of pol-
ymers [1]. (b) Schematic representation of room temperature yield (metals, composites, and polymers) or flexural
strength (ceramics) as a function of modulus. Note the increased strength of amorphous metals over conventional crys-
talline metals [2].

MGs possess a number of very attractive properties, and in many cases, these properties are
enhanced by suitable heat treatment. The ability to store a high amount of elastic energy has
made this material to use as a potential spring material. This has led to its first and most visible
use in the heads of golf clubs. The addition of ceramic second-phase particles into the material
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improves its ductility. This composite can be used in aircraft frames and automobiles as armor
penetrator material and medical implants. Due to large super-cooled liquid regions, the
workability of these materials is very high. This property has been applied in friction welding
of Pd-based bulk MGs [3]. The high strength, hardness, fracture toughness, and fatigue
strength of MGs make them ideal for the use as optical, die, tool, and cutting materials [4, 5].

Among the large number of multicomponent glassy alloy systems, Zr-based MGs have
outstanding glass forming ability (GFA). The exceptionally high-yield strength, close to the
theoretical limit, high hardness, and elastic modulus of these MGs offer them potential for
structural applications. However, plastic deformation at room temperature occurs in a highly
localized manner by the formation of shear bands. In these MGs, the definitive correlations
between mechanical behavior and atomic structures have not been clearly understood.

1.2. Quasicrystals

Another important class of material is QCs. The breakthrough experiments by Shechtman et
al. on rapidly solidified Al-14% Mn alloys have created a new concept of nonperiodic atomic
arrangements with only orientational order, which exhibit sharp diffraction peaks with five-
fold symmetry [6]. This new form of ordered structures having orientational order and lacking
strict translational periodicity was designated as “quasicrystal” by Levine and Steinhardt [7].
It may be noted that in contrast to both crystal and QCs, amorphous solids possess neither
orientational nor translational order. Most familiar quasicrystalline systems are Al-, Ti-, and
Mg-based binary and ternary alloys, though there have been a few reports in other systems
such as Cd-Mg-Yb, Ag-In(Cd), Al-Zn-Ce, and Cu-Ga-Mg-5c, etc. The discovery of the quasi-
crystalline phases has also generated a great deal of interest in regard to complex crystalline
structures known as approximant phases, which have remarkable similarities with their parent
quasicrystalline structures. These often coexist with QCs and have similar chemical composi-
tions and similar electron diffraction patterns (Figure 2). Quasicrystal approximants have
similar local atomic structures to QCs [8-12]. Because of these structural similarities, the search
for other possible phases as well as intensive investigations of their phase transformation has

Figure 2. Selected area diffraction patterns of (a) icosahedral quasicrystal showing five-fold symmetry in Al-Mn and
(b) pseudodecagonal quasicrystal approximant in Al-Co-Ni alloy [6, 12].
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become quite pertinent in connection with the determination of the phase stability of quasi-
crystalline system.

The successful applications of QCs are very limited. QCs are corrosion resistant and have low
coefficients of friction, and thus, they can be used as a surface coating for frying pans. They
can also be used in wear resistant coatings. Al-based quasicrystalline alloys, e.g., Al-Mn-Ce
containing nanoicosahedral particles may be used in surgical blades. Ti- and Zr-based QCs
could be incorporated into hydrogen storage materials.

1.3. Nanocomposites

Quasicrystal forming alloys and MGs promise to qualify for many potential applications.
However, bulk QCs are mostly brittle and this problem can be surmounted by producing glass-
nanocrystal (nc)/nanoquasicrystal (nqc) composites (Zrgs5Al, sCuy,Niy;) through controlled
crystallization of MGs. Quasicrystal evolution from metallic glass systems may provide a way
to produce nanostructured quasicrystalline alloys with attractive mechanical properties. The
advantage of formation of quasicrystalline phase through devitrification of MGs is also due to
the fact that the microstructure can be precisely controlled. The control of microstructure is
very important as the optimum property design is related to the microstructure. It has been
pointed out that Ti- and Zr-rich alloys have significantly higher hardness in the nanoquasi-
crystalline state (755 and 610 VHN, respectively) compared to the amorphous state in melt-
spun condition. The hardness values of Ti- and Zr-rich alloys increase further by
nanoquasicrystallization of the amorphous phase to 810 and 620 VHN, respectively. Misra et
al. [13] have studied the plastic deformation in nanostructured bulk glass composites during
nanoindentation. The structural changes are accompanied by decrease in specific volume, bulk
modulus and Poisson’s ratio. Small specific changes upon primary devitrification suggest a
close relationship between the glassy structure and the icosahedral structure.

2. Effect of material tailoring on the mechanical properties

Elemental substitution is widely used to find new MGs and QCs with improved properties.
In this section, the role of Ga on the Al site in Zrgy5Al; 5,Ga,Cu;,Ni;; metallic glass composition
has been discussed. The alloy design principle adopted in arriving at Ga-substituted glass
compositions pertains to retaining the valence electron ratio (e/a) constant. In this respect, Ga
substitution on the Al site seems to be ideal. The substitution of Ga in Zrg;Al, ;. Ga,Cu;,Niy,
alloys results in a change from a two-step crystallization (x =0) to a single-step one (x=7.5) [14,
15]. For x = 0, we have the well investigated Zr-based alloy; and for x = 7.5, we have come out
with anew composition of glass with T, =614 K [16-20]. The effect of the said material tailoring
on the mechanical properties of these alloys has also been studied. The recent emphasis on
nanostructured materials and synthesis of MGs has added a new dimension to the study of
their indentation behavior. Indentation studies offer opportunities to investigate the funda-
mental nature of deformation in glasses and their composites from a relatively small volume
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of material. The indentation size effect (ISE) and shear band formation under compression are
able to throw light on the mechanical behavior of materials.

2.1. Microstructural and structural features

The Zrg, Al 5., Ga,Cuy,)Niy; (x=0, 1.5, and 7.5) MGs with a thickness of ~40-50 um and lengths
of ~1-2 m have been synthesized using melt spinning technique [19, 21]. Figure 3(a) shows
the macroscopic image of the melt-spun ribbons synthesized at 40 m/s. Figure 3(b) and the
inset therein show the transmission electron microscopy (TEM) image and corresponding
selected area diffraction pattern (SADP) displaying diffuse halos for Zr;Al, 5. Ga,Cu;,Niy (x
=7.5) alloy. We note that the TEM bright-field micrograph displayed no discernible contrast.
This clearly indicates the formation of glassy phase in the system and similar features were
observed for x =0 and 1.5. The glass-nc/nqc composites are produced after controlled crystal-
lization of melt-spun ribbons corresponding to compositions x = 0, 1.5, and 7.5 [19-21]. The
TEM micrograph of these composites is shown in Figure 4. Inset in them demonstrates the
presence of crystalline/quasicrystalline particles embedded in the glassy matrix. The compo-
sition of the alloys with x> 1.5 consists of icosahedral and Zr,Cu phases embedded in the glassy
matrix. The finer grains of both these phases have been observed in the Ga-bearing glass
composition (x =7.5) [19]. The grain refinement of quasicrystals with respect to Ga substitution
may be understood by recalling expression [22, 23] of the steady-state nucleation rate (I°) and
is reproduced below

I'=Aexp[(-16T16°/(3KT(AG, )*)] 1)

where ‘A’ is known as dynamical prefactor and is a function of the atomic mobility at the nuclei-
liquid/glass interface. AG, = driving free energy per unit volume for the phase transformation.
According to classical theory of nucleation, the nucleation barrier is controlled by interfacial
free energy (o) between the nuclei and the liquid/glass [22]. The decrease in ¢ between the
icosahedral quasicrystalline nuclei and the liquid with increasing Ga content leads to the

100nm

Figure 3. (a) Optical image showing the formation of long melt-spun ribbons synthesized at 40 m/s. (b) TEM image and
the corresponding diffraction pattern of as-synthesized Zry;Ga,sCu,,Nij; alloy. (Reprinted with kind permission from
references [15, 19], Copyright 2015 and 2011, Elsevier.)
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increase in the nucleation rate. The reported interfacial energy per unit area of Ga (~0.6 J/m?)
is less than that of Al (~1.2]/m?) [24-26]. Thus, it can be said that the substitution of Ga reduces
the interfacial energy between quasicrystal and remaining amorphous phase, thereby increas-
ing the nucleation rate of the crystalline/quasicrystalline phases. The formation of icosahedral
phase has been observed for all the annealed glasses. Thus, the icosahedral order presents
predominantly in the supercooled liquid for all the samples (x = 0-7.5).

100nm

Figure 4. TEM microstructures and the corresponding diffraction patterns of ZrgsAl, 5, Ga,Cuy,Niy; alloy with x =0 (a),
x=15 (b), and x =7.5 (c) formed after heat treatment. (Reprinted with kind permission from reference [19], Copyright
2011, Elsevier.)

The composition of the alloys (in at.%) based on electron probe microanalysis (EPMA) has
been found to be Zrg Al (Cuy,sNiyg; (for x = 0), Zrg,Als,Ga; (Cuy,gNiyg, (for x = 1.5), and
Zr4,Ga; ,Cuy, sNiy, (for x =7.5). The presence of oxygen within the detectable limit of EPMA
was not found.

2.2. Mechanical properties

In this section, we present the results of micro-/nanoindentation behavior of the three glassy
compositions and their respective composites. Figure 5 depicts the images of microindent for
the as-synthesized and annealed ribbons of x =7.5. It has been observed that a number of shear

Figure 5. SEM micrographs for the as-synthesized (a) and annealed ribbons (b) of x = 7.5 displaying shear bands. (Re-
printed with kind permission from reference [19], Copyright 2011, Elsevier.)
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bands decrease gradually in the annealed condition as compared to that of glassy state. At this
stage, the indentation behavior is governed by the volume fraction of nanocrystalline/
nanoquasicrystalline phases. Thus, the glass-nc/nqc composite possesses different indentation
characteristics as is seen in the case of x=7.5 that Zr,Cu intermetallic phase exists along with
the nqc phase, which inhibits the propagation of shear bands in the glassy matrix during
indentation. We note from Table 1 that annealed ribbons for x = 7.5 display the highest
microhardness value (~10 GPa). The microhardness values for x = 1.5 at 300 g load are ~4.81
and ~5.89 GPa for as-synthesized and annealed samples, respectively. These are quite close
to that of Zr-Al-Ni-Cu-Ag and Zr-Al-Ni-Cu-Nb MGs and their nqc composites [27].

X As-synthesized ribbons Annealed ribbons

(at.%) Microhardness Nanohardness Reduced Microhardness Nanohardness Reduced
(GPa) at 100 g load (GPa) at 5000 uN Modulus (GPa) at 100 g load (GPa) at 8000 uN Modulus
(x0.1) (x0.2) (GPa) at 5000 (+0.1) (x0.2) (GPa) at 8000

uN (5.0) uN (5.0)

0 47 8.7 98 6.7 115 115

1.5 6.1 9.5 112 7.5 12.8 136

7.5 6.6 11.8 140 10.1 14.4 151

Table 1. Mechanical properties of as-synthesized and annealed ribbons of Zr,5Al; 5, Ga,Cuy,Niy; (x =0, 1.5, and 7.5)
alloys. (Reprinted with kind permission from reference [19], Copyright 2011, Elsevier).

»

x= 7.5 (as-synthesized)

Figure 6. AFM observation of the nanoindentation imprints from the as-synthesized (a) and annealed ribbon (b) of x =
7.5 at 5000 puN. The inset of (b) showing the tip image of nanoindenter [19].

To study the nature of indentation at submicroscopic scale as well as the plastic deformation
of composites containing nc/nqc phases, we now present the results of nanoindentation. The
indentation impressions of Berkovich indenter at 5000 uN for x = 7.5 are shown in Fig-
ures 6(a) and (b). These are to compare the indentation impressions of the glassy phase with
that of their nanocomposite. The inset in Figure 6(b) shows the tip image of the nanoindenter.
We note clearly the presence of fine grains in Figure 6(b) that are absent in Figure 6(a). The
size of the indentation impression changes with partial crystallization and no cracking
occurred. The height contrast around the indents is due to pileup. The contrast of the pileup
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in glassy sample is much more prominent as compared to that of annealed ribbons. The
formation of pileups around the indents must be related to shear banding operations and are
extensively observed in amorphous alloys [28-32].
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Figure 7. Plot of the indentation force (P) versus indenter displacement (1) obtained from nanoindentation tests for the
as-synthesized (a and b) and annealed (c and d) ribbons of x = 0 and 7.5 respectively [19].

Figures 7(a) and (b) depict the load (P) versus depth (1) behavior of melt-spun ribbons, whereas
Figures 7(c) and (d) display the P versus h characteristics of their respective composites. The
values of nanohardness and reduced modulus for x =0, 1.5, and 7.5 are given in Table 1. The
values of nanohardness for the glassy alloys (x = 0-7.5) are in the range of ~9-12 GPa. Reduced
modulus is sensitive to compositions of the alloy as well as atomic arrangements. The reduced
modulii for the glassy alloys (x = 0-7.5) lies in the range of ~98-140 GPa. These values of
nanohardness and reduced modulus are comparable to those of the Zr-based alloys [33-35].
It can be seen from Table 1 that composites have higher micro- /nanohardness values than
those of glassy alloys. Ramamurty et al. [36] reported that the presence of nanocrystalline
particles in the glassy matrix significantly improves the stiffness and strength values. The
nanohardness value (mean contact pressure) is higher than that of Vickers hardness value [37].
The difference in the values is primarily due to two reasons: (i) indentation size effect and (ii)
actual and projected area of contacts, respectively, for nano- and microhardness measure-
ments.
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We have observed pop-ins during loading (marked by the arrow in Figures 7(a) and (b)) for
the melt-spun ribbons. These pop-ins indicate displacement bursts that signify the formation
of shear bands [38]. The pop-ins are prominent in amorphous alloys while the presence of these
is either less prominent or even completely suppressed in case of annealed alloys. Our
observation is in agreement with the results reported by others [29, 38, 39]. The pop-ins are
absent in composites and this may be attributed to the presence of nc/nqc grains in the glassy
matrix. The nature of deformation can be influenced by structural features while the chemistry
affects such behavior in a quantitative way. This is the reason why we observe similar kind of
P versus h curves corresponding to x = 0 and 7.5 after crystallization of the glasses. The
observation of pop-ins during loading cannot be attributed to the process of nanocrystalliza-
tion as noted in reference [40]. The break in the P versus h curves for such a case should appear
while unloading. To settle this issue experimentally, the TEM investigations of the indented
portion of these samples have been done. The bright-field images of the thinned specimens for
the glassy alloys with x =0 and 7.5 are shown in Figures 8(a) and (b). The preparation of these
samples was done by masking the indented side and thinning was done from the opposite
side. The bright-field images resemble analogous to those shown in Figure 3(b) and do not
show any regions of residual contrast. The curvilinear line (marked by arrows) has given
evidence of layer wise displacement separated by boundary. These lines must be related to the
shear banding operations, and thus, the possibility of nanocrystallization has been ruled out.

Figure 8. Bright-field TEM images of the indented portion of as-synthesized thinned specimens for x =0 and 7.5. (Re-
printed with kind permission from reference [19], Copyright 2011, Elsevier.)

The change in the mechanical behavior of MGs and their composites can be understood on the
basis of free volume model. In the present case, the variation of free volume with Ga substi-
tution may increase the hardness of the MGs. The atomic radius of Ga (0.141 nm) is inter-
mediate between the atomic radius of Al (0.143 nm) and Ni (0.125 nm) and the atomic radius
of Zr (0.160 nm) and Cu (0.128 nm). Thus, the substitution of Ga may increase the packing
density of the alloy and this would lead to the decrease in the free volume [41]. The high
resistance to plastic deformation under applied stress may be attributed to a low free volume
[42]. The increase in the hardness of MGs with alloying addition has been reported recently
[41]. The shear transformation zones (STZs) are the primary carriers of plasticity in amorphous
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materials [43, 44]. The formation of STZs depends upon the availability of free volume. The
precipitation of nc/nqc phases in the case of composites decreases the free volume and this
causes densification of the metallic glass [45]. This results in an increased resistance to plastic
deformation and therefore enhancement of hardness of the metallic glass upon structural
relaxation and nanocrystallization. This observation is consistent with the results reported
earlier [46, 47]. In the case of glass-nc/nqc composites, the hardness increases with increase in
Ga addition. This may be due to the grain refinement of nanocrystals/nanoquasicrystals that
produces many interfaces leading to the strengthening phenomenon.

3. Effect of cooling rate on the mechanical properties

The absence of grain boundaries and dislocations in MGs contributes to its exceptional
properties [48-53]. MGs lack long-range order and thus, they can be considered as solids with
frozen-liquid structures composed of tightly bonded atomic clusters and free volume zones
[54-56]. The frozen-in excess volume is often interpreted as an increase of free volume content
inthe MGs [57, 58]. The functional and mechanical properties of a metallic glass are determined
by its internal atomic configuration [59, 60]. The different variables such as the cooling rate
and composition affect the structure of MGs [14, 61, 62]. Among these, the critical cooling rate
is a very important factor that plays a crucial role in determining the atomic structure and
hence deformation behavior of MGs [63-65]. The limited macroscopic plastic strain before
fracture of MGs constrains their applications [43]. Plastic deformation of MGs is localized
within relatively thin regions called shear bands, resulting in a very low macroscopic plastic
flow limit [13, 43, 66]. Recent investigations show that the plastic strain of some monolithic
MGs can be improved by enhancing the homogeneity in microstructure through the high
cooling rate [67]. The high cooling rate may result in the configurationally looser atomic
packing and thus more free volume zones, which therefore contribute to larger plasticity. Chen
et al. [68] suggested that the plasticity for MGs can be tailored by applying different cooling
rates during solidification. Jiang et al. [69] found that the Cu-based bulk metallic glass (BMG)
is having higher hardness as compared to its ribbon counterpart of the same composition but
synthesized at a much higher cooling rate. It has been observed that decreasing the cooling
rate of glass forming promoted the formation of denser atomic configuration in the resultant
alloy [57]. The study of cooling rate effect on the nanomechanical response for a Ti-based BMG
reveals that the hardness increases while the plastic deformation gradually decreases from the
edge to the center of the sample [70]. Recently, Huang et al. [71] reported the effect of cooling
rate on the local atomic ordering and the wear behavior of Zr-Cu-Al-Ag BMG. These results
indicate that the cooling rate used during glass formation is a processing parameter that may
be tuned to change the mechanical properties of MGs.

The effect of cooling rate on the mechanical behavior of Zr,;Ga,sCuy,Ni;; metallic glass has
been studied using microindentation technique. The ribbons of alloy have been synthesized
at three cooling rates, corresponding to wheel speeds of 30, 40, and 50 m/s. The different
properties such as glass forming indicators, structural relaxation heat, microhardness, yield
strength, strain-hardening constant, material constant related to the resistance of the metal to
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penetration and pileup parameter pertaining to nature of shear band are expected to throw
light on the internal structure of glass. They are compared and discussed with respect to the
rate of cooling. This study provides some insights to understand the correlation between the
cooling rate and the mechanical behavior of Zr-Ga-Cu-Ni metallic glass.

3.1. Microstructural and structural features

Figure 9 shows the X-ray diffraction (XRD) patterns of as-synthesized Zr,, ;Ga;sCu;,Ni;; melt-
spun ribbons synthesized at different wheel speeds. It has been observed that all the patterns
of the alloys consist of only broad diffraction maxima (at the position 20 =~ 36°) without a
detectable sharp Bragg peak. This shows formation of a glassy phase. The XRD pattern of the
ribbon synthesized at 40 m/s revealing the presence of a glassy phase exhibits greater peak
broadening and lower XRD intensity as compared to the ribbons synthesized at 30 m/s. These
effects are more pronounced by further increasing the wheel speed to 50 m/s. The full width
at half maximum (FWHM) was found to be 5.5°, 4.7°, and 3.9° for the ribbons synthesized at
50, 40, and 30 m/s, respectively. These results indicate that the ribbon synthesized at 30 m/s
has higher degree of short-range ordering. The formation of a glassy phase in these samples
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Figure 9. XRD patterns of as-synthesized ribbons of Zr, ;Ga;sCuy,Ni;; metallic glass at wheel speed of 30, 40, and 50
m/s. (Reprinted with kind permission from reference [15], Copyright 2015, Elsevier.)

S nm

Figure 10. TEM micrographs with inset showing the selected area electron diffraction patterns of as-synthesized
Zr45Ga,sCu,,Niy; alloys synthesized at wheel speeds (a) 50, (b) 40, and (c) 30 m/s. (Reprinted with kind permission
from reference [15], Copyright 2015, Elsevier.)
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was further investigated by TEM. Figure 10 and the insets therein show the TEM micrographs
and the corresponding selected area electron diffraction (SAED) patterns for
Zr45Ga; sCupp,Niy; melt-spun alloys synthesized at 50, 40, and 30 m/s, respectively. We note
that all TEM micrographs depict no discernible contrast and the corresponding SAED patterns
displaying diffuse halos. This confirms to the XRD results presented above.

Exothermic down (a.u.)

T .
500 ] TO0D B00 800 1000
Temperature (K)

Figure 11. DSC curves of the as-synthesized Zrg ;Ga;;Cu;,Ni;; metallic glass samples synthesized under different cool-
ing conditions. Inset highlights the enlarged section of the DSC curves below the glass transition temperature. (Re-
printed with kind permission from reference [15], Copyright 2015, Elsevier.)

Figure 11 shows differential scanning calorimeter (DSC) scans taken at a heating rate of 20 K/
min for the glassy alloys prepared under different cooling conditions. All DSC curves exhibited
one clear endothermic heat event, characteristic of the glass transition to a supercooled liquid
state, followed by only one single exothermic peak between about 670 and 820 K. It can be seen
that the DSC curves of all the samples are very similar with glass transition temperature (T,)
in the range of 612-616 K and onset crystallization temperature (T,) in the range of 670-676 K.
This indicates the comparable thermal stability (AT,) among the samples. Table 2 summarizes
the thermal stability data for all the investigated samples. The crystallization enthalpies can
be obtained by integrating the area covered by the crystallization peak in the DSC curve and
are found to be 61.1, 60.3, and 58.9 J/g for the ribbons synthesized at 50, 40, and 30 m/s,
respectively. The crystallization enthalpy decreases with the decreasing cooling rate and thus
confirming that the sample synthesized at 30 m/s contains a larger degree of short-range
ordering or medium-range ordering. The degree of ordering can also be estimated by evalu-
ating the crystallization fraction (V}) of the sample from the DSC curves and is given by [72]:

y _AH,, —AH ,
7 NG 2)

max
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where AH

max

is the total enthalpy change when the fully amorphous alloy transforms into a
completely crystallized one and AH is the crystallization enthalpy of the examining sample.
Considering the sample synthesized at 50 m/s to be fully amorphous with zero crystallization
fraction, the crystallization fraction for the samples synthesized at 40 and 30 m/s was found to
be 1.3% and 3.6%, respectively, suggesting a negligible crystalline content in the samples. The
small increase in the crystallization fraction results from the enhanced short-range ordering.

Cooling rate (m/s) T, (K) T, (K) T, (K) AT, (K)
30 612 670 718 58
40 614 673 716 59
50 616 676 714 60

T,: glass transition temperature; T,: onset crystallization temperature; AT,: supercooled liquid region; T,: exothermic
peak.

Table 2. Thermal analysis of the melt-spun Zr,;Ga;sCu,,Ni;; ribbons synthesized at different cooling rate.(Reprinted
with kind permission from reference [15], Copyright 2015, Elsevier.)

As evident from Figure 11 and Table 2, there is a slight increase in the value of T, T,, and AT,
with the increasing cooling rate. However, careful analysis reveals some differences around
the glass transition regions, as more clearly seen in the inset of Figure 11. The inset of Figure 11
is a local magnified region of the DSC curves below T, illustrating the heat release events due
to structural relaxation. The structural relaxation enthalpy associated with the exothermic peak
below T, can be calculated by integrating the heat flow near the glass transition range (the area
between the dotted lines and the curves shown in the inset of Figure 11). The relaxation
enthalpy has been found to be 2.69, 3.98, and 5.84 J/g for the glassy ribbons synthesized at 30,
40, and 50 m/s, respectively, as provided in Table 3. A higher cooling rate has resulted in a
larger relaxation enthalpy. Slipenyuk et al. [73] have shown that the exothermic heat release
is directly related to the structural relaxation, i.e., the change of free volume in metallic glasses,
and can be calculated by

(AH)ﬁ; :ﬂAVf (€))

where f is a constant, (AH)y, is the change in enthalpy due to per unit free volume, and Av;is
the change of free volume per atomic volume. Thus, the change in free volume of the glassy
ribbons synthesized at different wheel speeds may be obtained by Eq. (3). Assuming that the
free volume per atomic volume for the ribbon synthesized at 50 m/s to be p,, the substitution
of values of AH (cf. Table 3 and the inset in Figure 11) into Eq. (3), the values of free volume
per atomic volume for the ribbons synthesized at 40 and 30 m/s were found to be 0.68 p, and
0.46 p,, respectively. Such a computation suggests that the glassy ribbons synthesized at lower
wheel speed have less free volume per atomic volume than the ribbons synthesized at higher
wheel speed. The ribbons synthesized at 50 m/s are, therefore, believed to possess the highest
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free volume. According to Turnbull and Cohen [74], the amount of free volume in a metallic
glass is determined by the cooling rate. A slower cooling rate gives sufficient time to the atoms
to attain their local ordered equilibrium positions, thereby, a more ordered atomic structure
forms during cooling from the melt and thus, the obtained glassy sample has a smaller amount
of free volume [69]. The amount of free volume in a metallic glass corresponds to the atomic
packing density and one of the important parameters exerts a strong influence on the me-
chanical properties of the metallic glass.

Cooling rate  Hardness n LogK 0,(GPa)(100g «=A/A, Crystallization Structural

(m/s) (VHN) (GPa) load) (+0.05) enthalpy (AH) (J/g)  relaxation
(£0.10) enthalpy (J/g)

30 6.81 1.82 223 343 1.45 58.9 2.69

40 6.63 1.83 224 3.26 1.50 60.3 3.98

50 6.43 1.84 225 3.09 1.57 61.1 5.84

Table 3. Summary of hardness (VHN), Meyer’s exponent (1), material constant (K), yield strength (o), pileup
parameter («), crystallization enthalpy (AH) and structural relaxation heat of the Zr-based metallic glass samples with
different cooling rate. (Reprinted with kind permission from reference [15], Copyright 2015, Elsevier.)

3.2. Mechanical properties

In this section, we present the results of cooling rate effect on the mechanical behavior of
Zrg5Ga,; sCupNiy; MGs synthesized at different wheel speeds. The microhardness measure-
ments were carried out by Vickers microhardness tester. The mean hardness reported here is

Figure 12. Indentation imprints at different loads for the as-synthesized ribbons of Zr, ;Ga;;Cu;,Ni;; metallic glass at
wheel speed of (a) 50, (b) 40, and (c) 30 m/s showing the formation of shear bands around the indents. Four indentation
impressions from various regions of the sample are superimposed. (Reprinted with kind permission from reference
[15], Copyright 2015, Elsevier.)
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the average of at least five points on each sample. Figure 12 shows the representative optical
micrographs of indents at different loads in Zr,;Ga, ;Cuy,Ni;; MGs synthesized at 50, 40, and
30 m/s, respectively. These micrographs reveal that the indents are crack free up to the load of
300 g for all the samples. The wavy patterns around the indent reveal the generation and
formation of shear bands (marked by arrows in Figure 12). It can be clearly seen that the
number of visible shear bands for the ribbons synthesized at 50 m/s is higher than those
observed for the ribbons synthesized at 40 and 30 m/s. To further confirm this, we have
calculated the pileup parameter. The characteristic spiral pattern around indents constitutes
pileup and is related to the formation of shear bands. Pileups at which shear band reaches the
surface are extensively observed around indents in amorphous alloys [19, 20]. The pileup
parameter (a) can be calculated by employing the following relationship [75]:

"*-_‘_____

Figure 13. Schematic representation of various quantities used for calculation of pileup parameter (a) [75]; A; and A are
the area of impression before and after pileup, whereas &, and  are the depth of impression before and after pileup.

a=A/A, (4)

where A, = fh > with fas a constant and is equal to 24.5 for Vickers pyramid indenter. The values
of A, and A are the area of impression before and after pileup, whereas h, and & are the depth
of impression before and after pileup. Various quantities utilized for the determination of «
are displayed through a schematic diagram in Figure 13. The pileup area calculation was done
by graphical methods. The values of a for the ribbons synthesized under different cooling
conditions are reported in Table 3. The pileup parameter has been found to be maximum for
the ribbons synthesized at 50 m/s. In contrast to this, the ribbons synthesized at 40 and 30
m/s are having relatively lower value of a indicates that few shear bands are generated during
indentation. Among the three types of specimens, the ribbons synthesized at 50 m/s contain
the large free volume and have the highest shear band density. The high free volume content
not only favors the nucleation of shear bands but also helps to enhance the atomic mobility
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that can alleviate the stress concentration and therefore prevent the metallic glass from
cracking. Thus, it can be inferred that for the glassy alloy of fixed composition gives rise to the
larger number of shear bands with higher cooling rate. Furthermore, higher free volume at
enhanced cooling rates not only facilitates permanent flow of materials under compressive
stresses but also contributes to enhancement in the fracture strength.

The hardness (H) was calculated in GPa units by employing the following relationship [76]:
P
H=1854x98x— )

where P is the load (g) and d is the diagonal length in um. Figure 14(a) shows hardness (VHN)
versus load (g) characteristic curves for the ribbons synthesized at 30, 40, and 50 m/s, respec-
tively. It can be seen from the load-dependent hardness curves (Figure 14(a)) that the hardness
decreases with increase in the load due to indentation size effect (ISE) [77, 78]. Table 3 compares
the values of microhardness and other indentation parameters of the ribbons synthesized at
different cooling rates. The hardness values of the ribbons synthesized at 30, 40, and 50 m/s at
100 g load are ~6.81, ~6.63, and ~6.43 GPa, respectively, clearly suggesting that faster the
cooling rate during solidification, the lower the microhardness. The glass forming ability
parameters and hardness values of Zr,,;Ga;;Cu,Nij; alloy synthesized at 50 m/s have been
compared with some other known Zr-based alloys (cf. Table 4). Compared with the other
typical MGs, Zrg;Ga;;Cuy,Niy; alloy has higher hardness but lower T, and AT, values. The
hardness for Zr, ;Ga;sCuy,Nij; alloy is 6.43 GPa that is higher in comparison to the majority
of the metallic glass alloy systems listed in Table 4.
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Figure 14. (a) Variation of hardness (VHN) with respect to load (g) for the as-synthesized ribbons of Zr,,;Ga,sCu;,Niy;
metallic glass synthesized at different cooling rates. (b) Log P versus Log d plots for the as-synthesized ribbons of
Zry5Ga, sCu,,Ni;; metallic glass at wheel speed of 30, 40, and 50 m/s. (Reprinted with kind permission from reference
[15], Copyright 2015, Elsevier.)
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Alloys T,(K) T,(K) AT,(K) Hardness(GPa) Reference
Zr,1,Ti134Cuy,5sNijBey, 5 623 705 82 5.34 Raghavan etal. [50]
Zr:Pd,CuyNisAly, 696 775 79 5.28 Liu et al. [62]
Zr5;Cuy;5Al1, 5Ny Siyg 700 748 48 7.20 Jang et al. [51]
(Zrgo5Al,5Cu;,Niy)ge Ty, 628 686 58 6.00 Singh et al. [53]
Zr5; oCuys3NijsAL 5 705 801 96 5.50 Sun et al. [83]
Zr5,TisNi; (CuysAlg 675 729 54 5.42 Sun et al. [83]
Zr,Cuyy sAgs 1Al 706 796 90 5.54 Sun et al. [83]
Zr5,Cu,,Al;Nis 682 745 63 5.85 Jana et al. [67]
ZrgosAl 5Cuy,Niy, 624 702 78 4.70 Singh et al. [20]
Zrg;Al, sCuy;5Niyg 656 735 79 5.50 Jang et al. [51]
Zrg5Ga, sCu;pNiy 616 676 60 6.43 Singh et al. [15]

Table 4. Comparison of Ty, T,, AT, and hardness values of Zr;Ga;;Cu;,Ni;; melt-spun alloy synthesized at 50 m/s
with some other Zr-based metallic glasses.

The load independent hardness values permits us to compute the 0.2% offset yield strength
(0y) by using the following relationship [79]:

o, =(VHN/3)0.1"* (6)

where n=Meyer’s exponent. This is determined by the slope log P (in Kg) versus log d (in mm)
curve. The intercept of this curve K is the material constant related to the resistance of the metal
to penetration. Figure 14(b) shows log P versus log d curves for the ribbons synthesized at
different wheel speeds. The values of 1 and K are reported in Table 3. There is no significant
variation observed in the values of n and K for the samples. The values of exponent are less
than 2 as observed for intermetallics [80]. The yield strength lies in the range of ~3.09-3.43
GPa for the samples and is found to be maximum for the ribbon synthesized at 30 m/s. In the
present case, both hardness and yield strength increase with decrease in the cooling rate and
this may be attributed to the variation of free volume with the cooling rate. As the cooling rate
decreases, the free volume decreases and thus causes densification of the metallic glass that
results in an increased resistance to plastic deformation and therefore enhancement of
hardness of the metallic glass upon structural relaxation [81-87].

4. Conclusion

In this chapter, the recent progress in the development of metallic glasses, quasicrystals and
their nanocomposites are discussed. The Zr,Al,5.Ga,Cuy,Niy; system displayed metallic
glass formation in the range of x = 0-7.5. In this process, we have come out with a new
composition of glass without Al corresponding to x = 7.5. The nanohardness and reduced
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elastic modulus values of the metallic glasses have been compared to their nanocomposites.
The indentation characteristics of the glass composition with x = 7.5 have shown significant
improvement in regard to hardness and elastic modulus. Based on transmission electron
microscopic studies of the indented glassy specimen, the possibility of deformation-induced
nanocrystallization has been ruled out.

In addition to, the cooling rate effect on the glass forming ability, crystallization and mechanical
behavior of Zr,;Ga;sCu,,Ni;; metallic glass composition is presented. A slower cooling rate
leads to higher degree of structural relaxation, less free volume content and therefore better
short-range ordering. Such relatively ordered atomic configuration and less free volume
content result in a higher hardness and yield strength for the samples synthesized at slower
cooling rate than those synthesized at faster cooling rate. The ribbons synthesized at faster
cooling rate contain the large free volume and have the highest shear band density. The glass
forming ability parameters and hardness values of Zr,;Ga;sCu,Nij; alloy have shown
significant improvement in comparison to some other known Zr-based alloys.
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Abstract

This chapter reviews main results obtained on mirror-like samples made of several
grades of bulk metallic glasses (BMG). Experiments were carried out under simulated
conditions typical for the operation of plasma facing in-vessel mirrors of optical plasma
diagnostics in fusion reactor ITER. Bombardment with D° and T° atoms radiated from
burning plasma was predicted to be the main reason for the degradation of optical
properties of such mirrors. Therefore, to simulate the behavior of mirrors in ITER,
mirror-like samples were subjected to bombardment by ions of deuterium plasma with
fixed or wide energy distribution. The effects of ion bombardment on optical proper-
ties, development of roughness, uptake of deuterium, appearance of blisters, and
manifestation of some chemical processes are presented and discussed.

Keywords: amorphous mirrors, sputtering effects, deuterium uptake, chemical proc-
esses, blister-like features
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1. Introduction

In the experimental fusion reactor ITER, many different methods of plasma diagnostics are
envisaged to be used [1]. A big portion of methods are intended for optical measurements, and
these have to be based on reflective optics, because of the high level of deeply penetrating
radiations, gammas, and neutrons, which may degenerate the refractive optics components.
The mirrors facing the burning plasma (first mirrors, FM) will be additionally subjected to fluxes
of charge-exchange atoms (CXA, mainly D and T° atoms) with a wide energy distribution, up
to several hundred eV [2]. To overcome negative effects of CXA sputtering on mirror charac-
teristics (due development of surface roughness), it was decided to fabricate first mirrors for
ITER from single crystal (S5C) metal, and molybdenum is the first candidate as a FM material.

At present, it is not known which effect the simultaneous irradiation of the FM surface with
neutrons and CXA will have. However, there is a probability that a single crystal will lose its
ideal SC structure what would result in gradual development of roughness (under CXA
bombardment) and degradation of optical properties.

A real alternative to SC mirrors can be mirrors fabricated from amorphous metal alloys (bulk
metallic glasses, BMGs). They do not have any arranged structure larger than a few nanometer
and therefore may be more resistive under irradiation with neutrons in comparison with
crystallized metals. Recent results on simulating the neutron irradiation effects by exposing
BMG samples with 3 MeV Ni* ions did not lead to big degradation of hardness and Young's
modulus in the dose range of 0.1-10 dpa [3,4]. It is important to note that the structure of
samples has continued to be amorphous, without indication of appearance of crystallization.

Additionally, due to the lack of crystallized structure, under long-term sputtering, a polished
BMG mirror has to resemble a liquid under evaporation: its surface has to be smooth regardless
of sputtering time. Such assumption was mentioned in [5] and has found support later, after
appearance of technology to produce BMG casts with size (10 mm) sufficient for the fabrica-
tion of mirror samples to provide corresponding experiments. Zr-based BMGs reveal relatively
high crystallization temperature compared with other BMGs. From a practical standpoint, the
glass forming ability of Zr-based BMGs is very good enabling the manufacturing of fully glassy
components with thickness values in excess of 10 mm.

This chapter is a short review of main results obtained with BMG mirror samples in experi-
ments that partly simulate the conditions for FM operation in ITER, that is, long-term sput-
tering by ions of deuterium plasma (in some cases by ions of argon plasma) with energy from
60 eV up to 1350 eV. Mirror samples were fabricated from five BMG grades (Table 1). The
program of experiments with each BMG grade was not identical, and thus, new information
was obtained, and some new properties of BMGs were found for both amorphous and
crystallized BMG specimens. This chapter presents results on the following: (1) effects of long-
term ion sputtering on optical properties of mirror-like BMG samples, (3) effects of deuterium
adsorption, (4) the role of chemical processes on BMG surface when the deuterium plasma is
contaminated with oxygen, and (5) observation of blister-like features due to deuterium
exposure.
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In Section 2, the specimens and the experimental details regarding the plasma exposures and
characterization are described. Section 3 contains the main results on changes due to plasma
exposure, in particular deuterium adsorption, reflectance, and erosion rate and the differences
due to the state, amorphous or crystallized by annealing. In Section 4, some concluding
remarks are provided. Appendix A contains details on BMG sample preparation in NSC KIPT
(Kharkov, Ukraine), and in Appendix B, the results of processing of an image of laser beam
after reflection from amorphous and crystallized mirrors are shown.

2. Experimental and precharacterization

2.1. Descriptions of specimens

A list of all grades of samples with their composition, shape, and size is presented in Table 1.

Grade # Composition Size,
mm

1 (Vitl-LM) Zr41.2Ti13.8Cul2.5Ni10Be22.5 22 %3
2 (Vit1-NSC) Zr41.2Ti13.8Cul2.5Ni10Be22.5 22x3
3 (Vitd) Zr46.75Ti8.25Cu7.5Ni10Be27.5 5 x 3
4 Zr48Cu36AI8Ag8 D(16-22) x 2
5 (Vit106) Zr57Cul5.4A110Ni12.6Nb5 20 x 22
Table 1. List of grades with composition given in at.%.
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Figure 1. Results of X-ray diffraction measurements obtained with the half of the amorphous sample of grade #2 (low-
er curve) and the half annealed at 773°K during 1 hour.

Three BMG samples of grade #1 produced by Liquidmetal Co (USA) and three billets of grade
#2 have the same nominal composition.

The billets of grade #2 were casted as discs with diameter ~26 and ~8 mm in thickness (the
details of their fabrication in NSC KIPT are described in Appendix A). They were cut into
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approximately equal halves (final size (J22 x 3 mm): one half of every billet was left amorphous
and the second half was annealed (1 hour at 773°K) to have a fine-crystalline material. Thus,
for this grade, there was a possibility to compare the behavior of mirrors from the identical
material but with different structures, amorphous and fine-crystalline. The X-ray data on the
structure of such a pair are shown in Figure 1.

The position of the peaks in a diffractogram indicated the existence of the following nano-
crystals: Zr,Ni, Ti,Ni, Zr,Cu, and Zr,Cu, with x and y exceeding two. By measuring the half-
width of the peaks, the size of crystallites was roughly estimated to 50 nm using the following
formula [6]:

092
B B cosd M

where A is the X-ray wavelength, 0 is the Bragg angle, and § is the full width at half maximum
of the diffraction peak.

After crystallization of three halves, all three pairs of grade #2 were polished simultaneously.

The mirror specimens of grade #3 (more than 10 pieces) were cut from a 5-mm-diameter rod
to discs of 3 mm thickness. Because of the small surface area, they were not used for some
experiments, namely for measuring the absorptivity of deuterium.

The cast of grade #4 had a complicated shape; therefore, the mirror samples (five pieces) had
different diameter from 16 to @22 mm with thickness of 2 mm each.

The cast of grade #5 was of rectangular shape; after cutting it into two samples the size of
mirror specimens became 20 x 22 x 3 mm.

XRD (X-ray diffraction) analysis confirmed the glassy state of all samples (diffraction patterns
not shown here).

All prepared billets were polished to a high optical quality.

2.2. Pretreatment and initial reflectance

Prior to exposure experiments, all mirror samples were initially cleaned for >20 min with low-
energy deuterium plasma ions, E; ~ 60 eV or sometimes with low-energy Ar plasma ions, to
remove the organic film appeared due to rinsing of samples in acetone and alcohol after the
polishing. The reflectance of mirror samples after this exposure was taken as their initial
spectral reflectance.

The comparison of initial reflectance, Ry(A), for one BMG mirror specimens of each grade is
presented in Figure 2 together with W and Mo reflectivity data from [7]. The measurements
were done in the wavelength range 220-650 nm at normal incidence of the light by the use of
a two-channel method described in [8] with a homemade attachment to a standard mono-
chromator.
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Figure 2. Initial reflectance Ry(A) measured just after cleaning by low-energy ions of deuterium or argon plasma of
samples of the five grades together with the data for W and Mo from literature [7].

The Ry(A) values of some BMG mirror samples are close to Ry(A) values of tungsten for the
wavelengths range ~400-700 nm and is approaching to the reflectance of Mo mirror at A > 600
nm. Crystallization does not lead to any significant change of initial optical properties of
samples in the wavelength interval of measurements (220-650 nm), as can be concluded from
comparing the data for grades #2 and #2-C (crystallized).

2.3. Heterogeneities observed in the body of BMG samples

After the last polishing procedure, some local peculiarities were discovered on smooth sample
surfaces of the grade #1. Such peculiarities were not observed on the other grades.

Their level was a little below the main surface, appear usually as a group, are roughly of oval
shape, distributed over the main surface of mirror sample more or less uniformly, and are
observable in both, optical microscope and scanning electron microscope (SEM). The total
relative area of these inhomogeneities was estimated to be at the level of ~1%, so they did not
have any essential influence on measurement of reflectance, that is, the performance of the
mirror. The fact of their elevation below the matrix supposed that the composition of these
features differs from that of the main volume of material and that their hardness again
mechanical treatment is inferior to the hardness of the bulk.

Figure 3 shows two SEM images of the same region obtained by different detectors of SEM,
detecting (a) mainly secondary electrons and (b) backscattered electrons. In the first case, the
contrast of the image is mainly determined by the surface topography, but in the second
regime, the contrast occurs due to differences in the atomic number of the surface elements.
In this second case, the domains with predominance of light elements appear darker than the
surrounding; therefore, we may state that the recessed domains are enriched by the lighter
component of the material (the average atomic number here is below that of the matrix).
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a) b)

Figure 3. SEM images from secondary (a) and backscattered electrons (b) of inhomogeneities on the sample surface of
grade #1 [9].

Under ion bombardment, as a result of the sputtering process, initially lower parts of the
surface descended deeper below the main level and turned into shallow holes with a rather
nonplanar bottom shown in Figure 4. The depth of holes increased with increase in ion fluence,
which indicates (i) a lower resistance of these inclusions to ion sputtering and (ii) their
volumetric character.

Figure 4. Photograph of interferometer microscope after the layer of ~2 um was sputtered with deuterium plasma ions
[10]. The interference fringes indicate a depth of ~150 nm fort the central feature.

The difference in composition of the material inside the inhomogeneities and the surrounding
matrix was confirmed by the following two methods: an electron microprobe analysis (Table
2) and scanning electron microscope (SEM) with energy-dispersive X-ray spectroscopy (EDX),
Figure 5. The data of microprobe analysis demonstrate that the material in the holes is depleted
in zirconium (Zr) and titanium (Ti), and enriched with the other elements such as copper and
nickel. From this result, it is not surprising that the rate of sputtering of the inhomogeneities



On the Prospects of Using Metallic Glasses for In-vessel Mirrors for Plasma Diagnostics in ITER
http://dx.doi.org/10.5772/63885

is higher than of the matrix. Taking into account, the sputtering yields, Y, of components of
the mirror material [11] one can find for deuterium ions at energy 1000 eV, Y(Zr)=5.5x10" at/
ion, is about one order of magnitude lower than Y(Be), Y(Cu), Y(Ni), and two times lower than
Y(Ti). At lower ion energy, the difference in sputtering yields is much greater. The microprobe
data show that after long-term sputtering the composition of Zr in holes continues to be below
that in the matrix.

Element Nominal composition (at.%) Matrix composition (at.%) Inhomogeneity composition (at.%)
Zr 41.2 (100%) 52.8 (100%) 43.0 (100%)

Ti 13.8 (33.2%) 17.4 (33%) 12.0 (28%)

Cu 12.5 (30%) 15.2 (28.8%) 24.3 (56.5%)

Ni 10 (24%) 14.6 (27.7%) 20.7 (43%)

Be 22.5 (54.9%)

Table 2. Elemental composition of the mirror material from grade #1: nominal (second column) and measured by
means of microprobe method in the matrix and in the inhomogeneity (without taking into account Be). Ratio to the Zr
content is given in brackets [10].

a) BSE

o @ ¥ 100nm

Figure 5. (a) SEM image from backscattered electrons and (b, ¢, e, f) the corresponding elemental maps obtained by
EDX of the polished mirror surface of a sample of grade #1. (d) Height plot obtained by confocal laser scanning micro-

scopy.

Comparing the EDX maps for zirconium, nickel, copper, and titanium (Figure 5), one could
see that for inhomogeneities of the hole type, the intensities of ZrL and TiK lines are in
anticorrelation with intensities of CuL and NiL lines what is in agreement with the results of
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microprobe analysis. The data obtained by confocal laser scanning microscopy, Figure 5d,
indicate that inhomogeneity is below the matrix level.

AsFigure 6 shows, the alloys grades #3 and #4 also contain heterogeneities, however of another
kind. The majority of the heterogeneities have a dendritic appearance. On one occasion, a rather
full structure of such an inhomogeneity was revealed after bombardment of one of grade #3
samples with argon ions, Figure 6a. Its shape is quite similar to the shape of crystals described
by the authors of this alloy [12] (see also references ibidem). Important, the surface between
these features is continuing to be smooth.

Figure 6. SEM images of the mirror surface: (a) sample of grade #3 after sputtering with argon ions of the layer of ~5
um, (b) sample of grade #4 after sputtering with deuterium plasma ions of the layer of ~1 pm.

No heterogeneities of this kind were found in the other two alloys: grade #2 and #5.

2.4. Plasma exposure and methods of surface analysis

To simulate the impact of charge-exchange atoms (CXA) flux on BMG mirror samples in ITER,
ions of deuterium or argon plasma were used. The detail description of the experimental stand
DSM-2 used for performing the ion bombardment can be found in [13,14]. The BMG mirror
samples were exposed to electron cyclotron resonance plasma (ECR, frequency of generator
2.45 GHz) produced in a double-mirror magnetic configuration. Mirror specimens were fixed
on a water-cooled holder just outside of magnetic mirror. During the exposure, the tempera-
ture did not exceed 40°C. The electron density of plasma was ~10' m™ and electron tempera-
ture ~5 eV. A fixed negative voltage (in the range 50-1350 V) was supplied to the mirror holder
for the acceleration of ions to the mirror surface. In some cases, when using deuterium plasma,
the ion flux was energy distributed between 50 eV and 1350 eV by the combination of fixed
negative potential and a time-varying (frequency 50 Hz) half-wave positive potential for ion
acceleration [13,14]. The latter was done to be closer to real energy distribution of CXA flux,
calculated for ITER [2]. The mean ion current density to the sample was of the order of 1 mA/
cm?, that is, ~10% ions/m?2.
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In the low-energy ECR deuterium discharge, there are usually not only monoatomic ions
(D*) but also molecular ions (D," and D;*) [15]. In proximity to the mirror surface, such
polyatomic ions fall apart into atoms and monoatomic ions in such a way that their energy,
acquired during passing the accelerating voltage, is divided equally between fragments.
Thus, the surface of mirror is bombarded by particles of equal mass but different energies:
E, E/2, and E/3, where E is the ion energy due to application of an accelerating voltage. With
this peculiarity of plasma composition and sinusoidal time variation of accelerating voltage,
the character of calculated energy distribution of projectiles bombarding the mirror surface
is in a qualitative accordance with the CXA energy distributions measured at tokamaks ([16,
17]) and calculated for ITER conditions [2].

All samples were exposed in several steps in DSM-2 to nonmass-separated plasma ions in
order to study the evolution of investigated properties with fluence. After each exposure step,
the mass change and the reflectance at normal incidence of light (range 220-650 nm) were
measured. The state of sample surface was analyzed by various microscopes (in addition to
mentioned SEM with EDX): optical microscope, interferometer microscope, confocal laser
scanning microscopy (CLSM), atomic force microscopy (AFM); for some BMG samples, the
state of surface was studied by secondary ion mass spectrometry (SIMS), electron microprobe
method, and laser ablation method.

3. Properties after plasma exposure

3.1. Absorption of deuterium

3.1.1. Amorphous specimens

It was found that mirror samples of all grades absorb large amounts of deuterium after the
mirror specimens were bombarded with ions of the deuterium plasma. Because of deuterium
absorption, a weight gain was observed for all tested BMG grades, even if sometime clearly
sputter erosion takes place. This is expected due to the high fraction of hydride forming
elements (Zr, Ti, Be). In Table 3, the weight gain after each plasma exposure step for a sample
of grade #1 is shown. For low enough energies, that is, up to 100 eV, one may suppose that ion
sputter erosion is negligible. Therefore, the ratio of retained deuterium to the impacting ions
can be calculated up to 100 eV, and is shown in Figure 7. Because the ECR discharge does not
only produce D, but also D," and D;" ions, the total flux of deuterium projectiles has to be
somewhat larger than the ion flux measured, and, correspondingly, the portion of retained
deuterium to impacting D atoms has to be noticeably lower, assumed within a factor of ~2.

The set of data for deuterium trapping by different samples is shown in Figure 8. The ion
energy was fixed at 60 eV for the samples of grades #1 and #2, and at 100 eV for both sides of
sample of grade #5, while it was increased from 30 to 600 eV for the sample of grade #4.
Obviously, for fixed ion energy the deuterium uptake increases linearly with ion fluence.
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No of exposure

Accelerating voltage, Ion fluence, 10%

Current density, Weight change, Absorption, D/ion, %

step \% ions/m? mA/cm? ug/em?

1 -30 8.1 1.2 +21 7.7
2 -30 8.1 12 +18.4 6.8
3 -1000 2.0 2.6 0 ?

4 -20 8.1 1.2 +26.3 9.7
5 -100 9.2 1.37 +69.7 22.6
6 -60 9.2 1.36 +48.7 15.8
7 -60 9.8 1.54 +35.5 11.7

Table 3. Results of sequential exposures of one sample of grade #1 in deuterium plasma.
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Figure 7. Dependence on ion energy of the portion of deuterium (in comparison to deuterium ion fluence) retained in
the amorphous mirror sample of grade #1 [10].
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Figure 8. Dependence of deuterium retention for BMG samples on ion fluence found by measuring weight gain. The
details are in the text. Inserted is the sketch of the sample of grade #5 after finishing its exposure in deuterium plasma
on both sides. The chipped side was exposed secondly (triangles, #5-2) to the fluence 1.7x10% ions/m?.



On the Prospects of Using Metallic Glasses for In-vessel Mirrors for Plasma Diagnostics in ITER
http://dx.doi.org/10.5772/63885

A very low level of absorbed deuterium for the sample of grade #4 at the lowest fluences (30
and 60 eV) is most likely explained by insufficient cleaning of this particular sample. A clear
linear dependence takes place from 60 eV up to 150 eV (fluence range from (3.6-12)x10* ions/
m?), then sputtering starts to play more and more important role with increasing ion energy:
ation accelerating voltage of 400 V, sputtering and absorption are about equal, but with further
rise of ion energy the weight started to decrease showing that sputtering prevails over
deuterium absorption. An abrupt transition from linear dependence to saturation gives chance
to estimate the thickness of sputtered layer, as it is described below (Section 3.2).

After last exposure in deuterium plasma (ion fluence~1.9x10% ions/m?) the #4 grade sample
became curved with radius of curvature ~24 cm in such a way that the side exposed to D plasma
ions became convex.

The experiment with exposing front side of sample of grade #5 (data #5-1) was also stopped
(ation fluence 12.8x10* ions/m?) after its bending was discovered, again with exposed side to
be convex (curvature radius ~28 cm).

This fact indicates appearance of tension due to an increase in the specific volume of the near-
surface layer exposed with deuterium plasma ions. The fact of bending means that deuterium
does not penetrate through the whole thickness of samples, and only near-surface layer, of
thickness less than the total thickness of sample, is increasing in volume.
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Figure 9. Straightening of the sample of grade #5 by exposing to the backside (#5-2 in Figure 8).

It was decided to continue the experiments by exposing the back side of the #5 sample in similar
conditions (data #5-2 in Figure 8). During sequential exposures, the sample started to straight-
en gradually (Figure 9) and became plane at ion fluence ~12.0x10* ions/m?, that is, after
approximately the same fluence to the front side caused bending of the sample. Three further
exposures resulted in beginning to bend the sample in opposite direction (radius of curvature
~100 cm) and its partial destruction. Schematically, the shape of the sample after full cessation
of experiment is shown as insert in Figure 8. The thickness of the chipped off part is ~0.25 mm.
Assuming the formation of zirconium hydride in 6-phase (ZrD ., 5) by all retained deuterium,
the thickness of hydride layer would be 0.22 mm. This is excellent agreement with the observed
thickness of the chipped fragment.
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In Table 4, the efficiency of deuterium absorption is shown as the ratio of retained D atoms to
the whole fluence of ions, found as the product of measured ion saturation current and the
total exposure time, because the real proportion between one-, two-, and tree-atomic ions is
not known (see comments in Section 2.3). It follows from Table 4 that the efficiency of uptake
depends strongly on ion energy and composition, but even with identical composition
difference is significant (for grades #1 and #2).

Samples #1 #2 #4 #5
Ion energy, eV 60 60 60-150 100
Ton fluence, 10%*ions/m™2(F,) 6.26 15 15 12.8
Mass gain, mg/cm? 0.27 1.33 15 2.71
Np, absorbed, 1024 D atoms/m™ 0.8 4 5 8.1
Efficiency of absorption (Np/F; ) 0.13 0.27 0.33 0.63
Portion of Zr in composition 41.2 41.2 48 57

Table 4. Comparison of deuterium uptake by different BMG samples.

Comparing data of the table, it looks like there is a tendency for efficiency of uptake to increase
with increasing the portion of zirconium.

A laser ablation technique was applied as an attempt to see the depth distribution of trapped
deuterium. The diameter of laser spot was ~0.3 pum, and the step in depth for every laser shot
was ~1.5 um. As shown in Figure 10, deuterium is confidently registered even after the laser
crater depth reached ~28 um, However, in this method, the effect of side walls of the laser
crater cannot be fully excluded, and therefore, any quantitative conclusion on the real depth
distribution of implanted deuterium can only be done with a definite precaution.
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Figure 10. The amplitude of D* peak in ablated material as function of laser crater depth for a specimen of grade #1
exposed to deuterium plasma ions (60 eV/ion) up to a fluence of 5.9x10* ions/m?.
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Samples that were not exposed to deuterium plasma did not reveal a deuterium peak in their
mass spectra, as can be seen in Figure 11. The hydrogen peak was registered in every spectrum;
however, itis well known that such peak can be an artifact appearing due to not perfect vacuum
conditions in the mass spectrometer chamber.
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Figure 11. Mass spectra of the lighter masses of ablated material for samples of grade #1: (a) not exposed in plasma and
(b) after exposure to deuterium plasma up to ion fluence 1.4x10% ions/m? with different ion energy. Peaks of ions H*, D
*, Be*, C*, and Be* can be clearly distinguished [9].

For another sample of grade #1 exposed to a total ion fluence of ~6x10** m™, a second laser
ablation test was carried out 26 days after the exposure. During that time, the sample was
stored at ambient atmospheric conditions. This sample showed a very different depth
distribution, namely deuterium was not registered during first five shots, and then D* peak
appeared in the sixth shot, reached maximal amplitude in the 7th shot and gradually decayed
to zero in the 11th laser shot. However, the weight of the sample did not change, and thus, it
may be assumed that the retained deuterium was redistributed inside the sample or that some
of the retained deuterium was released, but the associated weight loss was balanced out by
oxidation.

3.1.2. Crystallized specimens

Two samples of grade #2, one amorphous (BMG) and one crystallized (BMG-C), were exposed
in similar conditions for a long term to low-energy (60 eV) ions of deuterium plasma with a
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current density of 2.1 mA/cm?® Other important details of the experiment are presented in
Table 5. During the fourth exposure (total ion fluence 7.5x10* ions/m?), the BMG-C was
fragmented, as shown in Figure 12a. On the contrary, its amorphous counterpart maintained
its integrity and continued to gain weight during the following three exposure steps (total ion
fluence 1.4x10% ions/m?). The reflectance did not appear to be affected noticeably (not shown).

No of exposure  Ion fluence, 10 ions/m?” Weight gain for BMG, pg Weight gain for BMG-C, ug

1 0.47 30 40

2 24 620 0

3 24 920 640

4 24 820 Destroyed
5 1.6 375

6 24 825

7 24 870

Table 5. The history of weight change during exposure of samples of grade #2 to ions of deuterium plasma of 60 eV/
ion, ion current density 2.1 mA/cm?

b)

Figure 12. Photographs of (a) the BMG-C crystallized sample of grade #2 after the fourth exposure to 60 eV ions of
deuterium plasma and (b) its amorphous counterpart (BMG) after the seventh exposure to 60 eV ions of deuterium
plasma [18].

Not catastrophic for the sample, but detrimental for the optical characteristics was the
modification of the surface of another crystallized mirror samples of grade #2, exposed to
deuterium plasma ions in different regimes, Table 6. After the last exposure on the surface of
this sample, there appeared defects in the form of chips and cracks of different sizes and
significant weight loss was measured due to the loss of some fragments inside the vacuum
chamber. The SEM images of chip surface at two magnifications, presented in Figure 13, exhibit
the characteristic for a brittle rupture. The amorphous counterpart was unaltered.
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Such difference in behavior of BMG and BMG-C samples is in a good qualitative agreement
with the results published by Suh and Asoka Kumar on amorphous and crystallized samples
of similar composition that were subjected to cathodic charging [19]. After a critical charging
time, both amorphous and crystalline samples disintegrated. However, the maximum
hydrogen content before total disintegration was up to 30 times greater for the amorphous
phase compared to the crystalline counterpart.

No of exposure Working gas Ion energy Current density, mA/cm?  Ion fluence, 102 ions/m>  Mass loss, ug

1 Ar 200 eV 1.4 3.2 1970
2 Ar 500 eV 13 0.73 1195
3 Ar 1000 eV 1.9 0.36 980
4 D, 1000 eV 2.1 1.6 0

5 D, 1000 eV 2.1 24 20

6 D, 1000 eV 21 2.4 130
7 D, 1000 eV 2.1 24 560
8 D, 1000 eV 2.1 3.2 265
9 D, 60 eV 21 14.1 2900

Table 6. The history of exposure of one of the BMG-C crystallized samples of grade #2 to ions of argon and deuterium
plasma.

Figure 13. SEM images of the crystallized sample of grade #2 after the last exposure (no 9) shown in Table 6 [18].

3.2. Sputtering rate

The adsorption of deuterium makes difficulties when trying to obtain data on sputtering yield
by measuring the weight loss. Therefore, a stainless steel diaphragm (diameter § mm) which
hid the rest part of BMG sample surface of grade #1 (diameter 22 mm) was used for determi-
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nation of the rate of sputtering by deuterium plasma ions. The depth of the erosion hole
measured for ion energies 300, 650, 1000, and 1350 eV are presented in Table 7. The corre-
sponding values of sputtering yield were estimated with taking into account the depth of the
hole, ion current density, and exposure time. The results are presented in Figure 14.

No. of experiment Ion energy, eV Depth of erosion,nm Microhardness, kg/mm? Mass change, ug k n

1 1350 709 639 +23 -210 2.65 2.05
2 1000 660 621 +21 269 191
3 650 505 668 + 10 +40 27 196
4 300 188 682+18 +80 2.68 1.93
5 Not sputter eroded surface 540+18 261 1.77

Table 7. Results of exposure through a diaphragm (8 mm in diameter) of the sample of grade #1 for four ion
accelerating voltage.
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Figure 14. Sputtering yield found from the depths of holes appeared on the surface of sample of grade #1 exposed to
D' plasma ions through an 8 mm diaphragm.

In addition to the erosion depth, the microhardness and the optical constants of surface inside
each exposure spot were determined. It is seen from the Table 7 that D* ion bombardment
modifies the hardness of the near surface layer. The limited information on this subject, like
the amount of trapped deuterium, its depth distribution, etc., does not allow to make a definite
conclusion on the reason of this phenomenon, for example, on its link with volumetric density
of trapped deuterium, as was found by the authors of [19].

After finishing the exposure to ions of energies indicated in the Table 7, optical indices 7 and
k were measured with ellipsometry. Table 7 shows that both optical indices do not depend
strongly on the chosen D* ion energies and fluences; however, they differ a little from the
indices measured for the initial surface, that is, not eroded by ions of deuterium plasma due
to protection by diaphragm.
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Because of the small size (J5 mm in diameter) of grade #3 samples the deuterium adsorption
was not measured quantitatively for these samples (too low mass gain). Aiming to obtain data
on sputtering, one sample of grade #3 was exposed to ions through a Ni gauze with wire
diameter of 20 um and mesh window width of 80 x 80 um. The data obtained are shown in
Figures 15 and 16. Figure 15a shows a typical photograph made with an interference micro-
scope of the sample of grade #3 after it was bombarded with deuterium plasma ions (E=1000
eV, total ion fluence ~6x10? ions/m?) through the gauze, and Figure 15b shows the result of
processing of the interference picture along several windows between wires of the gauze. As
one can see, the sputter depth is about 1 um. This depth corresponds to the sputtering yield
(for not mass separated deuterium ion flux) Y=0.05 atom/ion, which is about a factor two of
the value found for grade #2 (Figure 14).

Depth h, ym
(-3
Ly

e
@ 1% I0 30 40 0 @@ TO W0 ) 100
X, pm

1]

Figure 15. Interference fringes on the surface of the sample of grade #3 after long-term bombardment through the
mesh (a), and the structure of the relief found by processing of the interference fringes (b) [20].

The optical and AFM data presented in Figure 15 and Figure 16 demonstrate similar depth of
erosion in different windows. Also, they do clearly indicate that sputtering of the wire itself
occurs because the edges of each wire are bombarded by ions at small angle to the surface, for
which the sputtering yield exceed considerable the yield at normal incidence [21].
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Figure 16. AFM data for the same sample of grade #3 exposed to plasma through Ni gauze as in Figure 15: (a) 3-D
picture near crossing of Ni wires, (b) 2D picture of same data and height distributions along the lines shown in picture.
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Important to note that saturation seen for the grade #4 sample in Figure 8 is not because
cessation of D absorption but due to faster mass loss caused by ion sputtering in comparison
with the mass gain due to deuterium implantation. Taking this into account and comparing
the linear fit of deuterium absorption with the saturation level of mass rise measured, one can
find for this sample that thickness of sputtered layer after last exposure shown in Figure 8 is
~1 pm, mainly due to sputtering by ions in the range 300-600 eV.

With the use of Ar plasma ions, there was not any problem to measure the weight loss even
after short exposure. The results of these measurements for amorphous and crystallized
specimens of grade #2, depending on the ion energy, are presented in Figure 17 in comparison
with data (solid line) for the bombardment of zirconium with Ar*ions from [11]. As seen, there
is no measurable dependence in the sputter rate for samples in different state. Besides, there
is a trend for lower sputter erosion rate of both samples in comparison to zirconium. This is
in qualitative agreement with data for stainless steel in [21], sputtering yield of which was less
than sputtering yields of each component (Fe, Ni, Cr).
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Figure 17. Sputtering yield depending on the Ar* ion energy for amorphous (BMG) and crystalline (BMG-C) mirror
samples of grade #2. For comparison sputtering yield for pure Zr by Ar from Yamamura and Tawara [11] are shown.
Amorphous sample BMG-3 and crystallized sample BMG-C-3 were made from same ingot.

When performing this experiment, not only mass loss but also the reflectance at normal
incidence was measured after each sputtering procedure. Thus, the behavior of reflectance
under long-term sputtering for samples (BMG and BMG-C) made from the same ingot of grade
#2 but with different structure was determined (see next section).

3.3. Modification of optical properties of amorphous mirrors

3.3.1. Impact of deuterium plasma ions

When exposing BMG specimens of grades #1 and #2 in deuterium plasma, it was found that
even rather short-time bombardment with ions of keV energy range, when sputter erosion
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could be neglected, leads to a measurable decrease of reflectance in the whole spectral interval
of measurement, both for amorphous (BMG) and for crystallized (BMG-C) mirror samples.
The decrement of reflectance change depends on the wavelength: the shorter the wavelength
the deeper the drop. The reflectance may be restored by long-time exposure to low energy (~50
eV)ions of deuterium plasma; the restoration is full or partial, depending on the exposure time
to low-energy ions. This means that the reflectance decrease due to keV ion energy impact is
not connected with modification of the surface microrelief but with some chemical processes
on the surface, like it was established earlier for Be and Al mirror samples [22, 23]. We shall
discuss this fact below in a special section.

As an example, Figure 18 demonstrates the results obtained on one of BMG-C samples of grade
#2. Initially, it was sputtered with ions of Ar plasma, what resulted in the development of some
surface roughness and corresponding reflectance decrease (solid circles = squares). Then, the
sample was bombarded with 1.0 keV ions of deuterium plasma, what caused further reflec-
tance drop (rhombuses); however, not due to increase of the surface roughness, because this
drop was fully restored by subsequent (much longer) exposure to low-energy (60 eV) ions of
the same deuterium plasma (open circles). In contrast, the drop of reflectance caused by Ar
ion sputtering could not be restored in similar way, that is, by exposing sample to low energy
D* ions, as it occurred due to development of surface roughness.
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Figure 18. Spectral dependence of reflectance for BMG-C mirror sample of grade #2 after short exposure (ion fluence of
the order 10% ions/m?) to ions of deuterium plasma with energy 1 keV (#) and following much longer exposure to 60
eV deuterium plasma ions (o).

The correlation of drop and restoration of reflectance for Be-containing BMG samples of grade
#2 is in qualitative agreement with the results of experiments when specimen of grade #1 was
exposed by turns to high (1.0 keV) and low (60 eV) energy ions of deuterium plasma [10].
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For BMG specimens of grade #3, qualitatively similar effect was observed; however, detail
investigation was not provided because of small size (diameter 5 mm).

3.3.2. Impact of argon plasma ions

To avoid the effects connected with chemistry, the consequence of long-term erosion was
studied by the use of Ar plasma ions. In comparison with deuterium, the use of argon as a
working gas is characterized by the following three principle moments: (1) argon is inert under
most conditions and does not form confirmed stable compounds at room temperature; (2)
argon uptake and the creation of a contaminating layer on the metal surface may be neglected;
and (3) the time of experiments can be much shortened because of the sputtering rate of BMGs
with Ar* ions is significantly higher as compared with D* ions.

The evolution of the microrelief and the reflectance of BMG mirror sample of grade #2 was
determined up to erosion depth of 13.4 um by sequential exposures to Ar* ions of different
energy (0.1-1.35 keV). Figure 19 shows the reflectance at three wavelengths versus the
thickness of eroded layer. The data demonstrate that the amorphous mirror maintains the
reflectance at about initial value even after strong sputter erosion. The constancy of reflectance
means that the surface of amorphous mirror does not change during all sputtering procedures.
This fact confirms the supposition made by Voitsenya et al. [5].
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Figure 19. Dependence of reflectance of one of BMG sample mirrors of grade #2 on thickness of layer eroded due to
manifold exposures to ions of Ar plasma with different energy [20].

At the same time, the surface of BMG-C sample (grade #2) made from same ingot but crystal-
lized, became quite rough after sputtering to much lower erosion depth. In Figure 20, the
comparison of SEM images of both samples are shown at the same magnification. One can
observe that the relief appeared on the surface of the crystallized sample of grade #2 has

approximately the lateral size of ~1 um, while the amorphous sample of grade #2 stays very
smooth.
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Figure 20. SEM photos of (a) BMG and (b) BMG-C specimens of grade #2 (made from the same ingot) after sputtering
by Ar plasma ions to the depth 13.4 um and 8.9 um, respectively [10].

We have to emphasize a very significant difference in behavior of optical characteristics of
mirror samples of grade #2 with amorphous (BMG) and crystalline (BMG-C) structures. The
development of roughness on the surface of BMG-C (Figure 20) resulted in degradation of its
ability to transmit an image. Figure 21 shows the images of He-Ne laser beam spot after
reflection: (a) from etalon mirror (Al film on quartz, thatis, “ideal mirror”); (b) from amorphous
mirror of grade #2 after long-term bombarded with Ar*ions (13.4 um sputtered); and (c) from
crystallized BMG-C sample of same grade after Ar bombardment (8.9 um sputtered). The
reflection of the crystallized BMG-C is strongly distorted, while the image of the eroded BMG
has about the same quality as that from the “ideal mirror”. The results of comparative analysis
obtained when processing these images are presented in Appendix B.

Figure 21. Image of the Ne-He laser beam spot after the beam was reflected from (a) “ideal mirror”, (b) from sample of
grade #2 after sputtering 13.4 um, and (c) from crystallized sample of grade #2 after sputtering 8.9 um [24].

3.4. Role of chemical processes

The qualitative similarity between behavior of reflectance of Be-containing BMG mirrors and
Be mirrors exposed in similar manner suggests that in all cases similar processes are realized
on the surface for mirror after impact of deuterium plasma ions with high (~1.0 keV) and low
(~50 eV) energies. From the study of Bardamid et al [22], the reason of this transformation of
BeO into Be(OD), and gradual rise of hydroxide film thickness after the sample is subjected to
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keV-energy ions of the plasma that contains also some amount of oxygen. An inverse process,
namely restoration of initial state with thin BeO coating, on the Be surface occurs when ion
energy is low.

To check this explanation, six BMG samples of grade #3 were sputter eroded by ions of Ar
plasma to the depth of ~2 um—for taking off the consequences of previous work with them.
Then, four of them were bombarded by D plasma ions with energy of 1.35 keV. After that two
of them were additionally long-term exposed to 60 eV ions of D plasma. SIMS analysis (with
Cs+ ions as projectiles) was provided in two different points of the surface of the three pairs
of samples. In connection with good equivalence of four data sets for each procedure (exposure
to Arions, plus exposure to 1 keV D ions, plus exposure to 60 eV D ions), only results obtained
from one point of one sample are shown in Figure 22 for simplicity.
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Figure 22. SIMS data for release of oxide ions for all components composed of BMG specimens of grade #3 after: (a)
sputtering with Ar ions, (b) sputtering by Ar ions plus bombardment with 1.35 keV ions of deuterium plasma, (c) same
as (b) plus long-term exposure to 60 eV ions of deuterium plasma; (d) comparison of the data for BeO ions only [18].

Evidently, the bombardment with keV-range D plasma ions leads to increasing the thickness
of uppermost oxidized layer, but the following exposure to low-energy ions of similar D
plasma results in thinning this layer and restoration of the initial depth distributions of all
oxides.

These SIMS measurements were carried out with specimens having only 27.5 at.% of beryllium.
At the same time, the release of BeO* ions significantly exceeds the release of all other oxides
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together. However, because the relative sensitivities of the various oxides in the SIMS meas-
urements are unknown, no conclusion about depth distribution of different oxides in the near-
surface layer can be obtained. It is worth to add that SIMS results are in qualitative agreement
with data of XPS (X-ray photoelectron spectroscopy) measurements on specimens with a
similar composition [25]. The authors of that paper have found that the uppermost oxide film
is mainly composed of BeO in spite of a quite complicated chemical composition of the
material.

Similar chemical processes are probably responsible for different ratios of Be* and Be*" peaks
shown in Figure 11 when comparing the output at laser ablation of different ions from BMG
samples of grade #1 exposed and not exposed to ions of deuterium plasma.

It is worth to note that qualitatively similar effects on the reflectance (drop for keV ion energy
range and restoration for low-energy ions) were observed also for BMG samples of Al-
containing grades #4 and #5, although not so strong.

3.5. Blisters

After the determination of sputtering rate by D plasma ions (Section 3.2), many small surface
features were found in that part of one BMG mirror specimens (22 mm in diameter) of grade
#1 which was exposed to ions with energy 300 eV (diameter of diaphragm 8 mm, ion fluence
2.4x10* ions/m?). These “blister-like” features covered approximately 15% of the irradiated
surface and generally had a round shape Figure 23a. Their size distribution (diameter) was
obtained by measuring the dimensions of 617 such subjects observed in the view field of the
microscope, ~0.4 mm?. The mean diameter was ~10.5 pm with sizes ranging from ~3 up to 60
pum (one subject). The size distribution of these subjects is shown in Figure 23b. In the following
sections, we use the word “blisters” for these subjects, in spite they do not look like a “classical”
blisters, described by Behrisch [27].

z 60~ 1 -

a) b)

Figure 23. (a) SEM photo of the BMG mirror surface of grade #1 from secondary electrons with characteristic surface
features [26]. The rough parts seen a little below the center are the structure defects described in the part 2.2 (see Fig-
ures 3 and 4); (b) size distribution of blister.
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Figure 24 shows atomic force microscope (AFM) images of the two different types of blisters
and Figure 25 — the corresponding cross-section profiles. The height of the flat-top blister
(Figure 24a) is ~0.2 pm and it is surrounded by an annular groove of approximately similar
depth. The blister of similar size, but with a black central area (Figure 23) can be seen in Figures
24b and 25b). This time, there is an irregular-shaped dome on a flat lid base; the dome is seen
as black color in Figure 23a.

Figure 24. The AFM images of two different kinds of blisters: (a) with flat lid and (b) with a dome-like lid [26].
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Figure 25. Cross-sectional profiles of the blisters shown in Figure 24 [26].

A small part of the blisters is not round, and some of them have a dark part localized closer to
their edge. Elemental maps obtained by EDX suggest that the elemental composition of the
dome differs from that of the main BMG matrix.

The elemental composition of blister surfaces was obtained by two methods: microprobe
analysis and EDX. On blisters with a uniform contrast and smooth lid, there was not found
any noticeable deviation of composition in comparison with the matrix. At the same time those
blister lids without contrast uniformity, seen with BSE, showed presence of impurities. As an
example, in Figure 26, EDX-maps are shown for one of such blisters on the sample of grade
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#1. It is seen that in darkest part of the surface (BSE) there are elements that are not a part of
BMG composition: for example, carbon, oxygen, and iron.

Figure 26. EDX-maps for a part of #1 sample surface with a large blister (~J65 pm).

206V X1,000 0109 10 56 SEI 20KV X1,000 10pm 0109 10 56 BEC

b)

Figure 27. Image of a large blister with indication of points, P1 to P3, where measurements of composition were done:
(a) SE and (b) compo (BSE).

In Figure 27, SE and BSE images of a blister on another sample of grade #1 are shown; the
blister lid is not smooth partly. Numbers 1-3 indicate the points where a microprobe analysis
was done (note that Be, C, and O cannot be registered by used setup). The results of measure-
ments in those points are presented in the Table 8. Again, a small amount of impurity at the
lid, this time, chromium, was registered. Based on results of EDX data for other blisters, one
may assume that in the dark parts of the lid there are C and O also.

Several peculiarities of the blisters can be noted from presented data: (i) the blister location on
the surface does not depend on the presence of defects in the grade #1 BMG described in the
Section 2.3 (this is clearly demonstrated by Figure 23a); (ii) it looks like there is a probability
that large blisters are localized in those parts where there are some concentration of contami-
nants, like iron, chromium, which can appear to be random; (iii) the parts of blister lids that
look darker in BSE images are contaminated with carbon and oxygen; (iv) around practically
every blister, there is evidence of stress-induced ductile deformation leading to a depression;
(v) the inspection of several hundred features did not result in the observation of any cavity
such as might be found following the bursting of blisters.
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Element Passport Matrix Smooth part of Coarse part of
data, (P1), at.% the blister the blister
at% surface (P2), surface (P3),

at.% at.%

Zr 41.2 56.6 57.7 49.7

Ti 13.8 16.9 17.3 15.4

Cu 12.5 13.9 13.1 124

Ni 10.0 121 12.0 11.7

Hf 0.6 0.6

Fe 8.3

Cr 1.9

<
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Figure 28. (a) Location of pricks by a nano-pin (yellow crosses) at the surface of a large dome-like blister, seen in Fig-
ure 23a. (b) The load and unloading curves of indenter measured at locations indicated in (a).

To clear up the reason of difference between both kinds of blisters, the nanoindentation
procedures [28] were provided in matrix, in plane, and dome-like lids. The location of
measurements is shown in Figures 28a and 29a. The results are presented in Figures 28b and
29b.

It is seen that the dark part of blister lid is soft and ductile. Three zones can be distinguished
on the load curve: soft near-surface layer with ~80 nm in thickness (I), transition layer (II), and
more solid material (comparable with hardness of matrix) at the depth starting from 140 nm
(II).

These measurements demonstrate that the structure of the uppermost layer is very different
for this pair of blisters: the dome-like one has a very soft uppermost layer (up to about 80 nm);
the hardness of the material here became to be comparable with that measured for the plane-
roof feature only at the depth 2140 nm. At the same time, for plane roof feature, the hardness
is much higher, composing ~60% of the matrix hardness.
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Blisters were previously observed on metallic glasses of several kinds and on their crystal
analogues after bombardment with H* and He" ions of energies up to 100 keV [29-31]. As was
found, on amorphous materials blisters appear at ion fluences approximately three times
greater than on the same materials in crystalline state. The blisters had dome-shaped lids with
diameters in the range 0.5-2.5 um (mean value 1.25 um) for H* ions [29]. Such dimensions
correlate well with the implantation range of the H* ions, thus suggesting the formation of
“classical” blisters [27] due to accumulation of hydrogen in the near-surface region.

In conclusion, we would again state that difference in size, along with the atypical shape (like
flat lids, annular grooves, the lack of broken lids, etc.), indicate that the observed features are
not blisters in common understanding of this word [27].
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Figure 29. (a) SEM photo from backscattered electrons of the part of the surface shown in Figure 23a. (scale is 50 um).
Locations of pricks by a nano-pin at the surface of a plain lid blister and nearby matrix are shown by lower arrow and
upper arrows, correspondingly. (b) The load and unloading curves of indenter measured at locations indicated in (a).

4. Summary

BMG mirror samples of different elemental composition were investigated in experiments
simulating the behavior of first mirrors under impact of charge exchange atoms in the fusion
reactor ITER. As projectiles the ions of deuterium and argon plasmas were used. Behavior of
optical properties and surface topography, uptake of deuterium, effects of sputtering on optical
reflectance in the visible spectrum, and chemical processes in anear-surface layer were studied.
It was found that some of the studied properties have weak dependence on material compo-
sition whereas the others show noticeable differences. The following statements can be made:

1. Initial reflectance of BMG mirror samples under study is close to reflectance of W mirror
for wavelengths exceeding 300-500 nm. The highest reflectance was measured for samples
of grade #2 independently on the state: amorphous or crystallized.

2. Inthe body of three kinds of samples, structural inhomogeneities were described, which
are connected with deviation of local composition from the composition of matrix, as was
studied in detail for BMG samples of grade #1. The composition of inhomogeneities, that
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occupied small part of the sample volume, was depleted with zirconium in comparison
with amount of Zr on average. The ion-sputtering rate of material in these parts was higher
than that of the main matrix, which leads to shallow depressions appearing on the sample
surface with a rather planar bottom of 10-30 pm in size and the depth depended on
sputtering time.

On the samples of grades #3 and #4 inhomogeneities of relief became clearly visible after
eroding a layer exceeding 1 um, either with ions of argon (grade #3) or deuterium plasma
(grade #4).

Under long-term ion bombardment (thickness of sputter eroded layer was 13.4 pm in the
case of #2 grade) no noticeable change of surface topography and reflectance for matrix
of all BMG mirror samples was observed, excluding grade #4, where inhomogeneities
occupied a rather big portion of the surface. In contrast, significant degradation of the
mirror surface quality was found for the crystallized BMG sample of grade #2 sputtered
to much less depth than its amorphous counterpart in similar conditions.

Under bombardment by deuterium plasma ions some amount of deuterium is absorbed,
with the tendency to increase of absorbed portion when increasing the portion of zirco-
nium. The highest value of deuterium was absorbed by BMG sample of grade #5:
1.1x10% D atoms/m?>.

The absorbed deuterium, most likely, does not penetrate through the whole thickness of
the sample but is accumulated in the layer with a thickness of a few tenths of millimeter
(note, thickness of samples is 2-3 mm). At ion fluence exceeding 1x10% ions/m? samples
become bent in such a way that the front side (exposed to ions of deuterium plasma)
became convex with radius of curvature ~24 cm for grade #4 and ~28 cm for grade #5.
Following exposures in similar conditions of the back side of grade #5 resulted in gradual
straightening of the sample, and even bending it in opposite direction with further
increase in ion fluence.

For samples of grade #2 in amorphous state, the deuterium ion fluence (15x10* D
ions/m?) much exceeded the value for their crystallized counterparts when they started
to the destroy: ~5x10% D ions/m?

After implantation of deuterium (up to 1.1x10® D atoms/m? for grade #5 sample), there
was not observed any indication on appearance of crystallized phase in amorphous
samples.

There was not found any measurable effect of deuterium implantation on optical prop-
erties of mirror sample, either in amorphous or crystallized states.

On a small part of the surface of BMG mirror sample of grade #1, exposed to ions of
deuterium plasma accelerated to the energy 300 eV, the blister-like features appeared with
the shape different from what can be found in literature.

When BMG mirrors with beryllium or aluminum in their composition are exposed to
deuterium plasma, chemical processes on the surface play a definite role in behavior of
their optical properties.
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In conclusion, we noted that because of the high absorptivity of hydrogen isotopes, existing
Zr-based BMG cannot be a prospect material for in-vessel mirrors in ITER. However, in view
of rather rapid progress in the development of amorphous materials, there is a hope that BMG
materials with alow absorptive capacity (for hydrogen isotopes) will be designed in the future,
what will permit their use for fabrication of in-vessel mirrors operating in the conditions with
high fluxes of charge exchange atoms, neutrons, and gamma radiation.
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Appendix A: Fabrication of amorphous alloys containing beryllium

The main peculiarity of bulk amorphous metal alloys is that they have a multicomponent
mixture; as the rule, 4-5 components are used for their preparation. Among the most perspec-
tive is Zr-based bulk amorphous metal alloy that demonstrate a high mechanical strength and
fracture toughness with good corrosive resistance. For the system Zr-Ti-Cu-Ni-Be, the maximal
critical thickness known from literature amounts to 30 mm at the critical cooling rate 1-5 K/s.
This opens the way for preparation of mirror samples with a standard size (diameter 22 mm
and thickness 3-4 mm) for experimental modeling the behavior of mirrors in ITER.

For smelting of ingots of bulk metallic glasses in Kharkov (grade #2, Table 1), an electric arc-
smelting device with the nonconsumable electrode was used. The melting operation was
realized in water-cooled copper mold, inside its cavity of reference shape and dimensions.

The alloy has the following composition: Zr41Ti14Cu12,5Ni10Be22.5. The purity of all metal
components was not less than 99.9 weight percent. As the starting materials the iodide Zr and
Ti, cathodic Ni, electrical copper, and distilled Be were used.

All components were mixed in the necessary proportion and placed in a mold cavity of the
water-cooled copper mold of the melting facility. After that the melting facility was pumped
for degassing the furnace charge and filled with pure argon to the pressure that ensures a stable
arc burning. Then, arc was initiated and the metal got fused. The form and the size of ingots
are specified by the mold cavity shape and amount of the furnace charge. For obtaining a
homogeneous composition of an amorphous material it was molten many times with opening
the melting facility and with flip over of the ingot for 180°. The initial sizes of ingots (diameter
25-28 mm and thickness 10-14 mm) were defined by the requirements to have the standard
size of mirror samples (22 mm in diameter).

The billets for fabrication of mirror samples and specimens for providing different investiga-
tions of the properties of the amorphous material were prepared by means of electric discharge
sawing. Figure A1 shows the photos of one of ingots from which the upper and lower “caps”
were cut off (left), before it was cut further into two halves (right) which served as billets for
fabrication of mirror samples. One half of every ingot was annealed at 773°K during one hour.
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The crystallization was checked by using the X-ray diffractometer DRON-4-07, and the results
are shown in Figure 1.

p- 2@

Figure A1. The photos of the ingot with cut off upper and lower “caps” before (left) and after (right) cutting into two
halves which served as billets for the fabrication of mirror samples.

Appendix B: Processing of images of laser spots reflected from test mirrors

To study the structure of a laser spot image after laser beam reflection from a given surface,
the sampling of brightness of pixels B(x) for every image in Figure 21 was carried out along
its diameter following a horizontal line or lines inclined at 45°, 90°, and 135° to this line. The
spot is 440 pixels in diameter that corresponds to 4 mm. We removed a sampling component
corresponding to a radial decrease in the spot brightness ("a bell shape") using a Fourier
transform. The sequential combination of samplings extends the sampling path and improves
the statistics.
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Figure B1. The contour diagrams of the distributions AN/(AA-AB). The designations correspond to the laser spot im-
ages a—c of Figure 21.

A comparison of the samplings "by eye" shows that B,(x) is characterized by very short
wavelengths and very low variations of the brightness. These parameters are higher for B,(x)
and much higher for B(x) by the reason of increasing the surface roughness.

The procedure described in [32] is intended to compute the one-dimensional distribution
function AN(A)/AA or, in other words, the number of waves N in a spectral interval AA where
the wavelength A is along the image. We extended this function to two-dimensional one
AN(A,B)/(AA-AB). The functions a—c are marked with constant-level lines in the contour
diagram of Figure B1. The upper limits of the wavelength axis A are the same for all the spots,
and those of the brightness axis B are different.
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We observed one group with the very short wavelengths and the very low oscillations of the
brightness for the laser spot “a” (the “ideal mirror”). The spot “b” (BMG mirror) has three
groups of the short and medium wavelengths, and the medium variations of the brightness.
And the spot “c” (BMG-C mirror) has five groups of the short, medium, and long wavelengths,
and the medium and high variations of the brightness. The results of an analysis are shown in
Table B1.

B, a. u. B,a. u. B, a.u. S, pixels Aoy Pixels
a 12 0.5 25 3 7
b 27 10 50 24 59
c 78 27 300 53 138

Table B1. The parameters of distributions: B,,—the average brightness, B,—the standard deviation of B, B,,,,—the

highest B, S,,—the average wavelength, A, —the longest wavelength.

'max

The obtained distributions are in good agreement with the photos a—c of the laser spots. All

“_r "

the parameters in Table B1 are growing from “a” to “c”. Especially, five groups related to the

spot “c
fracture.

confirm the existence of very long irregularities and, eventually, indicate a surface
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Metallic glasses and amorphous materials have attracted much more attention in
the last two decades. A noncrystalline solid produced by continuous cooling from
the liquid state is known as a glass. From the other point of view, a noncrystalline

material, obtained by any other process, for example, vapor deposition or solid-state
processing methods such as mechanical alloying, but not directly from the liquid state,
is referred to as an amorphous material. At this moment, bulk metallic glasses (BMG)
are appearing as a new class of metallic materials with unique physical and mechanical
properties for structural and functional usage. Extreme values of strength, fracture
toughness, magnetic properties, corrosion resistance, and other properties have been
registered in BMG materials.
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