
ETH Library

Structure-property correlations in
glassy Mg-Cu-Y, and corrosion
resistance of novel Mg-Al-Ga
glasses

Doctoral Thesis

Author(s):
Uhlenhaut, Dirk Ingmar

Publication date:
2008

Permanent link:
https://doi.org/10.3929/ethz-a-005702860

Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

https://doi.org/10.3929/ethz-a-005702860
http://rightsstatements.org/page/InC-NC/1.0/
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


Diss. ETH No. 17941

Structure–property correlations in
glassy Mg–Cu–Y, and corrosion

resistance of novel Mg–Al–Ga glasses

A dissertation submitted to the

ETH Zürich
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acknowledged for co-refereeing this work.

Dr. Ohnuma Masato, at the time a senior researcher in the group of Prof. Hono at the

National Institute of Materials Science, Japan, is greatly acknowledged for suggesting synchrotron

X-ray diffraction, dynamic mechanical analysis and positron annihilation experiments.

Similarly, Dr. Alberto Castellero and Dr. Florian Dalla Torre (both at ETH Zürich) supported
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Abstract

Magnesium-based alloys are interesting for applications as structural materials due to their high

specific properties. The element is not only highly abundant in the earth’s crust and biocompat-

ible, but it also is the base element for a large variety of metallic glass-forming compositions. In

this work, two major limitations for the application of Mg-based metallic glasses were addressed:

First, the well-known glassy compositions, containing transition metals and rare earths, embrittle

at room temperature or are brittle in the as-quenched state. Second, all Mg-based alloys known

to date show a very low resistance to corrosion in aqueous solutions containing aggressive ions.

To elucidate the mechanisms behind the change in mechanical properties, the time-dependent

room-temperature embrittlement of rapidly-quenched amorphous Mg–Cu–Y alloys was investi-

gated. Calorimetric measurements reveal a reduction in enthalpic content with time, correspond-

ing to a loss in free volume, and radial distribution functions obtained from synchrotron X-ray

diffraction experiments show an overall reduction in interatomic distances. Positron annihilation

lifetime spectra show two distinct lifetimes, with the longer-lifetime component (attributed to

areas of larger free volume) vanishing after an ageing time corresponding roughly to the time

of embrittlement. Positron coincidence Doppler broadening suggests that the immediate envi-

ronment of the annihilation sites is not altered during ageing. The experiments imply that the

ductility correlates with structural changes in the alloy: The densification observed, resulting

from disappearing large free volume, is assumed to cause the sharp ductile-to-brittle transition

in these Mg-based glasses. Simultaneously, the changes in elastic constants, internal friction and

damping were measured by dynamic mechanical analysis as well as acoustic resonance. The

alloys’ elastic moduli increase during room-temperature relaxation, while the damping as well

as the internal friction decrease. This corresponds to a progressive relaxation of the alloy with

time, leading to a more rigid structure. The changes in properties are discussed in context with

the dependence with composition, and conclusions towards the correlation of the properties of

these glassy compositions on the quenched-in free volume are made. Relations between structure

and mechanical properties are also discussed on the basis of the energy landscape model.

Further, the corrosion behaviour of novel glassy Mg–Al–Ga(–Ca) alloys, developed with the

aim of finding a highly corrosion-resistant Mg-based composition, was investigated in 0.1 M

NaCl solutions of various pH values. Potentiodynamic polarisation measurements confirmed a

pronounced passivity for solutions of 4 ≤ pH ≤ 12. The polarisation characteristics in such solu-

tions resemble the ones of pure aluminium, reaching corrosion currents of as low as 10−6 A/cm2.

Optical microscopy, X-ray diffraction, X-ray photoelectron spectroscopy and Auger electron spec-

troscopy were performed on samples immersed at open circuit conditions in neutral, acidic and

x
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alkaline 0.1 M NaCl solutions to observe the time-dependent passive film formation. A significant

incorporation of aluminium in the surface layers was found. The alloys show an unusual stabil-

ity against dissolution in chloride-containing solutions, rising expectations of a highly corrosion-

resistant Mg-based alloy. The time-dependent limitations of this stability are discussed in context

with the surface films observed.
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Zusammenfassung

Magnesium-basierte Legierungen sind aufgrund ihrer guten spezifischen Eigenschaften interes-

sant für Anwendungen als strukturelle Materialien. Das Element ist nicht nur reichlich auf der

Erde vorhanden und biokompatibel, sondern ist auch das Grundlegierungselement einer Vielzahl

glasbildender Zusammensetzungen. In dieser Arbeit wurden zwei grundlegende Limitierungen

für die Anwendung von Mg-basierten metallischen Gläsern behandelt: Erstens, die glasbilden-

den Zusammensetzungen, legiert mit Übergangsmetallen und seltenen Erden, verspröden bei

Raumtemperatur oder sind spröde im abgeschreckten Zustand. Zweitens, alle heute bekannten

Mg-basierten Legierungen sind sehr anfällig für Korrosion in wässrigen Lösungen, die aggressive

Ionen enthalten.

Um den Mechanismus hinter den sich verändernden mechanischen Eigenschaften aufzuklären,

wurde die zeitabhängige Versprödung bei Raumtemperatur von schnell abgeschreckten amor-

phen Mg–Cu–Y–Legierungen untersucht. Kalorimetrische Messungen zeigen eine zeitabhängige

Verringerung des enthalpischen Gehalts, was einem Verlust an freiem Volumen entspricht. Mit

Synchrotron-Röntgenstrahlung gemessene radiale Verteilungsfunktionen offenbaren eine zeitab-

hängige Verringerung der mittleren atomaren Abstände. Positronen-Annihilation-Messungen

weisen zwei unterschiedliche Lebenszeiten auf, wobei die längere Lebenszeit (die Bereichen mit

großem freien Volumen zugeordnet wird) nach einer Zeitspanne verschwindet, welche etwa der

Versprödungszeit entspricht. Die mit koinzidenten Detektoren gemessene Doppler-Verbreiterung

der Positronen-Annihilationsenergien weisen darauf hin, daß sich die unmittelbare Umgebung

der Annihilationsvolumina während der Alterung nicht verändert. Diese Versuche implizieren,

daß die Versprödung mit den strukturellen Veränderungen in der Legierung zusammenhängt.

Es wird vermutet, daß die beobachtete Verdichtung, welche insbesondere von verschwindenden

Bereichen großen freien Volumens resultiert, die Versprödung in diesen Mg-basierten Legierun-

gen verursacht. Gleichzeitig wurden die Veränderungen in den elastischen Konstanten, interner

Reibung und Dämpfung mit dynamisch-mechanischen Analysegeräten und akustischer Resonanz

gemessen. Die elastischen Konstanten der Legierungen nehmen mit zunehmender Relaxation

zu, während die innere Reibung als auch die Dämpfung abnehmen, was auf eine kontinuier-

liche Veränderung im Material zu einer steiferen Struktur hinweist. Die Veränderungen in den

Eigenschaften werden im Zusammenhang mit der chemischen Zusammensetzung diskutiert, und

es werden Schlußfolgerungen über die Abhängigkeit der Eigenschaften dieser Legierungen vom

eingefrorenen freien Volumen gezogen. Ebenso werden Zusammenhänge zwischen Struktur und

mechanischen Eigenschaften auf der Basis des Energielandschaftsmodell diskutiert.

Ferner wurde das Korrosionsverhalten glasartiger Mg–Al–Ga(–Ca)–Legierungen in 0.1 M

xii
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NaCl-Lösungen mit verschiedenen pH-Werten untersucht. Potentiodynamische Polarisations-

messungen bestätigten eine ausgeprägte Passivität in Lösungen mit 4 ≤ pH ≤ 12. Die Polari-

sationscharakteristik in solchen Lösungen ähneln denen von reinem Aluminium, wobei geringe

Korrosionsströme von 10−6A/cm2 erreicht wurden. Optische Mikroskopie, Röntgenbeugung,

Röntgen-Photoelektronenspektroskopie und Auger-Elektronenspektroskopie wurden auf Proben

durchgeführt, welche in neutralen, sauren und basischen 0.1 M NaCl-Lösungen eingelegt wur-

den, um die zeitabhängige Passivfilmbildung zu verfolgen. Eine signifikante Anreicherung von

Aluminium in die Oberflächenschicht wurde beobachtet. Die Legierungen zeigen eine ungewöhn-

liche Stabilität gegen Auflösung in chloridhaltigen Lösungen, was Erwartungen bezüglich einer

hochgradig korrosionsbeständigen Mg-Legierung weckt. Die zeitabhängige Limitierung dieser

Stabilität wird im Zusammenhang mit den beobachteten Oberflächenfilmen diskutiert.
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Chapter 1

Introduction

1.1 What is a glass?

What is a glass? People are often surprised when I say that I am researching metallic glasses:

I have to assure them that it is not simply a drinking vessel made of metal, but that what we

usually refer to as glass is actually a structure type. Indeed, many dictionaries such as Merriam

Webster (www.merriam-webster.com) and Encyclopaedia Britannica (www.britannica.com) refer

to glasses as being “an inorganic solid material that is usually transparent or translucent as well

as hard, brittle(...)”.

Glasses have been known and used for several millennia, mainly as silicon oxide glasses and

its modifications, and possibly were one of the first ‘engineering’ materials, as they could be

produced simply by melting silica sand—it can be assumed that this happened right after the

first fires were lit on desert grounds or beaches. In the last century, organic glasses (such as

PMMA or other polymers) were designed and produced in mass scales; typical products such as

drinking cups made of polystyrene (PS) or rulers made of Plexiglas are popular because of their

flawless transparency. Polycarbonate, another organic glass with very good optical properties

and a high elastic limit, is nowadays used for the production of CDs or tough eye- or sunglasses.

In this work, the terms ‘glassy’ and ‘amorphous’ (from the Greek: άµoρφoσ, unshapely,

formless) will be used synonymously to describe a solid state without long-range ordering. In

specific literature, distinctions can be found, where some people refer to glasses as anything solid

that was quenched from the melt without crystallisation, whereas amorphous would designate a

state obtained from the solid or gas phase. In the metallic glass literature, sometimes amorphous

solids are only called a glass when there is a glass transition visible prior to crystallisation during

continuous heating experiments.

1



Chapter 1: Introduction

1.2 Discovery, development and processing of metallic glasses

The first metallic glass was only discovered by accident in the late 1950’s, when Klement and

co-workers in the group of Pol Duwez were trying to produce solid solutions of gold-silicon alloys

by quenching the low-melting eutectic onto a curved copper block [Klement et al., 1960]. To their

surprise, the quenched solid revealed no grains but a homogeneous amorphous structure without

any long-range order. With this discovery, a new field of metallic alloys was opened to research.

At the time, extremely high cooling rates were required to prevent the melts from crystallising

during solidification, ranging up to 106 K/s or more. The findings stimulated research in labo-

ratories worldwide, leading to the discovery of other compositions such as iron-based amorphous

alloys [Duwez and Lin, 1967], and finally to the development of bulk metallic glasses in the Zr–

TM system including several other elements such as Ni and Cu. This was originally suggested

by A. Inoue [Zhang et al., 1991], then improved conceptually by W.L. Johnson, who with the

addition of Be as a very small element [Peker and Johnson, 1993] managed to produce 14 mm

amorphous rods by water quenching. This is of great technological importance, as the cooling

rate is the main limiting factor for the minimal dimension of the cast part. Here, water quenching

provides sufficiently high cooling rates to produce parts of several millimetres in size. In response

to this, A.L. Greer published an article [Greer, 1993] on the confusion principle, using the fact

that a high number of differently-sized elements at precisely defined quantities were necessary to

quench these alloys to the glassy state.

Earlier, alloy development had already led to the discovery of a Pd–Ni–P glass with critical

casting thicknesses of about 1 cm [Drehman et al., 1982], which finally led to the discovery

of a Pd–Cu–Ni–P glass with critical casting thickness of about 72 mm [Inoue et al., 1997],

corresponding to cooling rates of less than 1 K/s. The applicability of this material can although

be questioned due to its very high palladium content, and the resulting costs for the raw material.

Metallic glasses are always alloys of two or more components, as opposed to for example silicon,

sulfur, carbon and other non-metallic substances, which can form pure elemental amorphous

solids. The alloys usually are highly sensitive to their composition, and high-purity elements have

to be used to prevent heterogeneities acting as nucleation sites. Thus, a high-purity atmosphere

and inert crucibles are requirements for processing of the alloys as most of the liquid metallic

elements are highly reactive.

Depending on the cooling rate required for obtaining a glass, quenching can be done by

catching a falling drop with two copper plates (splat cooling), shooting the melt onto a rotating

copper wheel (melt spinning), or by methods resembling conventional castings using gravity,

argon pressure or pistons to force the melt into a mold which is usually made of copper. Copper,

2



1.3 Structure, features, properties and applications of metallic glasses

being a good heat conductor, proved to be a useful quenching material in all of these methods. In

fact, the high heat conductivity of copper renders additional cooling unnecessary. Cooling rates

of up to 106 K/s can be achieved by splat cooling, while with melt spinning cooling rates of 105

to 106 K/s are obtained. In casting methods, the cooling rate is mainly defined by the smallest

dimension of the chill mould. Other methods are viable for the production of amorphous metals,

particularly high energy methods such as ball milling [Weeber and Bakker, 1988] and deposition

from the gas phase. These methods will not be considered in this thesis; all work will exclusively

refer to processing the alloys from the melt.

By definition, the (kinetic) glass transition temperature (T ∗

g ) is reached during cooling when

reaching a melt viscosity of 1013 Poise or 1012 Pas. At this viscosity, the properties are signifi-

cantly different from the behaviour of the undercooled melt. The glass transition is a ‘pseudo’

second-order phase transition, as the first derivatives of the Gibbs free energy G = U + pV −TS

(with internal energy U , pressure p, volume V , temperature T and entropy S) are continuous1.

The strong dependence on kinetics led to the term ‘pseudo’. For practical reasons, the calorimet-

ric glass transition temperature (Tg) is usually measured during continuous heating experiments,

where an endothermic effect can be observed during the transition from the glassy phase to the

undercooled melt, and used synonymously for the glass transition temperature.

1.3 Structure, features, properties and applications of metallic

glasses

The structure of amorphous alloys resembles the one of the liquid phase, being characterised

mainly by the absence of long-range order. The atoms in the liquid phase possess translational

degrees of freedom, allowing their fast diffusion. The glass, commonly not allowing atomic

mobility, shows mainly properties of a rigid solid. Despite of its glassy structure the alloy is

still of metallic nature, revealing specular reflection and metallic conductivity, although on an

inferior level compared to crystalline alloys and elements.

Due to the absence of the crystalline lattice periodicity, lattice-based properties of the solid

state are not found in this class of materials. This includes trivially grain boundaries and all

kinds of anisotropy; it also influences the mechanical properties as plastic deformation for example

relies on dislocations or twinning, it changes magnetic properties as a periodic lattice lowers the

energy for magnetic domains, and many others.

1A first-order transition shows a discontinuity in the first derivative of G with a thermodynamic variable,

according to the classification of Ehrenfest.

3



Chapter 1: Introduction

The mechanical properties of metallic glasses are one of the reasons for the great interest in

this relatively new family of materials. Elastic limits usually reach 2% strain, outperforming the

typical 0.2% of commercial steels by one order of magnitude and making these materials ideal

for all kinds of elastic energy storage applications, such as sporting goods, springs or housings

(see a schematic of the mechanical properties in Fig. 1.1). The density-specific yield stresses

are typically twice as high as those of crystalline alloys [Löffler, 2006], ranging to far above the

values of high-strength steels. But metallic glasses usually fail catastrophically upon reaching

their yield stress, without any plastic deformation warning the upcoming rupture of the part.

When they fracture, glasses usually reveal conchoidal (clam-shell marked) fracture, producing

extremely sharp edges.

The soft-magnetic properties led to early applications of Fe-based ribbons in transformer cores

and are still nowadays the most established use in industrial products (for example as anti-theft

devices). Here the absence of magnetic domains in the fully amorphous ribbon reduces coercivity

and therefore energy losses during switching of the polarisation in the core. By annealing of the

glassy phase, fine precipitations of exactly defined size can be produced, leading to very well

controllable (local) magnetic properties and the reduction of magnetostriction [Suzuki et al.,

1991].

Additionally, the usually complete solubility of alloying elements in the liquid and therefore

also in the amorphous phase allow the existence of a solid without precipitates, avoiding the

formation of local variations in electrochemical potential. Precipitates as well as grain boundaries

often lead to local galvanic elements responsible for an accelerated corrosion of the less noble

phase. In the case of metallic glasses, homogeneity down to the nanometer scale can be assumed,

and therefore good electrochemical performance can be expected.

1.4 Magnesium and its properties

Magnesium offers several attractive features for its use as an engineering material. Magnesium is

of very low density (as low as 1.74 g/cm3 in pure form), it is as a base element amongst the best

glass-forming compositions, it is perfectly biocompatible and even biodegradable. Despite of its

flammability, Mg is sufficiently processable and abundant in the earth’s crust. Nowadays Mg-

alloys are used as light-weight structural parts or casings, in the transportation and automotive

industry, or for electronic devices due to its high specific properties.

A major limitation are its poor mechanical properties in the crystalline as well as in the

amorphous state. The crystalline alloys achieve roughly 200–300 MPa of yield strength, while

4



1.4 Magnesium and its properties

showing limited ductility due to their hexagonal crystal structure, allowing only few slip systems

to be activated at room temperature. In the case of amorphous alloys, as described in the

previous chapter, higher yield stresses and better electrochemical properties can be expected due

to the absence of a crystalline lattice structure. Still, experiments show that existing Mg-based

glasses possess only a low fracture toughness.

Magnesium in its pure form is a highly reactive metal. The Pourbaix diagram gives a rough

indication of the properties that have to be expected when Mg is used as a base alloying element.

In fact, Mg shows a very active dissolution in aqueous media of pH-values below 11. In the range

of practical (neutral) pH-values, it is very difficult to protect the alloy from corrosion. For a

cathodic protection, potentials as low as -2 V must be reached, which can only be achieved by

active devices, i.e. the use of sacrificial anodes, such as Zn-coatings in the case of steels, is not

practicable to ensure the usability of Mg. For these reasons, Mg-based alloys are usually not

applied where a good corrosion-resistance is needed.

Mechanical and electrochemical properties of Mg-based glasses

Magnesium-based amorphous alloys have been known since the end of the 1980’s, when Inoue

and co-workers reported on Mg–Ni–La [Inoue et al., 1989] and Mg–Cu–Y [Inoue et al., 1991].

For the time, exceptional glass-forming ability of up to 7 mm was obtained, and still today some

of the best glass-formers known were found in the Mg-based systems. Further combinations of

magnesium with late transition metals such as Cu, Ni, Co, Ag, Pd and the partial or complete

substitution of Y by La, Tb or Gd led to compositions of excellent glass-forming ability of up to

10 mm [Ma et al., 2003; Men et al., 2003, 2002a,b; Xi et al., 2004; Ma et al., 2005b] and even

25 mm [Ma et al., 2005a]. Exceptions from this Mg–TM(–RE) scheme (TM = transition metal,

RE = rare earth) were seldom, yet occurred in the Mg–Al–Ca system [Shaw et al., 1997], in

the Mg–Zn–Ca system [Gu et al., 2005] and in the Mg–Cu–Ca(–Y) system [Guo et al., 2007],

of which some compositions were even bulk glass-formers. Additionally, in these recent systems,

the resulting alloys were still ‘light’ alloys with densities of around 2 g/cm3, whereas particularly

the Cu- and Ag- or Pd-containing alloys all reach densities of about 4 g/cm3, and therefore have

to be compared to conventional Ti-based alloys rather than Mg- or even Al-based systems.

Soon after the discovery of the excellent glass-forming ability in the Mg-Cu-Y–System, the

mechanical properties of bulk samples in compression [Inoue et al., 1991] as well as in tension [In-

oue et al., 1992] were investigated. The alloys known at the time exhibited mechanical strength

of more than 800 MPa in compression and 630 MPa in tensile mode, being purely elastic in both

cases (i.e. no real plastic strain could be observed in the stress-deformation charts). The bending
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Chapter 1: Introduction

Table 1.1: Important glass-forming compositions as reported in literature, by year of publication

composition critical casting thickness Ref.

Mg75−65Zn25−35 ribbons Calka et al. 1977

Mg65Cu25Y10 7 mm Inoue et al. 1992

Mg65Cu15Ag5Pd5Y10 12 mm Amiya and Inoue 2001

Mg65Cu10Ag5Pd5Gd10 10 mm Men et al. 2003

Mg65Cu7.5Ni7.5Zn5Ag5Y10 9 mm Ma et al. 2003

Mg65Cu15Ag10Y2Pd8 9 mm Park et al. 2004

Mg65Cu25Gd10 8 mm Park et al. 2004

Mg65Zn30Ca5 4 mm Gu et al. 2005

Mg58Cu30.5Y11.5 9 mm Ma et al. 2005b

Mg54Cu26.5Ag8.5Gd11 25 mm Ma et al. 2005a

behaviour of thin ribbons or splats has been investigated [Niikura et al., 1993], and it was found

that glasses quenched with very high speeds, producing samples of only 0.05 mm in thickness or

less, were ductile in bending in the sense that they could be folded by 180◦ without fracture. This

reported bending ductility was found to be dependent on the chemical composition, and to vanish

after a heat treatment of 180 s at temperatures little above ambient temperature. The change

in properties was on the basis of calorimetric measurements attributed to ‘chemical–structural

relaxation’ without further investigations.

Recently, the electrochemical properties of many known Mg-based glassy compositions have

been investigated. Particularly, two groups have been active in the field (A. Gebert at the IFW

Dresden, Germany and the group around Yao, Lee and Wee at the National University of Singa-

pore). The electrochemical properties of Mg65Cu25Y10 [Gebert et al., 2001], Mg65Cu15Y10Ag10

[Rao et al., 2003a,b], and Mg–Ni [Yao et al., 2001a], Mg–Y [Yao et al., 2001b], and Mg–Ni–Nd

[Yao et al., 2001c] have been investigated in detail, to mention the most important ones. The

outcome of all these publications can be summarised as follows: Yttrium and other lanthanides

improve the passivity, as they can form stable oxides in neutral to alkaline solutions. An increase

in electrochemical potential e.g. by the addition of noble elements such as silver is beneficial,

but does not lead to an overall noble character of the alloy. Stability in aqueous solution was

only found in very alkaline environments or under presence of borate anions. The corrosion rates

of the crystalline alloys of equal composition were generally higher than the ones of the glassy

materials, which was explained by the superior homogeneity of the latter ones. From this, it can
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1.5 Aims of this thesis

Fig. 1.1: Semiquantitative comparison of possible stress-strain curves of amorphous versus crys-

talline Mg-based alloys.

be concluded that a Mg-based metallic glass with significantly improved resistance to corrosion

compared to conventional polycrystalline alloys does not exist, particularly under presence of

chlorate anions.

1.5 Aims of this thesis

The aims of this thesis result directly from the weak points of magnesium listed in the previous

section.

First, the transition from a ‘ductile’ to the ‘brittle’ state occurring in thin amorphous Mg-

based splats or ribbons shall be investigated, and an explanation or a model for the transition

should be found. As no further explanation for the behaviour was given in [Niikura et al., 1993],

a detailed investigation may lead to a fundamental understanding of the mechanical properties of

Mg-based glasses. This information should possibly be used to develop ductile metallic glasses.

As methodology, any experimental procedure able to describe the structure or chemistry of

metallic solids on a suitable length scale shall be applied; further knowledge about the changes

in properties of the alloys should be acquired.

Second, the poor electrochemical properties of the base element in practical solutions shall be

limited by the development of a new corrosion-resistant metallic glass. Here, the approach used

in stainless steels shall be adapted to the Mg alloys: by the addition of alloying elements forming

a stable passive layer in aqueous solution of high chlorate concentrations and acidic pH, corrosion

rates as low as those observed in stainless steels shall be achieved. The newly developed alloys
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should be investigated for their electrochemical behaviour in reasonably practical solutions, i.e.

without the addition of passivating anions such as borate.

The combination of the two achievements shall finally lead to a novel Mg-based metallic glass

with high strength, low density, a certain bending ductility, and high resistance to corrosion.

These achievements will make this novel alloy a very interesting candidate for industrial ap-

plications, where in mildly aggressive environments materials with high specific properties are

applied.

In the following, Chapter 2 describes a detailed investigation on the correlation between

changes in structural and mechanical properties at room temperature, using Mg65Cu25Y10 as

a model system. Chapter 3 includes Mg85Cu5Y10 and other compositions to investigate the

influence of Cu content on the changes in mechanical properties, here the change in Poisson’s ratio

during room-temperature relaxation is also discussed. Chapter 4 describes the development of

a corrosion-resistant Mg–Al–Ga(–Ca) alloy, and presents electrochemical and surface properties

to demonstrate the electrochemical stability of this newly-developed alloy. Chapter 5 is used to

summarise and conclude the thesis.
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Chapter 2

Correlations of structure and

mechanical properties in

Mg65Cu25Y10 glasses

The following chapter summarises the most important theories and experiments used to describe

the structures of metallic glasses, and the therefrom derived mechanical properties (2.1). Then

the change in bending ductility of rapidly solidified Mg65Cu25Y10 glasses at room temperature is

quantified and macroscopically described by electron microscopy images on the deformed areas

(2.2.2); changes in storage and loss modulus recorded during ageing (2.2.3) are described as well

as changes in enthalpic content (2.3), while the latter is modelled using the free-volume model

(2.3.3). Synchrotron X-ray diffraction was used to observe changes in the average structure (2.4),

and the size and chemical environment was investigated using positron annihilation experiments

(2.5). Relations between structure and mechanical properties are also discussed on the basis of

the potential energy landscape model (2.6.2).

2.1 Introduction

Various models for the description of metallic glass structures are known to date. Bernal [1959]

studied dense random packing of hard spheres in the liquid state. Hard spheres as well as ‘relaxed

soft-spheres packing’ suggest that a certain amount of icosahedral coordination is favourable in

the glassy systems [Jäckle, 1986]. More recently [Sheng et al., 2006], formation of preferential

clusters and cluster arrangements were found to represent the experimental data very well, and

icosahedral cluster arrangements have been discussed in detail. These models have in common
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Chapter 2: Correlations of structure and mechanical properties in Mg65Cu25Y10 glasses

that they consider the arrangement of atoms rather than the spaces in between.

Already in 1959, Cohen and Turnbull formulated the free volume theory for amorphous solids

under the assumption of a variety of possible isoconfigurational states with varying enthalpic

content [Cohen and Turnbull, 1959]. Herein, the local atomic arrangements were assumed to

produce a stochastic distribution of not ideally-dense packed areas, where so-called excess free

volume can be found. Here, the arrangement of atoms deviates from the ideal amorphous packing

density. The model was extended by Cohen and Grest to the thermodynamic behaviour of the

solids, and discussed in the context of liquid-like cells in the glass [Cohen and Grest, 1979].

Herein, free volume is only attributed to liquid-like cells, implying atomic mobility in these

regions.

Spaepen [1977] established a schematic deformation map for the different deformation modes

observed in metallic glasses (reproduced in Fig. 2.1), and related mechanical properties of metallic

glasses to time and temperature on the basis of the model proposed by Cohen and Turnbull,

describing steady-state flow as transformations activated at intrinsic heterogeneities, which could

be generated dynamically. This is illustrated in Fig. 2.2, where atomic hopping into an ‘excess free

volume’ is shown. This hopping process can be activated thermally or by mechanical stresses,

so that the relaxation and the creation of free volume are two simultaneously occurring and

competing effects. Thermal annealing of the glasses leads to both reversible (β-) and irreversible

(α-) relaxation, while irreversible relaxation is often attributed to changes in topology [Johari

and Goldstein, 1970]. Reversible and irreversible relaxation processes have been identified in

the energy landscape model as being transitions into ‘subbasins’ and ‘megabasins’, respectively

[Debenedetti and Stillinger, 2001], according to their depression in potential energy. Although

most physical properties of amorphous solids change during relaxation [Greer, 1984], only a few

methods directly confirm a change in the structure. Density measurements [Slipenyuk and Eckert,

2004], synchrotron X-ray diffraction [Egami, 1978; Bruning and Stromolsen, 1990; Mattern et al.,

2003; Louzguine et al., 2005; Louzguine-Luzgin et al., 2006] and positron annihilation experiments

[Nagel et al., 1999; Flores et al., 2002; Kanungo et al., 2004; Rehmet et al., 2004] appear to be

reliable in resolving relaxation-dependent structural details of metallic glasses. Suh et al. [2003]

were the first to show by positron annihilation experiments that different sizes of free volume

can be present in a metallic glass.

Argon and Shi [1983] later formulated assumptions on undeformable surroundings within

transformation sites, leading to the description of plastic flow by shear transformation zones

(STZs). In such STZs, plastic deformation occurs via the spontaneous rearrangement of unde-

formable clusters, a concept which has recently been supported by molecular dynamics (MD)
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2.1 Introduction

Fig. 2.1: Deformation map for metallic

glasses, indicating the different deformation

modes [Spaepen, 1977].

Fig. 2.2: Schematic of an individual atomic

jump, where the volume of the original site is

equivalent to the volume of the new site. The

same is conceivable for different site volumes,

while the stress may allow the creation of free

volume rather than its annihilation [Spaepen,

1977].
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simulations [Falk and Langer, 1998; Zink et al., 2006]. In these simulations, the amplitudes of

the movements of individual atoms in a cell of periodic boundary conditions were monitored

during shearing. It was found that the motion is highly localised, surrounding regions (clusters)

of little or no atomic mobility.

By using colloidal glasses as model systems [Pusey and Vanmegen, 1986], rearrangements of

the constituting particles were recently observed due to their experimentally accessible time scales

in such quenched suspensions [Schall et al., 2007]. The authors confirmed that thermal activation

of the unsheared structures as well as shear stresses cause cooperative rearrangements, i.e. more

than one particle is displaced significantly during the highly localised relaxation processes, while

other areas remain unalchanged. Thermal activation was found to be more important than

shear-stress assisted processes. Network formation of STZs was observed at high strains. These

experiments and the MD simulations confirm the assumption of shear transformation zones

as predominant mechanism for the accomodation of strain in glassy structures, presenting an

important refinement of the free volume model.

2.2 Mechanical properties

The mechanical properties of metallic glasses are well established in literature (see e.g. Schuh

et al. [2007] for a recent review). Their comparably low elastic moduli and their almost purely

elastic behaviour yielding an elastic strain of roughly 2% makes these high-strength materials

remarkably different from common metallic engineering alloys. Due to almost complete shear

localisation, the material’s macroscopic failure is, however, catastrophic once the yield strength is

reached, and shear localisation is observed in the form of shear bands. On the other hand, there

are observations on plastic deformation in metallic glasses in the range where inhomogeneous

flow would be expected, particularly in constrained geometries such as compression experiments

[Wu et al., 2007], indentation [Castellero et al., 2007] and bending.

In contrast to the mechanical behaviour at low temperatures, extended plasticity can be

observed in temperature ranges close to or above the glass transition temperature, or at very low

strain rates.

2.2.1 Sample preparation

The Mg65Cu25Y10 alloys were prepared in an Argon 6.0 atmosphere starting from elements of

purity 99.9% or more. Cu–Y ingots were prealloyed in an arc melter to the desired ratio, and

then inductively alloyed with magnesium. Mg65Cu25Y10 foils were prepared by splat-quenching
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to thicknesses of approximately 50 micrometers, and stored immediately after quenching in liquid

nitrogen to prevent aging.

2.2.2 Bending1

Bending of a thin foil is probably the easiest, simplest and most intuitive mechanical test for

a ribbon or splat. Bending and bending strains have been used widely to describe mechanical

properties of metallic glasses, and stress and strain states of the samples have been elaborated

as well as the influence of the thickness on the bending strain [Conner et al., 2003]. It was found

that the shear band spacing as well as the bending ductility depend largely on the thickness of

the bent sample. Thinner samples show smaller shear band spacing and therefore tend to be

ductile in bending.

Bending experiments were performed between two parallel plates driven by a micrometer

screw. The bending strain ε was approximated by

ε =
t

(D − t)
, (2.1)

where t is the thickness of the sample and D is the distance between the plates before fracture

of the sample. For each data point, 7 to 10 samples were tested.

Results from bending tests, as shown in Fig. 2.3 for the Mg65Cu25Y10 alloy, confirmed an

extended bending ductility in the as-quenched state, allowing a fold of 180◦ and sometimes even

a return of the bending. In the range of sample ages from 50 min to 180 min, the ductility

decreased and the critical bending radius required to break the sample increased noticeably.

This phenomenon is generally referred to as ‘embrittlement’ in this work.

Bending experiments (see Fig. 2.3) show a significant change in the mechanical properties for

rapidly-solidified amorphous Mg65Cu25Y10 alloys. This change is induced at room temperature,

as a function of aging time. Within a few hours, the alloys investigated changes from a ductile

state, where folding of the thin films is possible, to a brittle state where a small bending strain

leads to fracture of the sample. By experiments including storage in an Ar-filled glove box, other

influences such as surface oxidation have been excluded. Storage at liquid nitrogen temperatures

(where T/Tg < 0.19) proved to inhibit this embrittlement.

1Uhlenhaut, D.I., Castellero, A., Dalla Torre, F.H., Palacio Gomez, C.A., Djourelov, N., Krauss, G., Schmitt,

B., Patterson, B., and Loffler, J.F.: Structural analysis of rapidly solidified Mg–Cu–Y glasses during room-

temperature embrittlement, Philosophical Magazine (2008), accepted.
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Fig. 2.3: Maximum bending strain of rapidly solidified Mg65Cu25Y10 as a function of room-

temperature aging.

Scanning electron micrographs of bent ribbons

In order to investigate the shear band spacing as well as the frequency of shear events, scanning

electron microscopy (SEM) images of the folds at the various times were taken with a LEO 1530

Gemini field emission gun scanning electron microscope (Carl Zeiss AG, Oberkochen, Germany)

operated at 10 keV acceleration voltage. An in-lens detector was used to obtain maximum

topological contrast at medium resolution.

Figure 2.4 shows a fold of a Mg65Cu25Y10 ribbon after a total ageing time of 7 min at ambient

temperatures. The bending allowed a complete fold without fracture of the sample. It can be

observed in the image that on the compressed side, heavily sheared material is squeezed out.

The shear band density is very high in this section, and the shear band spacing is small. Due

to the constrained geometry of the side under compressive stresses (see the later discussion in

context with Fig. 2.9 for definitions of bending strains), a quantitative evaluation of the shear

band spacing and density does, however, not seem to be reasonable at this point.

On the tensile side, a very rough surface is created during bending. The ductile fold produced

fresh surface in the areas where material could be sheared off. Apparently, the shear bands

created during bending allowed an extensive shearing of the material. It should be noted at this

point that although the strain rates during bending are relatively small, the shear events are

assumed to occur within a very short time.
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Fig. 2.4: Bent Mg65Cu25Y10 ribbon after room-temperature ageing for 7 min.

Figure 2.5 shows the same situation for a sample after 52 min of room-temperature ageing.

Again, a complete fold was possible, accounting for 100% bending strain. The shear band spacing

as well as the number of shear events seemed comparable to the one observed in Fig. 2.5. Shear

offsets were found to amount up to 10 µm (assumedly at 45◦ angle to the ribbon’s surfaces),

amounting to roughly one third of the total ribbon thickness. These large offsets apparently did

not cause complete fracture of the ribbon.

After a sample ageing time of 110 min, partially brittle samples were found. Figure 2.6 shows

a partial fracture of such a sample. The compressive side shows a relatively high shear band

density, while the visible section of the tensile side appears to show a reduced number of shear

events. One shear band ran across the sample in this section. After the same amount of time at

ambient temperature, a completely brittle sample was found (see Fig. 2.7). The sample fractured

completely in one dominant shear band. On the compressive side, a few shear bands can be seen.

The fracture surface is rough, and no vein patterns usually observed in fracture of metallic glasses

were found in these bending experiments.

The compressive side of a sample after brittle fracture (sample age of 130 min) is shown

in Fig. 2.8, with an inset showing the magnified fracture surface. The compressive side shows

extensive shear banding to distances of several hundreds of micrometres away from the maximum
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Fig. 2.5: Bent Mg65Cu25Y10 ribbon after room-temperature ageing for 52 min.

Fig. 2.6: Bent Mg65Cu25Y10 ribbon after room-temperature ageing for 110 min.
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Fig. 2.7: Bent Mg65Cu25Y10 ribbon after room-temperature ageing for 110 min.

bending strain (the plane of fracture). Very similar observations have been made on some of the

tensile surfaces. The shear band spacing is comparable to the ones of the ductile samples. As

shown in the inset, on the fracture surface no vein patterns have formed, possibly due to the

constrained testing conditions.

Discussion of the bending experiments

The Mg65Cu25Y10 ribbons and splats show bending ductility up to sample ages of about 100–

180 min. After that time, the thin foils break in a brittle manner. SEM studies show that the

ductile fold of the sample is facilitated by an extensive amount of shear bands running from the

surface into the sample; the shear bands run from the surface under compressive loads as well as

from the one under tensile loads. No differences between free surface versus wheel surface after

melt spinning could be made neither in the bending ductility nor in the amount and distances

of the shear bands. Shear band spacing is comparable to literature (see Conner et al. [2003]),

amounting to roughly 2–3 shear bands per 10 µm. On the compressive side, due to higher strains

and a heavily constrained geometry, somewhat higher shear band spacings were found.

During embrittlement, the sample properties scatter largely. Some samples fracture under the
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Fig. 2.8: Bent Mg65Cu25Y10 ribbon after a total room-temperature ageing time of 130 min.

formation of very few shear bands (as seen in Fig. 2.7), while others still produce a reasonable

high amount of shear bands before their brittle fracture (see Fig. 2.8). Generally, it could be

observed that in the cases of brittle fracture

• the shear band spacing remains constant around the value expected for the bending geo-

metry,

• the number of shear bands decreases with increasing brittleness of the sample,

• the number of shear bands on the tensile surface decreases faster than the one on the

compressive side.

The last point can be explained by the constrained geometry as well as by the higher strain

leading to higher stresses on the compressive side.

Final conclusions on the reasons for and the starting point of the shear band leading to

brittle fracture are difficult to draw. It seems however that a single dominant shear band runs

through the whole sample because of the lack of stopping mechanisms, or because of the fact

that less shear bands are nucleated, and therefore that one shear band has to carry more elastic

energy. Due to the higher amount of shear bands on the compressive side as well as due to a
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probable shear facilitation by tensile stresses, it can be assumed that the shear band leading to

fracture starts on the tensile side and cannot be stopped by the material on the compressive side.

According to literature, the compressive yield strength of Mg–Cu–Y is about 30% higher than

the tensile yield strength [Inoue et al., 1991, 1992].

It could be argued that in the case of bending ductility, the high amount of shear bands on

the compressive side produces shear band traps for the ones running from the tensile side to the

compressive side, stopping them due to a very high amount of free volume in the shear band

trace (as discussed e.g. in [Schuh et al., 2007]), or even due to crack formation.

In summary, it can be said that ageing of Mg65Cu25Y10 at ambient conditions leads to a

reduction of shear events during bending (and likewise a higher strain required to cause a shear

event, as the geometry of the experiment is constant). Fewer shear bands necessarily release more

of the elastic energy stored in the material in a volume of similar size, and are therefore harder

to stop. This assumption is schematically pictured in Fig. 2.9, where cross-sections of an ideally

elastic sample, a sample ductile in bending, and a sample brittle in bending are compared. The

purely elastic deformation does not lead to the formation of shear bands, as the critical strain

is not reached. In contrast, bending-ductile samples show localised shear events, although the

shear bands formed do not run through the sample. The formation of intersecting shear bands

is depicted. In the case of a brittle material, shear bands start to form at the critical strain, and

a further deformation leads to the creation of a shear band that carries sufficient energy to run

through the whole sample.

Fig. 2.9: Schematic deformation of ideally elastic, ductile and brittle samples during bending.

19



Chapter 2: Correlations of structure and mechanical properties in Mg65Cu25Y10 glasses

2.2.3 Dynamic mechanical analysis1

Theory and experimental

Dynamic mechanical analysis (DMA) imposes a periodic (usually sinoidal) load curve on the

sample, a defined pre-load higher than the amplitude of the periodic function can be applied

to keep the sample in the desired tensile or compressive mode. The response of the sample

can be analysed in terms of displacement and phase shift (tan δ) between the excitation and

the response (see Fig. 2.10) due to the time-dependent viscoelastic material properties. From

this, the complex elastic modulus (E∗) can be separated in its real (E′) and imaginary (E′′)

component with the following two equations:

E∗ = E′ + iE′′ , (2.2)

tan δ =
E′′

E′
. (2.3)

The real part is usually called ‘storage modulus’, while the imaginary part is usually referred to

as ‘loss modulus’.

Fig. 2.10: Underlying measurement principle of DMA experiments: stress-controlled excitation

(σ), material’s strain response (ε) and the phase shift tan δ.

For these experiments, 2.1 mm wide and 8.5 mm long samples of thickness 0.05 mm were

measured in a Mettler Messmodul apparatus (Mettler-Toledo AG, Greifensee, Switzerland) at

room temperature. A pre-load of 3 N was used (corresponding to about 0.3 MPa), oscillating at

±4 mN and frequencies of 1 Hz, 10 Hz and 100 Hz, respectively.

1Castellero, A., Moser, B., Uhlenhaut, D.I., Dalla Torre, F.H., and Loffler, J.F.: Room-temperature creep and

structural relaxation of Mg–Cu–Y metallic glasses, Acta Materialia (2008), in press.
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Results and discussion

The Mg65Cu25Y10 splats showed a slowly increasing Young’s modulus with time, as found by

DMA experiments. The phase shift (tan δ) decreased continuously, as shown in Fig. 2.11. The

decrease in tan δ indicates a decrease in loss modulus and increase in storage modulus (according

to Eq. 2.3), which is plotted in Fig. 2.12.

The decreasing phase shift as well as the decreasing loss modulus with ageing both indicate

that the internal friction of the material is lowered during room-temperature relaxation. Assum-

ing a structure where liquid-like and solid-like areas are present simultaneously (as suggested

by Cohen and Grest [1979]), this observation can be interpreted as such that the glassy solid

loses its liquid-like properties, i.e. it becomes more rigid and short-termed anelastic losses are

decreasing in number or in volumetric share. Both tan δ and E′′ were found to be of rather low

magnitude, implying that the material is mainly behaving solid-like.

During ageing, the storage modulus was found to increase (see Fig. 2.12), indicating a stiffen-

ing of the material with time. The increase amounts to approximately 2% in the time required

for embrittlement. The elastic constant measured by DMA is in reasonable agreement with liter-

ature values for similar compositions [Kim et al., 1990], where a value of approximately 40 GPa

was reported on compressed bulk samples. Here the ribbon includes a significantly higher amount

of free volume, leading to a lower E∗ of about 34 GPa.

For the interpretation of the data, it has to be noted that a thermally-induced relaxation is

superposed by a stress-induced relaxation. The sample length increased during the measurement,

or in other words, significant creep was observed. The stresses imposed on the sample during the

measurement as well as the resulting elastic moduli were corrected for this increase in dimensions

by the machine during the measurement.

2.3 Thermal analysis1

2.3.1 Introduction

The enthalpic, entropic and volume content of the solid is determined by the cooling rate applied

to obtain the glassy state (see schematic representation in Fig. 2.13, where x designates free

volume, but can be replaced by enthalpy (H) or entropy (S)). Solidification during cooling at

1Uhlenhaut, D.I., Castellero, A., Dalla Torre, F.H., Palacio Gomez, C.A., Djourelov, N., Krauss, G., Schmitt,

B., Patterson, B., and Loffler, J.F.: Structural analysis of rapidly solidified Mg–Cu–Y glasses during room-

temperature embrittlement, Philosophical Magazine (2008), accepted.
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Fig. 2.11: Evolution of the phase shift tan δ

as a function of the room temperature ageing

in rapidly solidified Mg65Cu25Y10.

Fig. 2.12: Ageing-time dependent storage

(E′) and loss modulus (E′′) of rapidly solidi-

fied Mg65Cu25Y10 at room temperature.

a finite cooling rate (dT/dt ≪ 0) occurs at the fictive temperature (Tf), after which the depen-

dency of the properties on temperature becomes significantly smaller than in the undercooled

liquid state. The ideal glass transition temperature (T0) can be derived from the Vogel-Fulcher-

Tamman–equation [Vogel, 1921; Fulcher, 1925] from viscosity measurements (see Eq. 2.5 on

p. 25), and describes the state where the viscosity (η) of the undercooled liquid intersects with

the viscosity of the crystalline phase (usually, η → ∞). In principle, Tg → T0 when dT/dt → 0−,

corresponding to the kinetic limit. This temperature usually coincides with the Kauzmann tem-

perature (TK), which is a similarly extrapolated intersection of the liquid phase entropy with the

solid crystalline phase entropy (thermodynamic limit).

During continuous heating (dT/dt > 0), the frozen-in free volume relaxes, observable as an

exothermic signal before the glass transition. Van den Beukel and Sietsma presented model

calculations being able to successfully predict relaxation enthalpies in metallic glasses during

heating experiments or isothermal annealing close to the glass transition temperature [van den

Beukel and Sietsma, 1990], assuming a relation between free volume and the enthalpic content

of the alloy. Lower levels of x and therefore enthalpy or potential energy can be achieved by

a slow continuous heating process as well as by isothermal annealing below the glass transition

temperature, both leading to a densification of the sample.

Slipenyuk and Eckert experimentally confirmed the correlation between measured density and

isothermally reduced calorimetric relaxation enthalpy [Slipenyuk and Eckert, 2004], concluding

that the relaxation observed was structural.
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Fig. 2.13: Reduced free volume x as a function of temperature T for both cooling (solidification)

and heating of a metallic glass (after van den Beukel and Sietsma [1990]). Fictive temperature

(Tf), glass transition temperature (Tg) and ideal glass transition temperature (T0) are indicated.

The cooling rates used are usually significantly higher than the heating rates, resulting in Tf > Tg.

2.3.2 Differential scanning calorimetry

A DSC scan of the Mg65Cu25Y10 alloy, recorded at a constant heating rate of 10 K/min, is shown

in Fig. 2.14 and includes the complete temperature range monitored during the present analysis.

The arrows mark the glass-transition temperature (Tg = 406 K) and the crystallisation onset

temperature (Tx = 467 K). The relaxation enthalpies, observed during constant heating as an

exothermic signal at temperatures below Tg, are shown in Fig. 2.15(a) for Mg65Cu25Y10, stored

at room temperature for times between 5 and 15660 min. A characteristic relaxation signal is

observed, which shifts to higher temperatures, while the signal’s area decreases. No changes are

observed when the samples are stored in liquid nitrogen (see Fig. 2.15(b)). Further, a change

in heat capacity can be observed. The freshly prepared ribbons and splats show a higher heat

capacity than the annealed and relaxed samples. This is in agreement with the picture of an

overall reduced atomic mobility (fewer ’liquid-like’ cells).

All measurements with samples of the same composition resulted in identical curves once the

glass transition temperature was exceeded, and no influence of ageing on Tg, crystallisation onset

temperature (Tx), and crystallisation enthalpy (∆Hx), could be detected.

2.3.3 Modelling of the relaxation enthalpies

Modelling of the above shown DSC curves with the model described by van den Beukel and

Sietsma [1990] should yield numerical values for the parameters used in the model. The DSC
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Fig. 2.14: Differential scanning calorimetry (at a heating rate of 10 K/min) of amorphous

Mg65Cu25Y10 showing the glass transition and complete crystallisation.

Fig. 2.15: Differential scanning calorimetry performed at 10 K/min of amorphous Mg65Cu25Y10

stored at (a) room temperature and (b) liquid nitrogen temperature for various times.
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curves were fitted in the temperature range between 30 ◦C and 160 ◦C using the kinetics of free

volume annihilation as described in detail in [Tsao and Spaepen, 1985; van den Beukel and

Sietsma, 1990], assuming the change in heat capacity (∆cp) to be proportional to the derivative

of the reduced free volume (xf) with respect to temperature (T ) during a continuous heating

experiment, i.e., ∆cp = βdxf/dT , with β the proportionality constant. The equation used for

fitting of the data was

dcf

dt
= −kcf(cf − cf,eq) , (2.4)

where the defect concentration cf = exp[−x−1
f ], and in equilibrium cf,eq = exp[−x−1

eq ] with

xeq = T−T0

BVF the reduced free volume in equilibrium. The Vogel-Fulcher temperature (T0) and

BVF are obtained from the Vogel-Fulcher equation [Vogel, 1921; Fulcher, 1925]:

η = η0 exp[BVF/(T − T0)] , (2.5)

where η is the viscosity, and BVF = D∗T0 with D∗ the fragility parameter, according to Angell

[1995]. Further, the annihilation rate is given by k = C0 exp[−Ef/kBT ], where C0 is a jump

frequency and Ef an activation energy. The fittings (curves shown in Fig. 2.16) yield values for

the reduced free volume prior to the DSC measurement x0 = xf(t = 0) as well as for the values

Ef , C0, BVF, and T0, as presented in Table 2.1, and β, which was found to be constant with

values between 20000 and 25000.

With T0 assumed to be constant during the fits for all sample ages, the fragility parameter

(BVF/T0) varies between 16.75 for the sample aged for 5 minutes, and 19.81 for the sample

measured after 15660 minutes at room temperature. Both T0 and BVF are in good agreement

with literature data obtained from viscosity measurements on bulk samples [Busch et al., 1998],

where T0 and B were reported to be 260 K and 5512 (corresponding to a D∗ of 21.2), respectively.

Table 2.1: Values obtained from fitting Eq. 2.4 to the DSC data of Mg65Cu25Y10 as presented

in Fig. 2.15(a).

age (min) x0 Ef (J/mol) C0 (s−1) BVF (K) T0 (K)

5 0.0658 53900 7.20E12 3551 212

277 0.0631 84500 3.55E17 3900 212

1250 0.0619 93800 1.07E19 4028 212

15660 0.0599 124800 2.12E23 4200 212
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Fig. 2.16: Fitted DSC curves of amorphous Mg65Cu25Y10 after various ageing times (see

Fig. 2.15(a)).

2.3.4 Discussion

DSC experiments show a pronounced exothermic signal before reaching the sample’s Tg, com-

monly attributed to relaxation. This signal depends strongly on the ageing state of the sample

(see Fig. 2.15). At temperatures above Tg the curves match exactly, reproducing undercooled

liquid range and crystallisation precisely. Crystallisation can therefore be excluded as a major

cause of embrittlement. Samples analysed by in-house X-ray diffraction (X’Pert Pro, PANalyti-

cal, Amelo, Netherlands) showed no crystallinity after storage at room temperature for 2 years.

In the case of the Mg65Cu25Y10 sample aged for 5 min (Fig. 2.15), the exothermic reaction

already occurred when the sample was placed in the DSC, possibly leading to a shift of the back-

ground. The onset temperatures of the exothermic signals are shifted to higher temperatures

with increasing sample age. This is understood to originate from a spectrum of activation ener-

gies [Primak, 1955; Gibbs et al., 1983], which are successively activated after a certain time and

after ongoing relaxation at room temperature. Fittings of the data, as shown in Fig. 2.15 using

Eq. 2.4, confirm a decrease in reduced free volume. The fit parameter x0, corresponding to the

reduced free volume prior to the continuous heating experiment, is diminished by approximately

0.37% within a time interval of 1 min to 200 min after quenching (according to a decrease in

defect concentration cf of an order of magnitude), accompanied by a change of the amorphous

structure towards a stronger glass, indicated by the increase in D∗ = BVF/T0 (see Table 2.1).

Both parameters necessarily correspond to a densification. When correlating the time for em-
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brittlement (assuming a sharp transition at 100 min) to the numbers obtained from fitting, the

critical transition occurs at a value for x0 of 0.0637 (and therefore a defect concentration cf of

1.521 × 10−7). Accordingly, a D∗ of 18 is reached at this stage of ageing. The change in D∗

can as well be held responsible for the differences in heat capacity between the aged and the

unaged glass at low temperatures, as described in literature accordingly for other glassy systems

[Angell, 1995]. It is interesting to note that the annihilation rate k drops by about one order of

magnitude during the time interval leading to embrittlement.

2.4 Synchrotron X-ray diffraction experiments1

X-ray diffraction allows the one- or two-dimensional projection of the reciprocal image of a solid

structure, yielding information about the structure and atomic distances in the sample due to the

comparably small wavelength of the X-rays applied. Suitable mathematical procedures allow the

back-transformation of this representation in reciprocal space into direct space, where a series of

parameters of the solid structure such as atomic distances, length scales of order and coordination

can be quantified.

2.4.1 Experimental setup and data processing

Synchrotron X-ray diffraction experiments were performed at the Materials Science beamline,

Swiss Light Source (SLS, Paul Scherrer Institute, Villigen, Switzerland) using a photon energy

of 28.6 keV (wavelength λ = 0.0433 nm). A mar345 detector (marresearch GmbH, Norderstedt,

Germany) was mounted perpendicular to the primary beam at a distance of 212.5 mm to cover

an effective range of 0.6/Å ≤ Q ≤ 10.0/Å (Q = 4π sin θλ−1, where θ is the diffraction angle).

The detector’s distance, centricity and tilt angle were calibrated with a silicon sample. A lead

beam stop protected the detector from the primary beam. Exposure time was 5 seconds per

frame, and per defined ageing time one frame was taken. Separately recorded air scattering was

subtracted before further processing of the data sets, which had been integrated radially using

‘fit2d’ [Hammersley et al., 1994]. The scattered intensities were normalised to
〈

f2
〉

+ 〈Iinel〉, with

f being the complex atomic scattering amplitudes after Waasmaier and Kirfel [1995] and Iinel

the inelastically scattered intensity calculated after parameters published by Balyuzi [1975], both

averaged over the composition. For calculation of atomic scattering amplitudes and Compton

1Uhlenhaut, D.I., Castellero, A., Dalla Torre, F.H., Palacio Gomez, C.A., Djourelov, N., Krauss, G., Schmitt,

B., Patterson, B., and Loffler, J.F.: Structural analysis of rapidly solidified Mg–Cu–Y glasses during room-

temperature embrittlement, Philosophical Magazine (2008), accepted.
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scattering intensities, a sum of exponentials was used and the calculated Compton scattering

intensities were modified by a Breit-Dirac recoil factor R =
(

λ
λ′

)2
=

(

1 + 2h
mc

sin2 θ
λ

)

−2
. The

structure function S(Q) then is

S(Q) =
I(Q)

〈f(Q)〉2
+ 1 −

〈

f(Q)2
〉

〈f(Q)〉2
, (2.6)

with I(Q) the elastic scattering intensity. The interference function was damped by an exponen-

tial as suggested by Klug and Alexander[Klug and Alexander, 1976] to moderate the influence

of noise at high Q, and calculated from S(Q) by

F (Q) = exp(−0.025Q2)Q[S(Q) − 1] . (2.7)

The Fourier sine transform of the interference function F (Q) finally leads to the radial distribu-

tion function,

G(r) = 4πrρ0(g(r) − 1) =
2

π

∫

∞

0
F (Q) sin(Qr)dQ , (2.8)

with ρ0 the atomic density and g(r) the normalised pair distribution function. The radial distri-

bution functions were calculated for r-values between 1 and 10 Å.

An energy of 28.6 keV was applied to avoid proximity to one of the absorption edges of Cu

or Y. A small undetermined amount of fluorescent intensity was therefore carried through the

analysis of the data. This error is negligible as the focus of this work was to detect changes in

the diffraction pattern during ageing.

2.4.2 Results and discussion

Figure 2.17(a) shows a typical X-ray diffraction pattern of a Mg65Cu25Y10 splat as recorded

with the image-plate detector using synchrotron radiation. Diffraction data was taken for both

alloys with increasing time intervals while the sample was aged in situ. Figure 2.17(b) shows

the corrected and normalised intensity in electron units as a function of Q for rapidly-solidified

Mg65Cu25Y10 after various ageing times. The maximum of the first amorphous halo shifts towards

larger Q values with increasing sample age (see inset).

The radial distribution functions G(r) were calculated from the diffracted intensities, and

plotted in Fig. 2.18 for three selected samples aged for different times (compare with Fig. 2.17).

The radial distribution functions (RDFs) were quantified as detailed in Fig. 2.18, introducing the

following parameters: the peak maximum (C) and the area (A) of the first physically meaningful

peak integrated over a linear background (dashed line), reaching from the minimum before the

peak (B) to the minimum after the peak (D).
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Fig. 2.17: a) Synchrotron X-ray diffraction pattern of an amorphous Mg-based glass; the thin

lines indicate the section used for radial averaging. b) Coherent intensity as a function of Q for

three selected Mg65Cu25Y10 samples aged in situ for the indicated durations. A shift of the first

amorphous halo towards higher Q values with increasing ageing time is observed.

Fig. 2.18: Radial distribution functions (RDFs) of amorphous Mg65Cu25Y10 aged for different

times. The parameters indicated in the graph were used for quantification of the time-dependent

relaxation (see Figs. 2.19, 2.20, 3.5).
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In Fig. 2.19, the r-positions of the parameters C (solid squares) and D (open circles) are

plotted for Mg65Cu25Y10 as a function of the sample’s age. In both cases, the r-values decrease

with time. The same procedure yields no change with ageing time, neither for the area (A) of

the first physically significant peak, nor for the minimum (B) before the peak (both parameters

are plotted in Fig. 2.20 against ageing time).

Synchrotron X-ray diffraction data as shown in Fig. 2.17(b) reveal slight changes in the posi-

tion of the first (and second) amorphous halo during ageing of the sample. These small changes

could not be detected with in-house X-ray diffractometers. The analysed data in Fig. 2.19,

which show decreasing values for the nearest-neighbour distances, results from a reduction of

interatomic distances, and are thus equivalent to a densification. In the case of Mg65Cu25Y10,

the minimum after the first peak (parameter D in Fig. 2.19) shifts by approximately 0.026 Å

within the time interval of 1 to 200 min (corresponding roughly to the time for embrittlement).

This shift, assuming a ‘starting value’ of 4.038 Å at 1 minute, is equivalent to a decrease of 0.64%.

Parameter C decreases by 0.62% in the same time interval. This densification (amounting to

about 0.22% in volume) is in good agreement with literature [Slipenyuk and Eckert, 2004], where

a densification of about 0.1% was observed in the case of a bulk Zr-based amorphous alloy during

various heat treatments. In contrast, the first peak’s area and the minimum before the same peak

are found to be unchanged during ageing (see Fig. 2.20). As the first peak’s area is proportional

to the coordination number, it may be concluded that the coordination does not change during

room temperature relaxation. The change in the peak maximum and the minimum after the

peak are necessarily compensated by the height of the peak. Further peaks in G(r) were not

quantified, but were found to shift in a manner similar to the first peak.

The scattering of the RDF data results probably from an insufficiently large Q space of the

diffraction data recorded (an artificial extension of the diffraction data did not influence the

general trend of the calculated RDFs). This, as well as the use of a damping factor as defined

in Eq. 2.7, may also explain the sinoidal appearance of the radial distribution function (see

Fig. 2.18). The short exposure time of 5 s, made possible because of the high intensity of the

synchrotron light, appears to be beneficial to obtaining a signal undistorted by ongoing relaxation

processes. Thus, several orders of magnitude in ageing time could be traced.
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Fig. 2.19: Radial dependence of parameters C and D for amorphous Mg65Cu25Y10 as a function

of ageing time.

Fig. 2.20: Radial dependence of parameters A and B for amorphous Mg65Cu25Y10 as a function

of ageing time.
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2.5 Positron annihilation spectroscopy1

2.5.1 Introduction, theory and literature

Positrons (e+) are the antimatter counterparts of electrons, and can be treated similarly con-

sidering their positive charge. Positron sources are β+-decaying radioisotopes. In laboratories,

22Na is used as it can easily be handled and stored as a 22NaCl salt. 22Na decays as a β+ radia-

tor according to the following reaction: 22Na → 22Ne + e+ + νe + γ, producing apart from the

noble gas Neon, an electron neutrino (νe) and a radiation (γ) quantum of 1274 keV characteristic

for the decay reaction. The positrons from 22Na are emitted in a very wide energy spectrum

spanning 10−1 eV to 106 eV.

Positrons annihilate with electrons (e−) of the opposite spin, producing two photons (γ1,2):

e− + e+ → γ1 + γ2 . (2.9)

The photon energies from annihilation reactions are typically 511 keV, and their emission di-

rection is diametrically opposed. Momentum conservation has to be fulfilled: the momenta of

both positron and electron are transferred to the emitted radiation, changing its energy. If the

electron is of the same spin, some energy is lost in the umklapp process, and more than two

photons of correspondingly lower energies are produced.

The large difference in photon energy between the decay reaction and the annihilation can

be used to determine the positron lifetime (τ) with two fast scintillator detectors, assuming that

the annihilation rate is higher than the decay frequency, such that only one positron exists in the

system observed. Using slow detectors of very high energy sensitivity, the energy of the emitted

X-rays can be recorded to derive chemical informations from the momenta transferred to the

annihilation reaction.

A hydrogen-like metastable state, called positronium, can be formed by a positron and an

electron. The para-positronium (spins ↑↓), has a typical lifetime of approximately 0.124 ns, while

the ortho-positronium (↑↑ or ↓↓), has a much longer average lifetime of 142 ns due to the required

change in spin before annihilation.

The typical e+ energy emitted from the 22Na positron source is sufficient to provoque a

relativistic behaviour (i.e. the e+ behaves wave-like rather than particle-like). The majority of

the positrons thermalise after a path of about 100 µm (1 ps to 3 ps) in metallic solids. Once

1Uhlenhaut, D.I., Castellero, A., Dalla Torre, F.H., Palacio Gomez, C.A., Djourelov, N., Krauss, G., Schmitt,

B., Patterson, B., and Loffler, J.F.: Structural analysis of rapidly solidified Mg–Cu–Y glasses during room-

temperature embrittlement, Philosophical Magazine (2008), accepted.
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thermalised, they diffuse like electrons through the solid, avoiding positive charges as nuclei. In

this state, their typical mean free path is approx. 10 nm, and the diffusion length is around

100 nm.

Free annihilation of the positron occurs while it is diffusing (after about 0.1 ns to 0.4 ns),

but trapping of the e+ may occur in areas of lower packing (lifetimes of typically 0.2 ns to

0.5 ns). Figure 2.21 shows a schematic of possible annihilation sites for a thermalised positron

in a 2D crystalline area where lattice defects provide positron traps of various depths. Usually,

the volume of the trap defines the positron’s lifetime (τ). Here, τ1 originates from crystalline

interstitial sites, τ2 from a dislocation, and τ3 from a vacancy. Thus, typically τ1 < τ2 < τ3.

2.5.2 Experimental setup

Positron annihilation lifetime spectra (PALS) were recorded with a fast-fast coincidence system

having a time resolution of 210 ps (full width at half maximum of a Gaussian resolution function).

The channel width was set to 19.3 ps and each spectrum contained 1.6×106 counts. The positron

source of 1.48 MBq (40 µCi) strength was prepared of 22NaCl encapsulated between two 7 µm

thick Kapton foils. Lifetime spectra of a pure and well-annealed nickel sample were recorded

to estimate the apparatus’ time resolution. The source contribution was corrected according

to Djourelov and Misheva [1996]. For the deconvolution of the lifetime spectra, S(t), and thus

for obtaining the mean characteristic lifetime (τi) of the positron state i, and its corresponding

intensity (Ii), the usual weighted sum of discrete exponentials was applied, i.e.

S(t) = R(t) ⊗

{

Nt

∑

(

Ii

τi

)

exp

[

−
t

τi

]

+ L

}

, (2.10)

where R(t) is the spectrometer resolution function, Nt is the total number of counts, and L is

the background. Additionally, the condition
∑

Ii = 1 had to be fulfilled. The parameters were

fitted by running the program ‘LT’ by Kansy [1996, 2001] on the datasets.

Coincidence Doppler broadening spectra [Alatalo et al., 1995] (CDBS) were recorded using two

collinear Ge-detectors [Van Petegem et al., 2003] with digital signal processors (Canberra SV/SA,

Zellik, Belgium), with an energy resolution of about 1.27 keV measured for the 514 keV gamma

line of 85Sr, being close to the positron-electron pair annihilation photons of 2× (511±∆E) keV.

The Doppler shift ∆E = 1
2
pLc, originating from the longitudinal momentum pL of a core electron

participating in the annihilation reaction, amounts to several keV and could therefore be resolved.

For each spectrum, 2 × 107 coincident counts were recorded. The Compton-scatter-free high-

energy side of the spectrum was used for the analysis, and the data was normalised before the

calculation of the ratio curve.
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Fig. 2.21: Scheme of possible positron lifetimes after thermalisation and diffusion in a defective

2-D lattice. Usually, τ1 < τ2 < τ3, corresponding to the volume available.

In a liquid nitrogen bath, stacks of 24 amorphous splat strips each were placed on both sides

of the positron source, and the resulting sandwich was subsequently wrapped in Al foil. The

stack was thick enough to stop all positrons emitted by the source. PALS and CDBS measure-

ments were carried out simultaneously at a sample temperature of 100 K, which was controlled

by a constant stream of evaporated nitrogen gas and an OMRON temperature controller pow-

ering a small resistive heating element. For ageing, the entire sample stack was taken to room

temperature, but left unopened.

2.5.3 Lifetime spectroscopy results

Figure 2.22 shows positron annihilation counts as a function of delay time between start and stop

constant fraction discriminator output signal for two different ageing times of the amorphous

Mg65Cu25Y10 alloy. The solid squares can be regarded as representing the ‘as-quenched’ state

as the effective age of the sample resulting from preparation is less than 20 seconds, while the

other data set (empty circles) was taken after ageing the sample for 1920 minutes. The two scans

largely overlap, but the inset reveals a difference between the two spectra in the range between

11.5 and 13.5 ns. The solid lines, obtained from fits using Eq. 2.10, confirm the significance of the

difference in the spectra. The spectrum recorded for the as-quenched state could be successfully

fitted by using two sample lifetimes, while in the case of the aged sample, one lifetime alone

already led to satisfying results.

The evolution of the two Mg65Cu25Y10 sample lifetimes are plotted in Fig. 2.23 as a function

of the sample’s age. The shorter lifetime (τ1, squares), averaging to around 220 ps, was found
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Fig. 2.22: Positron annihilation lifetime spectra and (shown in the inset) corresponding multi-

component fits, according to Eq. 2.10, for the amorphous Mg65Cu25Y10 alloy in the as-quenched

state and after ageing for 1920 min.

to be constant throughout the ageing process, and error bars are within the squares. The longer

lifetime (τ2, circles) was found to be in the range of 350 ps < τ2 < 700 ps, while its exact lifetime

values varied within that range depending on the fitting initialisation and resolution function.

Intensities for the higher lifetime were found to be between 2% to 6%. This lifetime completely

vanished for those samples tested at ages above 100 min.

2.5.4 Coincidence Doppler broadening spectroscopy results

Coincidence Doppler broadening spectroscopy, deployed to separate positron annihilation with

free or core electrons using energy-sensitive detectors, was carried out simultaneously with the

lifetime experiments. The usual Gaussian distribution of the annihilation counts around the

average energy of 511 keV for the two different samples showed no differences. Figure 2.24

shows the ratio of the normalised coincidence counts of the as-quenched (20 s old) and the aged

(1920 min old) sample as a function of the positive longitudinal momentum (pL). Within the

margin of error, no significant difference between the as-quenched state and the brittle sample

could be observed.
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Fig. 2.23: Positron annihilation lifetimes in Mg65Cu25Y10 as a function of ageing time. The early

spectra could only be fitted reasonably well with two lifetime components, while good fits with

one lifetime component were possible for ageing times beyond 100 min. Intensities of the ‘longer’

lifetime (τ2) were between 2% and 6%. The dashed line indicates the lifetime limit above which

a second component could be found for ages up to 100 min.

Fig. 2.24: Coincidence Doppler broadening data shown as a ratio between as-quenched sample

and sample aged for 1920 min at room temperature.

36



2.5 Positron annihilation spectroscopy

2.5.5 Discussion and conclusions

To obtain a more detailed picture of the structure on the atomic scale, positron annihilation ex-

periments were performed on the Mg65Cu25Y10 glass. The positron annihilation lifetime spectra

were found to split into two lifetimes for samples fresher than 100 min, while only one lifetime

was observed afterwards (Fig. 2.23). This can be seen in the raw spectra of Fig. 2.22, where

a higher number of counts was observed at times between 11.5 and 13.5 ns in the case of the

as-quenched sample. This difference between the spectra cannot be reproduced with a fit using

only a single-exponential lifetime component. Commonly, the lifetime of a positron is attributed

to the ‘depth’, or size, of the trap accommodating the positron. It can therefore be concluded

that the positrons annihilating with longer lifetimes of 350 ps to 700 ps are trapped in areas of

large free volume. Suh et al. [2003] indirectly confirmed the presence of such deep and shallow

positron traps by monitoring the areas under the central-low momentum part of the Doppler

spectrum during changes in temperature.

The large scatter of τ2 can be explained by the low number of counts found in this segment,

and by assuming that the size of these free volume areas is not very well defined, i.e. that a

certain size distribution is present. The ageing time after which the disappearance of the long-

lifetime component is observed agrees very well with the time scale of ageing after which the

embrittlement takes place.

Coincidence Doppler broadening shows no significant change during the annihilation time

leading to macroscopic embrittlement. It can thus be concluded that the chemical environment

of the annihilation sites does not change significantly. Small changes might not be detected, as a

distinction between coincident annihilation photons originating from areas of larger and smaller

free volume is not made. This means that the annihilation coincidence information of both

shallow and deep traps is superposed. At the same time, areas of larger free volume are depleted

in core electrons, further reducing the fraction of positrons annihilating with core electrons.

In the work of Sietsma and Thijsse [1995] a classification of free volume was carried out

on the basis of reverse Monte Carlo simulations, and two types could be distinguished: small

intrinsic voids, and a low volume fraction of larger ‘holes’, with a number of neighbouring atoms

≥ 10. During thermal annealing only the quantity of the large ‘holes’ changed while the intrinsic

voids remained unaffected. Therefore, according to Sietsma and Thijsse [1995], the difference of

annealed vs. as-quenched (in that case Pd-based) amorphous alloys lay mostly in the quantity

of the relatively large holes. It seems likely that in the present study the positrons annihilating

after longer lifetimes were trapped in a population of ‘holes’, confirming fairly well Sietsma

and Thijsse’s simulations. During embrittlement the fraction of ‘holes’ reduced strongly and
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positron annihilation took place solely in the intrinsic voids. The value of the short-lifetime

component, which is fairly constant throughout the ageing process, agrees well with the one of

the mono-vacancy of pure and annealed Mg (224 ps, [Djourelov and Misheva, 1996]). Thus, the

short-lifetime component presumably results from ‘intrinsic voids’, which are similar to Bernal’s

interstitial sites [Bernal, 1959].

2.6 Conclusions

2.6.1 Summary

During room-temperature ageing, Mg65Cu25Y10 amorphous foils embrittle. Several in situ ex-

periments were carried out to obtain information on the changes occurring in the material. Elec-

tron microscopy studies on bent samples showed that the shear band spacing remained constant

throughout the embrittlement, while the apparent number of shear bands (visible on the surface)

decreased to a few in the case of brittle samples. This means that at a given strain, defined by

the bending geometry, a shear event must contain more of the elastically stored energy. Thus,

stopping of such a shear band is less likely compared to a shear band containing less energy. As

soon as one shear band contains sufficient energy, it may run completely through the sample,

which then appears to have failed in a brittle manner.

Simultaneously, the complex elastic (or Young’s) modulus increases, as observed by DMA

experiments. Here a continuous increase in storage modulus was found during room-temperature

ageing, while the loss modulus as well as the phase shift decrease. This can be interpreted as

a slowly progressing solidification, or in other words, the material loses liquid-like properties

manifested by a decrease in internal friction. Internal friction in ‘solids’ results from stress-

induced anelastic (i.e time-dependent) processes, as e.g. atomic hopping processes to metastable

sites.

Calorimetric measurements revealed a reduction in enthalpic content with time, which could

be modelled by a reduction in free volume as well as by a simultaneous increase in the fragility

parameter (D∗). The increase in D∗ means that the melt becomes ‘stronger’, being related to a

higher packing efficiency as compared to the ‘fragile’ melt. Stronger melts are usually better glass

formers and they show less variation in their radial distribution functions at Tg. Our findings of

the oppositional changes of x0 and D∗ with time are also in agreement with literature [Angell,

1995], where the conversion of ‘strong’ liquids to ‘fragile’ liquids is stated by changing their

density.
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Synchrotron X-ray diffraction data revealed a time-dependent densification of the samples,

amounting to approximately 0.22% between 1 min and 200 min of the sample’s age, visible

through a reduction in the nearest-neighbour distance at unaltered coordination numbers. This

densification directly confirms the results of the DSC experiment, where a reduction in x0 was

found.

Positron annihilation lifetime spectra on the same composition were found to split into a

long- and a short-lifetime component, corresponding to deep and shallow traps for positrons.

The deeper traps can be attributed to areas of large free volume (‘holes’), which vanish after

the duration of 100 min required for the glass to embrittle. Simultaneously recorded coinci-

dence Doppler broadening spectra of the positron annihilations showed no change in momentum

distribution after the time required to embrittle the sample. This means that the chemical envi-

ronment of the positrons annihilating in the brittle structure is equal or at least very similar to

the annihilation sites in the ductile samples; a significant chemical effect or the precipitation of

primary phases can therefore be excluded.

2.6.2 Relations between structure and mechanical properties

Metallic glasses show no dislocation-like stress accommodation as crystalline alloys, and there-

fore are usually not able to deform plastically, especially under tensile conditions. Still, some

observations of ductility can be made, as has for example been shown in this bending study.

Microscopic investigation reveals that the ductility is facilitated through a vast number of shear

bands rather than homogeneous deformation. The difference between the ductile and the brittle

state must therefore be related to the creation and/or stopping of shear bands.

The present structural investigation showed that a continuous densification occurs while the

sample ages. Metallic glass structures show no periodicity, and the radial distances of the atoms

as well as the size of the ‘excess free volume’ are widely distributed. From positron lifetime

experiments, it follows that particularly the large free volume relaxes first, which can easily be

explained by a lower activation energy of processes leading to the occupation of this open volume

site. This qualitative observation is in good agreement with the work of Sietsma and Thijsse

[1995], where ‘intrinsic’ voids, remaining relatively unchanged during relaxation, were classified

as sites where the number of surrounding atoms (Na) exceeds the number of tetrahedral sites

(Nv) (see Fig. 2.25).
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Fig. 2.25: Classification of free volume (‘interstitial sites’), taken from Sietsma and Thijsse [1995].

The number of surrounding atoms (Na) exceeds the number of included voids (Nv). Once this

ratio is exceeded (for values of Na ≥ 9) the free volume is classified as a ‘hole’.

Energy landscape model

The potential energy landscape (PEL) model was briefly introduced in section 2.1 on p. 9. It is a

nowadays widely-used theory for the description of amorphous solids, using an average potential

energy of the system in a local minimum of sinoidal potential energy to describe the possible

relaxation to a lower energetic state by reversible and irreversible processes. Johnson et al. [2007]

discussed the potential energy versus shear strain, and concluded that shear stress can activate

flow by hopping processes overcoming the saddle points separating inherent states.

Our findings can be discussed in comparison with the PEL model. The random distribution

of free volume in the glassy solid presents local variations in activation energy for hopping

processes into these sites. Excitation of hopping is purely thermal, i.e. no macroscopic, external

strain is applied, but the frozen-in free volume will certainly lead to internal stresses, adding to

the thermal activation (or, in other words, increasing the potential energy of the atom under

stress). Depending on the size of the newly occupied site, a hopping atom will undergo an exo-

or endothermic process, while the activation energy for the process depends on the height of

the barrier for the transition. As the PEL model describes an average state of the alloy, many

individual hopping processes and resulting local and global states are assumed to lead to the ‘new’

states of the alloy, while the reversibility of each cannot be determined from the experiments

performed in this work. The overall relaxation observed seems to be irreversible, but may be
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constituted by the superposition of individual and at least partially reversible processes, or by

the simultaneously occurring reversible and irreversible processes.

It has been mentioned in literature [Busch and Johnson, 1998; Johnson et al., 2007] that

configurational potential energy of a quenched-in liquid configuration can be determined from

enthalpy recovery measurements. Therefore, the decrease in enthalpy of the glasses with time, as

it was confirmed by DSC measurements, is a direct evidence for the potential energy reduction

of the solid.

Models of deformation

Spaepen [1977] published a model for the atomic processes during deformation, which strongly

relies on the creation and occupation of free volume. When an atom is squeezed into a site

where its volume exceeds the available free volume, free volume must be created. Similarly, the

positioning of an atom in a large free volume site requires less activation energy; depending on

the actual configuration an exothermic process activated by kBT can be expected.

A single atomic hopping process into a free volume site cannot accommodate shear and a

collective motion of several atoms is required to release stresses [Argon, 1979]. Our results

suggest a correlation between the number of large free volume sites present in the solid and

the number of shear bands created during bending. Assuming that local stress accommodation

is facilitated by such holes representing volumes of lower shear modulus, a decrease in their

concentration during relaxation must cause the deterioration of the initially ductile behaviour of

the metallic glass. It can be assumed that a shear transformation zone is easily created along

such areas of lower packing density. A final conclusion on the cause and the mechanism cannot

be made due to insufficient information on the atomistic processes during shear deformation and

initialisation of shear events, but it is likely that a higher number of areas of low packing density

facilitates local stress accommodation through shearing of these areas rather than atomic jumps.

The smaller distance between these areas allows a percolation of sheared volumina already at low

shear stresses, which results in a lower energy contained in the shear band. This lower energy

released through the shear band, as described before, allows the solid to stop the shear band,

preventing it from running through the material and causing brittle fracture behaviour.

This also means that the resulting yield strength of the material is lower in the case of the

unrelaxed material.
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2.6.3 Time-dependency of relaxation

The DSC measurements show that a broad spectrum of activation energies causes the relax-

ation during continuous heating of the remaining free volume after ageing at room temperature.

Similarly, the time-dependency of the relaxation reactions have been described by stretched ex-

ponential functions as described by Kohlrausch, Williams and Watts [Williams et al., 1971],

accounting for the non-Arrhenius’-like behaviour of the process.

Several quantities alternated during relaxation, such as the average radial distance of the first

neighbour’s shell, the reduced free volume (x0) and fragility (D∗), were fitted using a stretched

exponential for a property p of the type

p = p0 exp

[

−

(

t

τ

)β
]

, (2.11)

where p0 is the property p at time t = 0, τ = τ(T ) is the average relaxation time, and β the

Kohlrausch exponent. For β = 1, the behaviour is purely exponential.

Figure 2.26 shows the radial distances of the first physically significant peak in G(r) as

obtained from the synchrotron experiments, as a function of the sample’s age. The solid lines

correspond to fits using Eq. 2.11. The fit approaches a value of r0 = 2.922 Å ±0.014 Å for the

first maximum in G(r), and 4.045 Å ± 0.015 Å for the minimum after the first peak (inset in

Fig. 2.26). In both cases, β amounts to about 0.177 ± 0.125, and τ is of the order of 1015. The
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Fig. 2.26: Radial distance of the first neighbouring shell as obtained by synchrotron diffraction

experiments. The solid lines correspond to stretched exponential fits using Eq. 2.11.

strong deviation from an exponential behaviour, equivalent to a comparably small Kohlrausch
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exponent (β) of smaller 0.2, indicates that the processes leading to the change in properties are

widely distributed in activation energies.

The observation of a broad spectrum of activation energies, or a strong deviation from expo-

nential relaxation behaviour, strengthens the concept of a free volume of a broad size distribution.

Similarly, the assumption that large free volume presents sites of lower local potential energy for

the surrounding atoms makes it likely for them to be occupied at an early stage of relaxation.

This leads to the hopping processes required for reversible and irreversible relaxation according

to the PEL model.
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Chapter 3

Properties of other Mg–TM–Y

metallic glasses

A series of Mg-based metallic glasses were introduced in chapter 1.4 on page 6, and the prop-

erties of Mg65Cu25Y10 during embrittlement at room temperature were discussed in detail in

the previous chapter. The aim of this chapter is to compare the properties of a few similar

compositions with the one presented previously. Chemical variation is believed to give insight

on the underlying mechanisms, as the experimental methods are limited in spatial and temporal

resolution.

3.1 Bending tests1

In order to investigate the influence of composition on the time-dependent mechanical properties,

the following Mg–TM–Y alloys (TM = transition metal) were manufactured and quenched to

ribbons or splats:

• Mg59Cu30Y11

• Mg65Cu25Y10

• Mg85Cu5Y10

• Mg85Ni5Y10

• Mg70Zn30

1Castellero, A., Uhlenhaut, D. I., Dalla Torre, F.H., and Loffler, J. F.: Influence of free volume on the ductile-

to-brittle transition in rapidly solidified Mg-based glasses, Advanced Engineering Materials (2008), in preparation.
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Table 3.1: Important radii of the elements used

Mg Cu Y Ni Zn

Metallic radius (pm) 160 128 180 125 139

Atomic radius (pm) 172 157 227 162 153

Covalent radius (pm) 136 117 162 115 125

To ensure a reasonable comparability, all compositions were manufactured from the same starting

elements using the same procedures for alloying and quenching.

Figure 3.1 shows the bending strains obtained after various times. The Mg59Cu30Y11 alloy

was brittle when quenched to the same thickness as the other alloys (splats 50 µm, ribbons 30 µm,

both ±2µm). Ductile ribbons of this copper-richest composition were obtained for extremely

fine ribbons of about 15–20 µm and less than 1 mm width, but they embrittled already after

about 15 min. The comparability to the other alloys is, however, not given as the thickness leads

to different bending strains. As this could be explained by a higher cooling rate in the thinner

sections as well as a different bending strain condition, and a certain size effect as observed

by Conner et al. [2003], the alloy has to be considered as brittle in the as-quenched state, and

no further experiments were carried out on this composition.

When the copper content is reduced to about 5 at.%, the embrittlement is delayed by a

few orders of magnitude in time (compared to the Mg65Cu25Y10). Substituting that remaining

amount of Cu by Ni allows the production of a ribbon which is ductile for more than 6 months.

Similarly, the Mg70Zn30 binary compositions were found to be ductile in bending for several

months.

The time dependence of the bending ductility seems to depend on the Cu content (the higher

the Cu content, the lower the time of ductility in bending). On the other hand, the glass-

forming ability of the alloys ductile in bending for longer times is increasing significantly with

increasing Cu content: the Mg85Ni5Y10 and Mg85Cu5Y10 alloys are only preparable to ribbon

thicknesses [Kim et al., 1990], while the Mg65Cu25Y10 alloy was obtained in 4 mm thickness [Inoue

et al., 1991], and the Mg59Cu30Y11 alloy even in 9 mm glassy rods [Ma et al., 2005b]. When Cu

is replaced by Ni, the embrittlement can again be delayed significantly. Thus, the radius (see

Table 3.1) does not seem to be the only influence as the radii of Ni and Cu are comparable, and

a certain chemical influence may need to be considered.
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Fig. 3.1: Achievable bending strains of various Mg-based glassy ribbons or splats as a function

of the sample’s room temperature age.

3.2 Properties of Mg85Cu5Y10

The Mg85Cu5Y10 alloy was investigated by a series of methods, as this alloy embrittles in an

easily achievable time (see Fig. 3.1). Some experiments were carried out to compare the results

to the Mg65Cu25Y10 alloy. The determination of shear modulus and Poisson’s ratio were per-

formed solely on the Mg85Cu5Y10 alloy due to the time required for sample preparation; such

measurements could not be performed for Mg65Cu25Y10 due to its short time to embrittlement.

3.2.1 Thermal properties1

Thermal properties were investigated in a similar way as described in section 2.3.2, on a heat-

flux calibrated Seiko DSC220CU (Seiko Instruments, Japan). Figure 3.2 shows the full DSC scan

(after background subtraction), the relaxation enthalpies are enlarged in Fig. 3.3. The trends

are comparable to what has been observed in the case of Mg65Cu25Y10. This confirms that the

enthalpic content is reduced in a similar way during ageing as in the case of Mg65Cu25Y10, and

suggests that the underlying mechanism is comparable as the same elements were used for the

alloy.

1Castellero, A., Moser, B., Uhlenhaut, D.I., Dalla Torre, F.H., and Loffler, J. F.: Room-temperature creep

and structural relaxation of Mg–Cu–Y metallic glasses, Acta Materialia (2008), in press.
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Fig. 3.2: Background-corrected DSC scan of

Mg85Cu5Y10 splats showing glass transition

and crystallisation.

Fig. 3.3: Enlarged DSC scan of Mg85Cu5Y10

splats after various times of room-

temperature ageing.

3.2.2 Synchrotron X-ray diffraction1

The synchrotron X-ray diffraction experiments were carried out at the Swiss Light Source, using

exactly the same experimental conditions and data processing as described in 2.4.1. Figure 3.4

shows the radially averaged intensity of a fresh Mg85Cu5Y10 sample. The maximum of the

amorphous halo is found at about 2.5 Å−1, and the second amorphous halo reveals a pronounced

shoulder at 4.75 Å−1. In Fig. 3.5, the maximum position of the first physically significant peak

(C) and the first valley after this peak (D) as quantified from the radial distribution functions

(RDFs, see Fig. 2.18 on p. 29) are plotted against the sample’s ageing time. The solid lines serve

as a guide to the eye.

Figure 3.5 shows that the Mg85Cu5Y10 splats densify with increasing ageing time at ambient

temperatures, but that the densification is much slower than in the case of Mg65Cu25Y10 (see

Fig. 2.19).

In comparison to the Mg65Cu25Y10 alloy, the average atomic distances in the Mg85Cu5Y10

splats are larger, as can be seen from the position of the first amorphous halo at smaller Q-

values as well as from the radial distance of the first physically significant peak in the RDF.

The shoulder on the second amorphous halo as well as the weak but distinct splitting of the

second peak in the RDF indicate a more pronounced short-range (icosahedral) ordering, or a

1Uhlenhaut, D.I., Castellero, A., Dalla Torre, F.H., Palacio Gomez, C.A., Djourelov, N., Krauss, G., Schmitt,

B., Patterson, B., and Loffler, J.F.: Structural analysis of rapidly solidified Mg–Cu–Y glasses during room-

temperature embrittlement, Philosophical Magazine (2008), submitted.
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Fig. 3.4: Synchrotron X-ray diffraction pat-

tern of a Mg85Cu5Y10 splat showing a pro-

nounced shoulder on the second amorphous

halo.

Fig. 3.5: Radial positions of the maximum

(C) and minimum (D) of the first physi-

cally significant peak of the radial distribu-

tion function, derived from the diffraction ex-

periments according to Eq. 2.8, as a function

of room-temperature ageing.

steeper electrochemical potential, as found by Krajci and Mrafko [1984] using Morse potential

calculations. This feature is invariant with time. In Mg65Cu25Y10 this broad shoulder was not

observed in the diffraction data (Fig. 2.17), resulting in the singular shape of the second peak

in the RDF (see Fig. 2.18). Apparently, the substitution of Cu with Mg leads to an increase in

steepness of the interatomic potential in the Mg85Cu5Y10 samples, corresponding to an increase

of interatomic forces which leads to a more ordered structure. At the same time, this structure

is of lower density, as the interatomic distances are higher than in the case of Mg65Cu25Y10.

The higher order and the lower amount of the small element copper seem to delay the relaxation

significantly.

3.2.3 Dynamic mechanical analysis1

The complex elastic modulus E∗ = E′ + iE′′ and its storage (E′) and loss modulus (E′′) were

determined by DMA experiments, according to the experimental description in Section 2.2.3.

Figure 3.6 shows the change in phase shift resulting from the room-temperature relaxation, and

Fig. 3.7 shows the resulting real and imaginary components of the Young’s modulus.

The Young’s modulus increases as a function of ageing time. The storage modulus increased

1Castellero, A., Uhlenhaut, D.I., Moser, B., and Loffler, J.F.: Critical Poisson ratio for room-temperature

embrittlement of amorphous Mg85Cu5Y10, Philosophical Magazine Letters 87, 383 (2007).
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Fig. 3.6: Evolution of the phase shift tan δ

as a function of room-temperature ageing for

Mg85Cu5Y10.

Fig. 3.7: Ageing-time dependent storage (E′)

and loss modulus (E′′) of Mg85Cu5Y10 at

room temperature.

by about 1.5% during a time interval comparable to the one observed for the Mg65Cu25Y10 alloy

(see p. 21), while the absolute values of the Mg85Cu5Y10 alloy are significantly above the ones of

Mg65Cu25Y10. On the other hand, Fig. 3.7 shows that the loss modulus (E′′) decreases slightly

with ageing. The absolute value of E′′ (≃ 0.34 GPa) is, however, very small, providing evidence

that the metallic glass is mainly solid and viscous flow is negligible at room temperature. The

internal friction (tan δ) also decreases with increasing ageing time (Fig. 3.6). This confirms

that the metallic glass tends towards a more rigid structure and loses the remaining liquid-like

properties that were frozen in during rapid solidification. The measurements shown here are the

longest obtained for this composition, other samples ruptured after shorter times in the DMA.

3.2.4 Acoustic resonance vibrometry1

The Young’s modulus (E) and the shear modulus (G) were measured at the IMCE (Integrated

Material Control Engineering NV, Diepenbeek, Belgium) by means of a resonance frequency

and damping analyser using an acoustic excitation. The samples were cut into the shape of

rectangular bars (ca. 20× 4× 0.052 mm3) and carefully polished on the four sides to remove any

residual stresses induced during cutting. The bars were subsequently placed on supporting wires

in correspondence with the nodal points of the flexural and torsional modes. The oscillation of the

sample was recorded at the anti-nodes by means of a laser vibrometer (IVS300 Polytec GmbH,

Waldbronn, Germany). The measurements were performed at room temperature (20◦ ± 2◦ C)

without moving the sample from the supports to reduce errors associated with its position.

1Castellero, A., Uhlenhaut, D.I., Moser, B., and Loffler, J.F.: Critical Poisson ratio for room-temperature

embrittlement of amorphous Mg85Cu5Y10, Philosophical Magazine Letters 87, 383 (2007).
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Assuming a fully isotropic solid in the case of metallic glasses, the Poisson’s ratio ν can readily

be calculated from the Young’s and shear modulus, according to

ν =
E

2G
− 1 . (3.1)

The Poisson ratio can be determined by this method with an uncertainty of ±10%.

A thin foil (43±1 mm) of Zr52.5Ti5Cu17.9Ni14.6Al10 (Vit105) was used as a reference. The

obtained values for E (94±5 GPa) and G (33.0±1.5 GPa) and the calculated Poisson ratio (0.41)

compare well with those reported in literature for similar compositions of Zr–Ti–Cu–Ni–Al BMGs

(E ≃ 82–93 GPa, G ≃ 30–34 GPa, ν ≃ 0.36 [Wang et al., 2004]). The uncertainty of the values

for the elastic constants (±5%) arises mainly from the limited accuracy (±1 µm) involved in

measuring the thickness of very thin samples.

The Figures 3.8 and 3.9 show the flexural and torsional resonance frequencies of Mg85Cu5Y10

and their damping behaviour as a function of ageing time. From these quantities, the Young’s

and shear modulus were calculated and plotted in Fig. 3.10. Our value for E agrees with that

obtained by Kim et al. [1990] from tensile tests (44 GPa). To our knowledge, no shear modulus

for the given composition has been reported in the literature, but our results are comparable to

those documented in Lewandowski et al. [2005] for the Mg65Cu25Tb10 BMG (19.6 GPa).

The ongoing relaxation at room temperature leads to a continuous increase in elastic constants

with time. Remarkably, the time-dependence of this increase seems to be stronger for G than E,

leading to a very significant decrease in Poisson’s ratio (ν).

When relating the bending ductility of this alloy composition to the change in Poisson’s ratio

during ageing at ambient temperatures, it can be noted that the ductile-to-brittle transition

occurs at values of 0.30 ≤ ν ≤ 0.34, which is in excellent agreement with recent literature on the

topic. Lewandowski et al. [2005] reported a transition from tough to brittle at ν = 0.32 for a

variety of metallic and oxidic glasses, and Gu et al. [2006] found a malleable-to-brittle transition

at the same value in Fe-based metallic glasses of different alloying content.

3.3 Discussion

From DSC experiments and X-ray diffraction performed on Mg85Cu5Y10 and Mg65Cu25Y10 al-

loys, it can be concluded that the mechanism leading to embrittlement is the same. A room-

temperature induced relaxation process leads to a densification of the alloys, where particularly

areas of large free volume disappear, leading to a brittle fracture upon bending of the samples.

A slightly different diffraction pattern for Mg85Cu5Y10 implies that the coordination present in
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Fig. 3.8: Resonance frequencies of the flex-

ural and torsional modes of Mg85Cu5Y10

splats as a function of room-temperature age-

ing.

Fig. 3.9: Damping factors of Mg85Cu5Y10 in

their corresponding resonance modes during

room temperature ageing.

Fig. 3.10: Time-dependent elastic moduli of

Mg85Cu5Y10 at room-temperature, as deter-

mined from the sample’s resonance frequen-

cies (see Fig. 3.8).

Fig. 3.11: Poisson’s ratio of Mg85Cu5Y10

splats as a function of room-temperature age-

ing.
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this alloy has a slightly higher fraction of icosahedral ordering compared to Mg65Cu25Y10.

The change in properties at room temperature are delayed when reducing the Cu content,

which is supposed to be the fastest diffuser. At the same time, the alloys with the faster room-

temperature relaxation appear to be the better glass formers. This leads to the following conflict:

The good glass-formers tend to be brittle even when quenched at high cooling rates, while the bad

glass-forming compositions (necessarily quenched at high cooling rates) are ductile in bending

(or, stay ductile for a longer amount of time).

From the work on Mg65Cu25Y10 it was concluded that the amount and the type (i.e. the

size) of free volume is crucial for ductile bending properties. This is assumed to be true for all

alloys investigated. When considering the time-independent bending properties after cooling at

moderate speeds (producing a somewhat relaxed alloy), the better glass-formers should be found

in a brittle state, while the worse ones could still be ductile. This implies that the quenched-

in size distribution and amount of free volume is possibly inherited from the melt. This is

understandable when considering general theories of glass-forming ability (see, e.g., Miracle et al.

[2007]), where a certain packing efficiency is assumed in the melt, reducing kinetics sufficiently

to prevent crystallisation from the undercooled melt before reaching the glass transition. A

more efficient packing in the melt will reduce atomic mobility, and might favour glass formation.

These glasses, inheriting their structure from the melt, will have a moderately lower amount of

free volume available for the accommodation of shear stresses, and will therefore fail in a brittle

manner.

When including the time dependency, it becomes obvious that alloys containing a higher

amount of small elements (or fast diffusers) embrittle in a shorter time, disregarding a potentially

lower diffusivity in these glassy structures due to the theoretically higher packing efficiency.

Either the mobility of the small atoms is not significantly dependent on the large holes, or the

length of the diffusion paths is short enough not to significantly influence the diffusion times

required for embrittlement.

Where Cu was completely replaced by Ni, an embrittlement was hardly found after an ageing

period of more than 6 months. This cannot solely be explained by the different radii (see

Table 3.1), as they are similar for Cu and Ni. A chemical influence on the relaxation and

embrittlement can therefore not be excluded.

The determination of the elastic properties of Mg85Cu5Y10 by acoustic excitation not only

confirmed an increase in Young’s modulus as obtained by DMA, it also revealed a continuously

increasing shear modulus. This increase of G seems to be even more important, as the time-

dependent effect is more significant, resulting in a change of Poisson’s ratio. The initial value of

53



Chapter 3: Properties of other Mg–TM–Y metallic glasses

about 0.4 drops to approximately 0.3 within the observed time window including macroscopic

embrittlement. A critical value of approximately 0.32 was found, confirming earlier results re-

ported in literature. As this value appears to be universally applicable for a certain ductility (or

fracture toughness) of metallic glasses, a similar transition can be assumed for the other compo-

sitions where a direct observation was not possible. It is concluded that the densification of the

structure makes it more difficult for the solid to locally accommodate shear stresses, where large

free volume areas are most important, as their resistance to shear must be lower. Or, in other

words, the number of ‘liquid-like’ zones decreases during relaxation, having a particularly low

shear modulus. At the same time, the damping values as well as the internal friction decrease,

which again is in good agreement between both DMA and acoustic excitation experiments, and

the general picture expected from the investigations on Mg65Cu25Y10.

3.4 Conclusions

The mechanical properties of the Mg–TM–Y glasses not only depend on the room temperature

ageing time, but also on they quenching speed, and ultimatively, on their packing density in

the liquid state, influencing ultimatively the glass-forming ability. The structure preserved dur-

ing quenching, or the achieved minimum in the energy landscape, can be pre-adjusted by the

appropriate combination of alloying elements. This has a major influence on the resulting me-

chanical properties, particularly bending ductility, and fracture toughness according to reports

in literature.

The elastic properties of these metallic glasses can be altered by isothermal annealing below

Tg. The Poisson’s ratio therefore is not only dependent on the alloy’s composition, but very

significantly on the annealing procedure and the quenching condition. On the other hand, the

Poisson’s ratio seems to be the best parameter to describe the state of ductility in a metallic

glass.
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Chapter 4

Development of a corrosion-resistant

magnesium alloy

4.1 Introduction

A spontaneously-forming and self-healing passive film on metallic materials in aqueous solutions

is an essential requirement for the application of engineering alloys. One of the most important

developments in this field was the discovery of ‘stainless steel’, a class of iron-based alloys with

amounts of at least 12 wt.-% chromium in solid solution. Here the spontaneous formation of

a stable (Fe-)Cr oxide film protects the alloy from dissolution, and the high solute content of

chromium allows an immediate repassivation of scratched surfaces, where the metallic solid was

exposed [Uhlig and Wulff, 1939]. This behaviour was found even in very aggressive solutions

such as 0.1 M HCl [Naka et al., 1976].

A similar yet intrinsic effect can be observed in the case of aluminium (and titanium), where

the element itself tends to spontaneously form an oxide layer, which is stable in slightly alkaline

as well as in not too acidic solutions containing aggressive anions such as Cl−. This makes alloys

based on such elements very interesting for structural applications, as the specific mechanical as

well as the electrochemical properties are unique in those density classes.

Magnesium, being one of the lightest engineering metals, is not able to protect itself from

corrosion: in contact with water, it forms Mg(OH)2 and hydrogen according to the following

reaction:

Mg + 2H2O → Mg(OH)2 + H2 . (4.1)

Equation 4.1 is the sum of the anodic reaction: Mg → Mg2+ + 2e−, the cathodic reaction

2H2O+2e− → 2H2 +2OH−, and the product formation Mg2+ +2OH− → Mg(OH)2 [Makar and
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Kruger, 1990]. The magnesium dihydroxide equilibrium is approximately at pH 11, which means

that it is destabilised in aqueous media of pH-values of less than 10 by an acid-type attack [Makar

and Kruger, 1990]. Pitting can easily be initialised by the presence of even low amounts of anions

such as Cl−, CO2−
3 or SO2−

4 [Ghali et al., 2004]. Consequently, the high reactivity of this element

presents a limit to the applicability as a structural material. (The solubility can be a desired

feature for example in the case of biomedical applications, where the in-vivo dissolution of the

implant after a defined time is beneficial, although this completely different topic shall not be

part of this work.)

The small solubility of alloying elements in crystalline Mg puts a constraint on the classical

(‘stainless steel’) approach of protecting Mg-based alloys in solutions such as sea water, as the

solute contents required to form a protective layer cannot be achieved. It could be shown that

supersaturated solutions (obtained by rapid quenching) containing Al [Hehmann et al., 1989]

increase the corrosion resistance significantly, while the formation of precipitates as well as the

presence of grain boundaries are expected to provoke the formation of local galvanic elements,

reducing the resistivity to corrosion. One of the nowadays best performing commercial Mg-based

alloys is the WE431 with high amounts of Yttrium in solid solution [Miller et al., 1995].

This work includes the development of particularly corrosion-resistant Mg-based metallic

glasses. Using the theoretical approach of chromium additions in iron-based alloys as suggested

by Song and Atrens [2003], the alloys were designed by the addition of passivating elements of

about 10 to 30 at.-%. The density of the alloys should be comparable to those of aluminium

alloys, yet due to the amorphous structure, the specific mechanical properties can be expected to

be higher. The electrochemical properties of these alloys were investigated in ‘practical’ solutions

containing about 0.1 M NaCl at various pH values. Quantitative information were obtained by

potentiodynamic and impedance measurements, and surface characterisation of corroded samples

was carried out by light microscopy, X-ray diffraction (XRD), Auger electron spectroscopy (AES)

and X-ray photoelectron spectroscopy (XPS).

4.2 Selection of elements and strategies

4.2.1 Elements

The periodic table seems to offer an unlimited choice of elements for alloying with Mg. It has

already been suggested in literature that the addition of chromium could improve the electro-

chemical properties of magnesium alloys similarly to what was found in the case of stainless

1WE43 contains 4 wt.-% Y, 3 wt.-%Nd, and 0.5 wt.-% Zr
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steels [Song and Atrens, 2003], as chromium (and the other refractory metals) form extremely

stable oxides. Further, the lanthanides (scandium, yttrium and lanthanum) as well as the el-

ements from the groups III, IV and V (aluminium, gallium, indium, silicon, germanium, tin,

phosphorus) are theoretically able to inhibit corrosion; phosphorus, for example, in its oxidised

form is known to passivate Mg surfaces by the incorporation of phosphates into the surface layer

by precipitation from the aqueous solution.

Due to various restrictions which result from chemical, physical or logic reasoning, the fol-

lowing elements will not be considered in this work: noble metals such as silver, gold, palladium

and platinum are not used, as the required increase in electrochemical potential is not likely to

be achievable for such a reactive element as magnesium; additionally, their limited effect on the

corrosion resistance of existing alloys has been investigated in detail [Rao et al., 2003a,b]. Due

to their insolubility in the liquid phase, the refractory metals, phosphorus and boron cannot be

used. Rare earth metals could be interesting, although their passivity range in the pure form

does usually not extend into acidic media—passivity of the resulting alloys in such pH-ranges can

therefore not be expected. All toxic elements are excluded, such as lead, cadmium, arsenic, beryl-

lium (which is insoluble) etc., and elements of extremely high density (larger than 7.5 g/cm3)

would lower the main advantage of magnesium as a base element. These restrictions leave us

with a reasonably wide choice for the development of new corrosion-resistant amorphous alloys.

4.2.2 Strategies

A random mixing of elements is not very likely to lead to a quick success in alloy development.

Several empirical and theoretical rules and methods about the formation of metallic glasses have

been established during the last decades; their background as well as their implementation will

be briefly presented in the following sections.

Rules of glass-forming ability

Several empirical and theoretical rules have been established to explain glass-forming ability of

specific metallic and metalloid compositions. The most important one is probably the ‘Turnbull

criterion’ (see, e.g. Turnbull [1981]). Turnbull postulated that the dependency of the glass

transition temperature on the chemical composition (in a given system) is less important than

the dependency of the liquidus temperature on the same. As during quenching the time available

for nucleation is given by the interval between liquidus and glass transition temperature, a

minimisation of this interval would give the system less time at a given cooling rate to nucleate,
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and thus improve the glass-forming ability of the system.

Later, Egami and Waseda [1984] correlated glass-forming ability with the inverse of the atomic

volume mismatch. From this, a minimum difference of 12% in radius was derived to be nec-

essary for glass formation. Miracle et al. [2007] later derived from this a topological model,

distinguishing between solvent, solute and ‘filler’ atoms based on a dense icosahedral packing of

icosahedrons.

Greer [1993] postulated upon the discovery of the excellent Zr-based glass former ‘Vit 1’ a

confusion principle. A significant variance in constituting elements of different sizes leads to a

hindered crystallisation, as efficient long-range ordered arrangements according to e.g. Laves

phase rules or similar become difficult. The elements need to diffuse a long way to minimise

configurational energy.

Summarising, it seems to be beneficial to combine at least 3 elements of largely different radii

and negative enthalpy of mixing (to ensure a low melting temperature). This is also known

as the ‘Inoue-criteria’ [Inoue, 2000]. Additionally, when considering the excellent glass-forming

ability in the Mg–TM–RE system, variance in chemistry seems to be helpful and was therefore

attempted.

Alloy design and conventional alloying

Conventional alloying was then performed as a systematic trial-and-error method. Elements of

defined quantities were weighed in, alloyed directly in a graphite crucible or prealloyed as for

example in the case of CuY in an arc-melter. Subsequent quenching by melt-spinning or splat-

quenching produced potentially glassy solids for further analysis. Elements were chosen in terms

of radii and chemical variance, e.g. elements of different groups were mixed. For the definition

of the elemental ratios, binary [Massalski et al., 1990] and ternary [Villars et al., 1995] phase

diagrams as well as thermodynamic data of enthalpies of mixing available for a series of binary

systems [Predel, 1991], and PANDAT calculations [Chen et al., 2002] were used to find eutectic

compositions, particularly negative enthalpies of mixing or similar references for the likeliness

of finding glass-forming compositions. For a first evaluation, not only systems with particularly

stable oxide formers were considered, but also the possibility of modifying an already glass-

forming composition was taken into account. In case of an unsuccessful quenching of an eutectic

composition in a system where glass-forming ability can be expected, off-eutectic compositions

were tried as a shift of the eutectic composition, because of deviations from equilibrium conditions

during quenching can be expected.
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Centrifugal processing

A new and potentially efficient approach is the so-called centrifugal processing [Löffler and John-

son, 2002; Löffler et al., 2003]. Here, small amounts of multicomponent melts contained in radially

oriented crucibles are accelerated in a heated centrifuge (a device that is used for testing turbine

blades, in collaboration with Test Devices Inc., Hudson, MA, USA) to approx. 60’000 g. During

slow cooling, this very high acceleration sediments the crystallising phases, due to the difference

in density either to the top or the bottom of the crucible. In the middle, the composition with

the lowest melting point remains, usually a eutectic.

Throughout the parallel dissertation of Edward Arata in the same laboratory at the ETH

Zurich, it was found that the method could be reliably applied for binary and ternary systems,

where the results could be compared to existing thermodynamic databases. It can therefore be

assumed that in more complex systems, the proximity of the resulting composition to eutectics

is given. Still the initial composition can influence the result, as local minima in multicomponent

systems have to be expected. The initial compositions of the samples run for this project were

therefore designed to be as close to the desired final alloy composition as possible.

The compositions suggested for centrifugal processing was Mg72Zn15Ca13)75(Al88Si12)25. This

composition was chosen on the basis of a ternary eutectic known to be glass-forming, and a binary

eutectic of strong oxide formers. The two eutectics were combined at ratios of 3/4 to 1/4 to ensure

a sufficiently high amount of potentially passive elements. All atomic sizes were considered and

found to fulfil a certain deviation from the main alloying element. The analysis of the centrifugally

processed sample was carried out by Bruno Zberg and Edward Arata. During the centrifugal

processing, the elements Ca and Si were precipitated completely in the primary phases, a ternary

eutectic was found containing solely Mg, Zn and Al. Modifications of the eutectic found in the

sample yielded the glass-forming composition Mg74Zn21Al5 [Arata et al., 2008], being close to

the calculated ternary eutectic composition (Mg70Zn25Al5). An electrochemical characterisation

of this alloy was not pursued, as the alloy consisted of a comparably low aluminium content, not

allowing extensive passivity.

4.3 New glass-forming compositions

4.3.1 Methods of characterisation and estimation of glass-forming ability

The combination of X-ray diffraction (XRD) and differential scanning calorimetry (DSC) provides

a fairly complete set of information on the properties of glasses. Usually, the absence of sharp
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diffraction peaks in XRD are interpreted as a pattern of a monolithic amorphous structure.

In-house XRD scans were recorded in reflection geometry on an X’Pert XRD diffractometer

equipped with a Cu-Kα source, or on a STOE 120 degrees 2θ detector used in conjunction with

a Co-Kα source.

The interesting thermal events of Mg-based alloys occur in the temperature range between

room temperature and 600 ◦C. For these experiments, a liquid nitrogen cooled calorimeter was

used (DSC220CU, Seiko Inc., Japan). From DSC scans, information on the glass-forming ability

can be obtained. A number of parameters calculated from thermal properties correlate well

with the critical casting-thickness of Mg-based metallic glasses: The reduced glass-transition

temperature Trg = Tg/Tl (on absolute scales), is a measure of the time required to quench the

alloy from the liquid phase to the glassy solid [Turnbull, 1981]. Alloys showing a Trg > 2/3 are

considered to be ‘bulk’ glass formers. Similarly, the undercooled liquid range ∆T = Tx − Tg is a

measure for the time required to crystallise the undercooled liquid. Recently, a novel parameter

(γ) was introduced [Lu and Liu, 2002, 2004], where γ = Tx/(Tg + Tl). In the cases where a glass

transition temperature could not be observed, the crystallisation onset Tx was set equal to the

glass transition temperature Tg.

4.3.2 Promising compositions

Modifications of the Mg–TM–RE alloys

The electrochemical properties of Mg–TM–RE alloys have been investigated in detail [Yao et al.,

2001b, 2003a,b]. A beneficial effect of Y could be identified, but the stability of the alloys in

neutral solutions without the presence of surface-stabilising borates or similar buffers was found

to be insufficient. The addition of aluminium and silicon to the existing Mg–TM–Y glasses

was investigated in literature [Linderoth et al., 2001; Pryds, 2004], where it was found that

the addition of these elements would reduce the glass-forming ability, and finally remove it at

atomic concentrations of about 10% in the case of Al and 4% in the case of Si. Both of these

concentrations are too low to reasonably influence the corrosion properties of these alloys, and

therefore this system was not further considered.

Mg–Zn–Ca and derived compositions

In a first step, the Mg-rich ternary eutectic in the Mg–Zn–Ca system was investigated (it has to

be noted here that in 2004, when this work was started, the publication of Gu and co-workers on

the same system [Gu et al., 2005] had not been available yet). Moderately good glass-forming
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ability was found for the eutectic composition of Mg72Zn15Ca13 (see the corresponding liquidus

projection in Fig. 4.1), but the low amount of passivating elements (Zn shows passivity only in

alkaline solutions) required further modification of the alloy.

To improve passivity, the influence of the addition of small amounts of aluminium on the

glass-forming ability was investigated. Unfortunately, small amounts of aluminium reduced the

glass-forming ability significantly, and, at a concentration of 10 at.-%, amorphous splats were

not achievable anymore. The compositions as well as their thermal properties as determined

by DSC are listed in Table 4.1, where the thermal properties are parametrised to illustrate the

change in glass-forming ability. X-ray diffraction showed only partially amorphous samples for

concentrations of Al higher than 4.4 at.-%.

Calorimetric experiments on the Al-modified Mg–Zn–Ca ternary eutectic are shown in Fig. 4.2,

where the section of the glass transition and crystallisation is shown. A glass transition endotherm

was only observed in the case of the unmodified eutectic. Additional aluminium decreases the

crystallisation temperature and the enthalpy of the first crystallisation (being the area under the

first exothermic peak), corresponding to an increased fraction of crystallites in the glassy matrix.

The baseline, resulting from the second heating run, elucidates relaxation enthalpies before the

crystallisation event.

Similarly, the addition of both aluminium and silicon to the Mg–Zn–Ca alloys reduces glass-

forming ability to such a high extent that Mg–Zn–Ca–Al alloys containing even small amounts

of Si could not be quenched to a glassy state (data not presented). Therefore, the Mg–Zn–Ca

system and derived alloys were not considered for further alloy development or electrochemical

characterisation.

Table 4.1: Alloys and thermal properties of Mg–Zn–Ca(–Al)

Composition Trg γ Structure Bending behaviour

Mg72Zn15Ca13 0.61 0.39 glassy ductile

Mg72Zn15Ca8.6Al4.4 0.55 0.38 glassy brittle

(Mg72Zn15Ca13)97.8Al2.2 0.59 0.38 glassy brittle

(Mg72Zn15Ca13)95.6Al4.4 0.60 0.38 crystl. brittle

(Mg72Zn15Ca13)91.2Al8.8 0.59 0.29 crystl. brittle
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Fig. 4.1: Liquidus projection of the Mg–Zn–

Ca ternary system [Villars et al., 1995], and

glassy compositions as indicated.

Fig. 4.2: DSC scans of rapidly solidified Mg–

Zn–Ca(–Al) alloys recorded at a heating rate

of 20 K/min. The samples were measured as

quenched, and their crystalline backgrounds

are shown as the zero-line corresponding to

the second heating run.

Mg–Ga–Al and derived compositions

With both aluminium and gallium being two elements of exceptional electrochemical properties,

the two eutectic compositions located in the Mg-rich corner of the Mg–Al–Ga ternary liquidus

projection (see Fig. 4.3) seemed very promising. Of this ternary system, unfortunately only

after a vast investigation on the alloy, a report on its glass-forming ability could be found in

literature [Mizutani and Matsuda, 1984]. It is interesting to note here that no major review

article either on metallic glasses in general nor Mg-based alloys ever referred to this publication.

Further, no report on its electrochemical behaviour has apparently been published. As only

electric transport had been investigated in the original publication, some thermal and other

properties will be presented in this work.

Both Mg-rich ternary eutectic compositions as well as the Mg–Al binary eutectics [Predel and

Hulse, 1978] are not glass-forming, yet a wide compositional range around Mg55−75Al10−25Ga15−20

was found to show a moderate glass-forming ability, in good agreement with literature [Mizutani

and Matsuda, 1984]. A ratio of Al to Ga close to 1 seems to help glass-formation; alloys with

Al/Ga ratios ≫ 1 could not be quenched to glassy solids, while the opposite (Ga-rich) side seems

to allow for glass formation. For the Mg–Ga binary eutectic at approx. 20% Ga, glass formation
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has been reported in literature [Predel and Hülse, 1979]. As glassy ribbons with thicknesses of

30 micrometers or above could not be produced, the composition was not considered for further

investigation.

The glass-forming ability in the ternary Mg–Al–Ga system is somewhat unexpected. Al

and Ga can be considered as chemically similar elements, and the metallic radii of both are

fairly close (Al: 143 pm, Ga: 135 pm), clearly not fulfilling the required size mismatch for

significant frustration of the nucleation process. At the same time, only in the Ga binary system,

glass-forming ability was found at the first eutectic composition [Predel and Hülse, 1979]. The

enthalpies of mixing are negative for Mg and Al (minimum at Mg46Al54 of ∆HL ≃ −3.3 kJ/g-

atom at 1073 K) as well as for Mg and Ga (minimum at Mg55Ga45 of ∆HL ≃ −11.6 kJ/g-atom

at 923 K), but are positive (∆HL ≃ 0.68 kJ/g-atom) for the Al55Ga45 at temperatures of around

1000 K [Predel, 1991].

In Fig. 4.4, a DSC scan of the crystallisation of Mg70Al15Ga15 is plotted against absolute

temperature. The crystallisation onset is at 394 K, and the liquidus temperature was determined

from the cooling curve to be 648 K. The crystallisation seems to occur over 3 steps, while the

first exothermic drift around 375 K is attributed to relaxation. The crystallisation enthalpy

was determined to be 83 J/g. The reduced glass transition temperature is ca. 0.61, assuming

Tg = Tx.

The maximum thickness of Mg–Al–Ga prepared to the glassy state was below 100 µm in

meltspinning. Some of the Mg–Al–Ga alloys were modified with Zn and Ca to investigate the

influence of these elements on the glass-forming ability. By the addition of Zn (metallic radius:

139.4 pm), the glass-forming ability vanished, while at least the indicators for glass-forming

ability improved significantly upon the addition of 5 at.-% Ca (metallic radius: 197.4 pm) to a

Mg59Al22Ga19 alloy. Here, Ca and Mg can be considered as chemically similar, but very different

in size. Further (higher) additions of Ca were not investigated, as the electrochemical properties

of Ca have to be considered as worse compared to Mg.

Consequently, some of the amorphous ternary compositions as well as the calcium-containing

alloy were investigated in aqueous solutions.

Mg70Zn15Ca5Al5Ga5 – the lucky shot

An intuitive guess using ‘confusion principle’ and atomic size mismatch requirements was the

quinary composition Mg70Zn15Ca5Al5Ga5, resulting in an alloy of limited glass-forming ability

at a total of 10 at.-% of the passivating elements Al and Ga. The alloy could be quenched to
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Fig. 4.3: Liquidus projection of Mg–Al–Ga. The points indicate glassy (yellow boxes) or crys-

talline (red circles) compositions found in this work.

Table 4.2: Alloys after quenching to ribbon thicknesses of typically 40 µm and their thermal

properties, sorted by Mg-content

composition Trg γ structure bending behaviour

Mg81Ga19 – – crystl. brittle

Mg77Al5Ga18 – – crystl. brittle

Mg75Al13Ga12 – – crystl. brittle

Mg73Al10Ga17 ? ? glassy brittle

Mg72Al14Ga14 0.61 0.38 glassy brittle

Mg70Al15Ga15 0.62 0.38 glassy ductile (weeks)

Mg70Al12Ga18 ? ? glassy brittle

Mg68Al16Ga16 0.62 0.38 glassy brittle

Mg65Al18Ga17 0.67 0.40 glassy ductile

Mg59Al22Ga19 ? ? glassy brittle

Mg56Al21Ga18Ca5 0.69 0.41 glassy ductile

Mg56Al21Ga18Zn5 – – crystl. brittle

Mg50Al19Ga16Zn15 – – crystl. brittle

Mg46Al36Ga18 – – crystl. brittle
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Fig. 4.4: Crystallisation of the Mg70Al15Ga15 ribbon observed in a DSC during continuous

heating. The crystallisation temperature was determined to be 394 K, with a slight relaxation

signal before crystallisation. Scan rate was 20 K/min.

amorphous ribbons of 70 µm thickness. The reduced glass transition temperature (Trg) amounts

to 0.54, with a crystallisation temperature of 120 ◦C.

4.4 Electrochemical characterisation of selected compositions1

For electrochemical investigation, three compositions were selected according to their density

(magnesium, aluminium and where applicable calcium-rich), and alloyed in amounts of about

50 g to perform a first set of tests in aqueous solution. The promising alloys were then prepared

for in-depth investigations on the passivation mechanism, and for a more detailed electrochemical

analysis.

The alloys selected for investigation were of the following compositions:

• Mg70Al15Ga15

• Mg56Al21Ga18Ca5

• Mg70Zn15Ca5Al5Ga5

Additionally, some other ternary Mg–Al–Ga alloys were screened for their electrochemical per-

formance in common solutions. As no significant differences between the alloys (possibly due

1Uhlenhaut, D.I., Furrer, A., Uggowitzer, P.J., and Loffler, J.F.: Electrochemical properties of glassy

Mg70Al15Ga15 alloys in 0.1 M NaCl solution, Intermetallics (2008), submitted.
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to the relative similarity in chemical composition) was observed during these preliminary tests,

the focus has been kept on the Mg70Al15Ga15 alloy, as this composition is Mg–Al rich (i.e., of

low density and costs) and bending ductile for a long period of time. The influence of the com-

positional variations within the glass-forming range of the ternary system will therefore not be

discussed here. An increased corrosion resistance can be expected for compositions poor in Mg

due to the generally good electrochemical performance of Al and Ga.

4.4.1 Potentiodynamic measurements

Potentiodynamic polarisation curves were measured on Mg70Al15Ga15 and Mg56Al21Ga18Ca5

glassy alloys using an Autolab PGSTATS 302 device (Eco Chemie B.V., Netherlands) and the

corresponding ‘GPES’ software (General Purpose Electrochemical System). A 3-electrode set

up was used, employing a saturated KCl/Hg2Cl2 calomel electrode (with a standard hydrogen

electrode potential E(SHE) = 240 mV) as reference, connected to the cell by means of a Haber-

Luggin capillary, and a platinum mesh as counter electrode. The open circuit potential (OCP,

or corrosion potential Ecorr) was measured for 30 min before each measurement; the scan rate

(dU/dt) of the potential U was usually set to 0.001 V/s to measure current densities (i) from

OCP−0.5 V to OCP+1 V. Additionally, a scan rate of 0.0001 V/s was used and measurements

were also performed starting the scan from the OCP (i.e. without cathodic prepolarisation).

The sample ribbons were glued to conducting Bakelite and sealed at the edges with PDMS

sealant, which left a sample surface of approximately 0.8 cm2. All experiments were carried out

at room temperature in 0.1 M NaCl solution, the pH of which ranged between a value of 12 and

2 for the different measurements. pH-values were controlled by a pH-meter and adjusted by the

appropriate addition of HCl or NaOH.

Influence of pH

Figure 4.5 shows a series of potentiodynamic scans in 0.1 M NaCl solution for various pH values

between 2 and 12. A distinct passive plateau can be observed in the anodic range for samples

measured in solutions of pH 4 and above. Passive currents are around 3× 10−6 A/cm2, indepen-

dent of the pH. In contrast, the samples measured at pH 2 and 2.5 are active in these solutions; a

small deviation from ideal active behaviour can be found just next to the open circuit potential

(OCP).

A significant variance in OCP values was observed. For the samples measured between 4 ≤

pH ≤ 7.7, the OCP values decreased linearly from −1.6 V to −1.76 V, while the corresponding
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Fig. 4.5: Potentiodynamic scans of Mg70Al15Ga15 ribbons in a 0.1 M NaCl solution, at pH values

between 2 to 12.

corrosion currents were found to be constant and little below 10−6 A/cm2. With increasing

potentials the slope of the cathodic reaction flattens. Measurements obtained above or below the

pH-range of 4 ≤ pH ≤ 7.7 do not follow this trend. Here the corresponding slopes of the cathodic

reactions suggest different oxygen kinetics compared to the above mentioned systematics. Pitting

potentials were typically found at approximately 0.25 V to 0.3 V above the OCP, while these

values did not show a particular trend with pH.

Influence of scan speed and cathodic polarisation

The Mg70Al15Ga15 ribbons were measured at two different scan speeds in a neutral solution of

0.1 M NaCl to investigate the influence of the scan speed on the current densities. A speed

of 0.001 V/s was applied during the measurements shown above, while here for comparison a

rate of 0.0001 V/s was used. Additionally, the same experiments were carried out starting the

polarisation sweep from the OCP.

The results are shown in Fig. 4.6. The reduction of the scan speed by one order of magnitude

influenced both cathodic as well as anodic reaction significantly, while without cathodic prepolar-

isation the influence of scan speed was negligible. In the case of the slower scan rate, the cathodic

reaction is slightly steeper, while the passive current density in the anodic segment dropped to

about 4 × 10−7 A/cm2. The OCP was shifted to lower potentials, which could be explained by

the different kinetics during the cathodic polarisation, but the interval between OCP and pitting

potential remained comparable for both of the measurements. Apparently, the passive current

densities of the sample measured at lower speed decrease with increasing potential (and time),
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while the opposite was observed in the case of the higher scan rate. The samples measured from

the OCP to anodic potentials showed higher and increasing passive current densities, indicating

a passive layer on the metallic surface of higher conductivity.

From these measurements, it can be concluded that the Mg70Al15Ga15 alloy investigated in

this work shows very low corrosion currents both at the corrosion potential and in the passive

range. A lower polarisation speed strongly reduces passive current densities after cathodic polar-

isation. The decrease in current density (and corrosion rate) during low-speed scanning through

the anodic passivity range can be related to a growing or densifying passive layer during the

measurement. Further, the overall lower current density might be related to the time avail-

able for the alloy to build a passive layer. This is supported by the fact that higher passive

currents (without a significant dependence on the scan rate) have been observed in the case of

measurements without cathodic pre-polarisation.

4.4.2 Surface characterisation of oxidised samples

As a help to the interpretation of the potentiodynamic and impedance measurements, a precise

and where possible quantitative surface characterisation is needed. Optical microscopy might re-

veal pits or surface corrosion, while X-ray diffraction (XRD) should identify the phases formed on

the corroded surfaces. Auger electron spectroscopy (AES) combined with depth profiling by Ar-

gon sputtering further should allow to determine the thickness-dependent chemical composition

of the surface as well as the oxidation states of the elements present.

For the characterisation of corroded surfaces, samples of approximately 0.25 cm2 in size were

attached to glass discs with PDMS sealant and immersed in unstirred and closed 0.1 M NaCl

solutions of different pH-values and time spans as listed in Tab. 4.3. After immersion, the samples

were rinsed with deionised water and dried with pressed air. The surfaces were therefore prepared

under true open-circuit conditions.

Table 4.3: Overview of the immersion treatments

immersion time pH 3.5 pH 7 pH 12

3 h × × ×

72 h × × ×

600 h × × ×
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Fig. 4.6: Potentiodynamic scans of Mg70Al15Ga15 ribbons in neutral 0.1 M NaCl solutions. The

scans were obtained at 0.001 V/s and 0.0001 V/s, respectively.

Optical micrographs

After immersion in the precisely adjusted solutions, the corroded surfaces were characterised by

optical microscopy. Figure 4.7 shows an overview of the various sample surfaces after immersion.

Severe corrosion on the surface was already found after a few days, ranging from holes in the

cases of pH 3.5 and 7, to speckles and inhomogeneous colour changes in the case of the solution

at pH 12. No complete metallic luster was was preserved by these alloys in any of the salty

solutions applied, but the sample kept at pH 12 showed no visible corrosion during the first 24

hours. Later, after immersion times of 5-6 days, white powdery corrosion products on parts of

the surface and also some holes were found.

Several samples immersed in neutral solution built iridescent surface layers. From this, an

oxide thickness of at least 65 nm can be estimated (assuming a refractory index of about 1.6

(brucite) to 1.7 (magnesia)), as the required travel distance of light for an iridescent phase shift

needs to be at least a quarter of the light’s wavelength in the material. A spectrum of colours in

the reflected light can be observed. Such oxide layers are commonly amorphous, a metallic luster

can still be seen. The sample after 72h (see Fig. 4.7(d)) already reveals heavy pit formation

and a large number of electrochemically active sites. Apparently, the electrochemical behaviour

at open circuit conditions is relatively poor, probably because of an activation occurring during

growth of the surface layer.

69



Chapter 4: Development of a corrosion-resistant magnesium alloy

Fig. 4.7: Optical micrographs of Mg70Al15Ga15 samples immersed in 0.1 M NaCl solution, at pH

3.5, 7 and 12, and for times of 3 h, 72 h and 600 h.
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X-ray diffraction

X-ray diffraction was performed on immersed samples using an PANalytical X’Pert PRO (PAN-

alytical, Amelo, Netherlands) diffractometer equipped with a Cu-Kα radiation source and a

Ge (111) monochromator. Crystalline phase identification was performed with the X’Pert High-

score Plus software provided by the diffractometer supplier, relying on the PDF-2 database

(JCPDS-ICDD 2004, International Centre for Diffraction Data, Newton Square, PA, United

States of America).

Figures 4.8 and 4.9 show Mg70Al15Ga15 ribbons after immersion in neutral 0.1 M NaCl so-

lution for 3 h and 72 h time, respectively. After an immersion of 3 h, a metallic luster was

preserved and no visible corrosion occurred (compare with Fig. 4.7(c)); the XRD pattern shows

no sharp diffraction peaks, indicating a completely amorphous surface layer.

After an immersion time of 72 h, significant corrosion was observed on the surface (see

Fig. 4.7(d)), and the XRD pattern shows a series of sharp diffraction peaks (Fig. 4.9). An

identification of the phases formed was attempted, and partial matches for Al2O3, MgO and a

spinel-type Mg(Al,Ga)2O4 phase were found. Additionally, an intermetallic Ga2Mg phase may

be present. However, the qualitative agreement of the powder diffraction files with the sharp

XRD peaks in Fig. 4.9 data was poor, despite of a relatively wide compositional range used for

identifying the diffraction peaks. Hydrides were never matched, and similarly, Ga-containing

oxides were hardly representing the diffraction data. The formation of a Ga2Mg phase may

be explained by the depletion of elements on the corroded surface, where a deviation from the

glass-forming range might lead to the precipitation of intermetallics.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy was used to identify the surface composition of Mg70Al15Ga15

samples after oxidation in air and in neutral 0.1 M NaCl solution. Given a sufficiently high

spectrometer resolution, oxidation states of the elements as well as spin states of the emitted

photoelectrons upon irradiation with X-rays are distinguishable. The kinetic energy (Ekin) of

the photoelectrons can be detected, and from the difference to the energy of the exciting X-rays

(hν), their binding energy (Ebinding) can be determined according to

Ebinding = hν − Ekin . (4.2)

The relative intensities of the emitted electrons calibrated to the apparatus’ specific sensitivity

are proportional to the concentration of the excited surface element. A charge accumulation on

the surface might shift the energies of the emitted electrons to higher values. Carbon and oxygen
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Fig. 4.8: XRD scan of a Mg70Al15Ga15 alloy

after immersion in a 0.1 M NaCl solution at

pH 7 during 3 h.

Fig. 4.9: XRD scan of a Mg70Al15Ga15 al-

loy after immersion in a 0.1 M NaCl solution

at pH 7 during 3.5 h, with powder reference

phases possibly formed on the surface.

peaks were used to compensate the charging effect where necessary, in compliance with usual

calibration procedures.

For the experiments carried out in this work a Sigma probe XPS (Thermo Electron Corp.,

Waltham, MA, USA) with an energy resolution of ±0.05 eV has been used to record 9 spectra

in the energy ranges of interest. As a source, the characteristic radiation of Mg at an energy

of 200 kW was applied. The ‘CasaXPS’ software (V2.3.5, CASAXPS Software Ltd., UK) was

employed for fitting the curves, and the peak positions as well as their full width at half maximum

values were matched with reference patterns from the XPS Handbook [Vincent Crist, 1999]. The

areas analysed were of 0.1 mm in diameter and chosen to be in a homogeneous place rather than

on some locally different surface area. The samples were carefully evacuated in 10−6 mbar during

72 h, and then in 10−7 mbar for 18 h, to avoid degassing during the measurement.

Experimental Results

The comparison of the surfaces found on the ribbons stored in an exsiccator with the immersed

samples was expected to yield information on the chemical composition of the passive surface,

and possibly the passivity mechanism. Due to the solubility of MgO in water the extended

passivity behaviour observed by potentiodynamic measurements in acidic solutions is expected

to be caused by an aluminium- or gallium-dominated surface oxide layer.

Figure 4.10 shows the survey scans of the reference sample and the sample immersed in neutral

0.1 M NaCl solution as a function of the binding energy, the inset shows the binding energy range
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relevant for the metallic components. The vertical lines designate the positions of the specific

peaks. The immersed sample was found to be shifted to higher binding energies by about 6 eV,

observable on the C 1s peak as well as on the O 1s peak. The whole spectrum was therefore

corrected by this amount before further processing. It can be noted here that the intensities of

the metallic components are decreased. For a precise quantification, peak fitting was performed

on the specific element peaks.

Fig. 4.10: XPS survey scans of the Mg70Al15Ga15 alloy surfaces as oxidised in dry air (reference)

and after immersion in 0.1 M NaCl solution of pH 7 for 72 hours (immersed). The inset shows

the binding energy range of the metallic elements. Both C 1s and O 1s peaks suggest a shift of

the corroded sample by 6 eV to higher binding energies.

For quantification, the following regions were scanned at high energy resolution: Mg 2p, Al 2p,

Ga 3d, C 1s and O 1s in an energy window of -10 eV to 25 eV around the expected peak position

to allow a precise determination of background levels even with significant surface charging. The

backgrounds of the peaks where separately created and fitted. Where possible, full widths at half

maximum values where fixed according to the XPS Reference Handbook [Vincent Crist, 1999].

A relative quantification was done after all relevant peaks were fitted, yielding ratios of the

quantified elements. As the oxygen peak could not be resolved reasonably well according to the

separate contributions of the three elements present in the alloy, a precise oxygen quantification

was not performed, but a quantitative ratio between the present oxidised metallic elements and

the oxygen was calculated.

As examples of the fitting procedure, the Mg 2p and the Ga 3d intensities of the reference

sample are plotted against their binding energies in Figs. 4.11 and 4.12. As fitting functions,

Gaussian-Lorentzian curves were applied over linear or ‘Shirley’ type backgrounds, according to
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the usual procedure. In the case of Mg (Fig. 4.11), the element seems to be mainly oxidised on

the surface, while the Ga exists in its metallic state.

All fitted elements of the Mg70Al15Ga15 alloy after oxidation in air and aqueous solution

are listed in Table 4.4. The metallic share corresponds to the relative area of the non-oxidic

component, while the oxidic share refers to the accumulated rest, as long as the components could

be identified as oxide, hydroxide or mixed forms. Only the oxidised fraction of the elemental

intensities were used for the calculation of the oxide composition and the ratio between metal

and oxygen.

Apparently, the surface oxide’s ratio of metallic elements after formation in (dry) air is not

equivalent to the bulk metallic composition. This can be explained by the preferential oxidation

of elements of large electrochemical potential. In this case, the electrochemical potential of Mg

exceeds the ones of Al and Ga, with gallium being the most noble element in the alloy. The

oxide composition formed on this sample is therefore dominated by Mg, with a small share

of aluminium oxide incorporated. The metallic shares of the elements possibly arise from the

substrate, as the surface layer thickness is probably smaller than the penetration depth of the

X-rays (and smaller than the escape depth of the photoelectrons).

The sample immersed during 72 h showed an overall changed surface, the surface appeared

grayish and dull. A shift of the photoelectron energy spectrum was observed, arising from surface

charges indicating that the electrical conductivity of the surface is decreased. The chemical

composition revealed a depletion of Mg and an enrichment of Al in the oxide layer in comparison

to the reference sample, the metallic components of Mg and Al disappeared. The oxide layer

consisted of Mg and Al in about equivalent concentrations, while the amount of (metallic) gallium

is comparable to the reference. This may suggest the incorporation into or re-precipitation of

metallic gallium onto the sample surface. The metal-to-oxygen ratio decreased from 3/4 to about

1/4.

In summary, XPS measurements confirm the enrichment of oxidic Al on the sample surface

after immersion in 0.1 M NaCl solution. This may explain the passivity observed by potentio-

dynamic polarisation performed on the alloy.

Auger electron spectroscopy

Experimental

Auger electron spectroscopy (AES) [Harris, 1968] was carried out on a PHI 4300 Scanning

Auger Microscope (Perkin-Elmer, Massachusetts, USA). Its electron gun was equipped with a
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Fig. 4.11: Measured and fitted curves of the

Mg 2p peak. A Shirley-type background was

fitted, and two components were obtained in

good agreement with references on metallic

Mg, MgO or the corresponding hydroxide.

Fig. 4.12: Measured and fitted curve of the

Ga 3d peak. Here a linear background was

used according to the environment of the

peak. A single component was found, cor-

responding to metallic gallium.

Table 4.4: Concentrations (in atomic %) of the metallic elements on the surfaces of Mg70Al15Ga15

as determined by XPS, on a reference sample oxidised in dry air, and a sample immersed in

neutral aqueous solution of 0.1 M NaCl for 72 h.

Reference immersed 72 h

% Mg % Al % Ga % Mg % Al % Ga

Metallic share 9 10 3 0 0 5

Oxidic share 68 10 0 47 48 0

Oxide composition 87 13 0 49 51 0

Metal to oxygen ratio 0.78 0.25
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LaB6 filament and operated at a voltage of 5 keV. The sample current for the measurements was

slightly below 100 nA. A cylindrical mirror analyser (CMA) was employed as analyser. Depth

profiles were recorded with the help of an argon ion gun, operated at a voltage of 4 keV, calibrated

with Ta2O5, which is expected to lead to a slight underestimation of sputter depths. The ion

beam covered an area of 4×4 mm for the short-time immersed samples and 2×2 mm for the long-

term immersed ones, removing approximately 5.5 and 30 nm of material per minute, respectively.

Detail scans were performed according to Table 4.5. The computer programs ‘AugerMap’ and

‘AugerScan’ (RBD Instruments, Inc., Bend, MA, USA) were used for the control of the measuring

system. The analysis of the results was made with the help of ‘PHI MultiPak’ Version 6.1A

(Physical Electronics, Inc., Chanhassen, MN, USA), using the peak-to-peak method for the

determination of intensities and atomic concentrations [Hofmann, 1991]. Sensitivity factors of

pure elements for the correction of normalised intensities were obtained from [Davis et al., 1976],

required to calculate the semi-quantitative atomic concentrations. As sensitivity factors of pure

elements were used, matrix effects cannot be accounted for, leading to differences from expected

concentrations.

Results

Figure 4.13 shows the depth- and concentration-corrected profiles in atomic percent for the

samples prepared according to Table 4.3, and the corresponding optical images in Fig. 4.7. It can

be seen that the thicknesses of the corrosion layers range from 50 nm ((d), pH 7, 3 h) to 750 nm

((i), pH 12, 600 h), while the samples in neutral or acidic solutions were completely corroded

after times of 600 h. In the latter cases, no metallic components were found. Metallic gallium

was usually only found below the oxidation layer, and oxidic gallium was never observed. The

metallic compositions deviate strongly from the nominal composition used to prepare the alloy,

a fact that can be explained by matrix effects, as sensitivity factors of pure elements were used.

Table 4.5: Elements and parameters of the AES detail scans

Element Scanning range No. of sweeps

O 495–520 6

Mg 1163–1188 8

Ga 970–1100 8

Al 1360–1415 8

C 250–290 2
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The sample immersed in pH 3.5 solution for 3 h (Fig. 4.13(a)) showed an oxidic layer of

approximately 120 nm. The ratio of Mg to Al in the first 30 nm of the film was smaller than in

the range between 50 nm and 100 nm. After 72 h (Fig. 4.13(b)), the surface layer thickness was

only slightly larger compared to the one found after 3 h, and the Mg content exceeded the Al

content in the outermost layers. In the metallic solid, the Ga content was highest, while the Al

content was found to be extremely low. Increasing the time to 600 h (Fig. 4.13(c)), no metallic

solid was found. A Mg-rich oxide remained, containing some Al.

After short-time immersion in neutral solution (pH 7, 3 h, shown in Fig. 4.13(d)), an oxidised

surface layer of approximately 40 nm was observed. The deviation in composition of the metallic

solid corresponds qualitatively to the one observed for the same immersion time at pH 3.5. Here,

in the outermost 20 nm of the oxide film the Al content decreased with increasing sputter depth,

while the Mg content increased. A longer immersion time in the same solution (72 h, Fig. 4.13(e)),

produced a significantly higher film thickness of approximately 450 nm. Here, a very distinct

outer surface layer of roughly 20 nm was found, where the Al content exceeded the Mg content,

covering a Mg-dominated rich intermediate compositional stage to about 350 nm before reaching

the transient region between corroded layer and metallic substrate. When increasing immersion

time to 600 h (Fig. 4.13(f)), no metallic substrate was found. Here, a small Ga-rich region was

observed directly at the surface, being metallic in nature.

In strongly alkaline solutions and short times (pH 12, 3 h shown in Fig. 4.13(g)), the surface

layer formed had thicknesses of about 70 nm, while the transient region of oxygen and magnesium

was smeared: the oxidic Mg was still found at depths were other elements were metallic. This

may origin from a MgO particle, presenting a higher resistance to Ar sputtering. The Mg

content in the outermost surface exceeded the value of Al, and increased from the surface on

with increasing sputter depth. After 72 h (Fig. 4.13(h)), the oxide layer grew to about 200 nm,

being Mg-dominated. Increasing the time to 600 h (Fig. 4.13(g)), the oxide layer became very

thick, reaching values of 750 nm.

For the discussion of the AES depth profiles, the stability range of the elements used in this

study need to be considered (using Pourbaix’ diagrams [Pourbaix, 1966]). Aluminium shows

stable oxides in solutions 3.5 < pH < 9, Mg is stable at pH < 11, and Ga shows a slightly wider

stability range than Al. From this, a limited stability of Al at pH 3.5, and instability in pH 12

can be expected, while only Mg is exclusively stable in pH 12.

From the depth information, it can be seen that increasing immersion times led to an increase

in film thickness. The film thicknesses after immersion in pH 12 followed roughly a square-root

power law with time, while the film formed after 3 h in neutral solution was thinner than the
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Fig. 4.13: Auger profiles of the immersed samples according to Table 4.3, for the surface images

see Fig. 4.7. Oxidic components are given in broken lines, metallic components in solid lines.

78



4.4 Electrochemical characterisation of selected compositions

ones in acidic or alkaline solution. After 3 days, this film thickness dependency was inverted, the

one in neutral solution was significantly stronger than the others.

Discussion

The variation in oxygen content of the corrosion layers can be easily explained with the

different oxidation states of Mg (2+) and Al (3+), a correlation being consistent for all samples

immersed up to 72 h. A distinction of oxides and hydroxides could not be made by the method

applied.

In neutral solutions for times up to 72 h, or acidic solutions for short times of about 3 h,

the outermost films showed a tendency to be comparably aluminium rich. The effect was par-

ticularly pronounced in the case of 72 h immersion in pH 7. A quantitative comparability of

the information is given, as the sensitivity of Al and Mg are comparable, being neighbouring

elements in the periodic tables.

The corrosion films in strongly alkaline solution were found to be Mg-rich, corresponding to

the stability of this element in the given conditions. Immersed for 600 h, the sample showed an

increase in Mg during the first 500 nm sputter-depth. This can be explained by a re-dissolution

of Mg into aqueous media after a pH-drop e.g. caused by the formation of acidic dihydrogen

carbonate (H2CO3) from airborne CO2 dissolving in the solution.

The sample at pH 3.5/72 h showed a Ga content in the solid exceeding all other elements.

The resistance of the element against oxidation, and a therefrom derived assumed ‘insolubility’

in the aqueous solution (as no oxidised Ga was found) may be the reason for the presence of

excess Ga below the continuously growing oxide layer. The presence of locally high amounts of

metallic Ga is therefore not unlikely. Further, a deviation from the stoichiometric composition

of the metallic residues could be caused by the progressively growing surface layer, distorting the

elemental composition of the underlying substrate or possibly causing crystallisation leading to

even stronger elemental gradients.

Summarising, it can be said that passive layers of comparably high Al-content on some of

the outermost sample surfaces were confirmed by AES, particularly for short immersion times

in the pH-range where aluminium oxides are stable. The surface stability is limited by time and

pH value of the solution. In all pH ranges, a significantly stable passivity could not be observed,

indicated by very thick and continuously growing films.
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Discussion of the surface investigations

Immersion testing of the Mg70Al15Ga15 alloys shows that a stable oxide layer cannot be obtained

for any of the investigated pH values and the given NaCl concentration of 0.1 M. All surface layers

built during the initial corrosion are not able to protect the underlying material from reacting

with the surrounding liquid. The samples’ surfaces lost their metallic luster, at least locally, after

a few hours, while this degradation obviously occurred faster at lower pH. Optical micrographs

show severe pitting after a few hours, and the formation of thick films can be understood from

iridescent colour effects.

This is contrary to the behaviour of stainless steel, where an immediate and strong passivation

leads to the formation of very thin oxide films (a few nm, see e.g. Brüesch et al. [1985]) in

comparable media. For the Mg-based compositions investigated, the films keep growing after

an initial passivation, allowing a later destabilisation of the film. This destabilisation could be

caused by local attacks, or by the formation of cracks as sometimes observed. Stability against

corrosion was also not possible in solutions of pH12, where Mg is thermodynamically stable, but

Al is expected to become active.

X-ray diffraction experiments on the immersed samples confirm the formation of primary

amorphous surface oxides, and at least partially crystalline oxidic phases on the surfaces after

several days. The identification of the phases was difficult, probably due to incomplete databases

or the excessive amount of different phases formed. Partial matches suggest the formation of

Al2O3, MgO and spinel-type oxides (MgAl2O4). The results from Auger electron spectroscopy

were used to limit the amount of phases and elements expected on the surface, but as the

penetration depth of X-rays typically exceeds the thickness of our film, additional underlying

phases resulting for example from devitrification due to the dissolution of elements stabilising

the glassy phase could be found. This suggests that the commonly assumed homogeneity of

glasses is not valid for corroded samples due to the preferential dissolution of certain elements,

leading to a deviation from the glass-forming composition and consequently to the formation of

crystalline phases. The macroscopic appearance of samples immersed for longer times similarly

imply that the assumed homogeneity cannot be maintained during a continuous growth of the

corrosion layer.

Auger electron deep profiling shows that an aluminium-rich oxide was only found at the

surface of the oxide layer; deeper sections of the corroded surfaces revealed large amounts of

oxidised Mg, which is not stable in aqueous solutions of pH< 11. Gallium apparently is not

involved in the surface-film formation.
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4.4.3 Influence of crystallisation on the behaviour of Mg70Al15Ga15 alloys

To investigate the influence of the amorphous alloy structure on the electrochemical properties

in comparison to the partially crystallised solid, partially and completely crystallised samples

were produced and characterised by potentiodynamic measurements. Partial crystallisation is

expected to reduce the resistance to corrosion significantly, as the phase heterogeneity will neces-

sarily lead to local gradients in electrochemical potential, and therefore local galvanic elements,

accelerating dissolution. Partial crystallisation of a Mg70Al15Ga15 alloy was achieved by im-

mersion in a 130 ◦C warm oil-bath for approximately 20 s (see Fig. 4.4 for a DSC-scan of the

corresponding alloy). The X-ray diffraction diagram is shown in Fig. 4.14, where a series of sharp

peaks can be found over an amorphous background. Potentiodynamic measurements show that

the passive ‘plateau’ cannot be observed after partial or complete crystallisation of the alloy (see

Fig. 4.15), and that higher OCP values were found in the comparable solutions. This shows

that the absence of electrochemical gradients within the metal (and therefore on its surface) is

beneficial to the dissolution behaviour.
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Fig. 4.14: XRD scan of a Mg70Al15Ga15 alloy

after heat treatment at 130 ◦C during 20 s,

yielding partial crystallinity.

Fig. 4.15: Potentiodynamic measurements

of partially and completely crystallised

Mg70Al15Ga15 ribbons in neutral 0.1 M NaCl

solution.

4.4.4 Characterisation of Mg56Al21Ga18Ca5 and

Mg70Zn15Ca5Al5Ga5 ribbons

Amorphous Mg56Al21Ga18Ca5 was briefly screened for its electrochemical performance in order

to estimate the influence of 5 at.-% Ca on the Mg–Al–Ga alloy passivity, as the indicated amount

of Ca was found to improve glass-forming ability parameters significantly. The alloy contains a
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relatively small amount of calcium, which is known to show even worse electrochemical properties

than magnesium. To compensate for this, the total amount of Mg and Ca was kept at only 61

atomic percent, leading to a very high content in aluminium and gallium, while their ratio was

shifted to the aluminium-rich side. Potentiodynamic measurements show that the properties of

the alloy are not significantly inferior to those of the Ca-free Mg–Al–Ga alloys.

The detailed results are shown in Fig. 4.16, where various pH-values were adjusted in NaCl

solutions to obtain a qualitative and quantitative picture of the performance of these alloys.

It can be seen that for both the anodic and the cathodic range of Mg56Al21Ga18Ca5 a very

similar behaviour as for Mg70Al15Ga15 was found, resulting in similarly low corrosion currents

and passive current densities. These findings suggest that the alloy behaviour is not significantly

influenced by the presence of low amounts of calcium in solid solution.

The electrochemical properties of Mg70Zn15Ca5Al5Ga5 are shown in Fig. 4.17, being almost

purely active. The sample measured in 0.01 M NaCl and pH 11 revealed a slight passivation ten-

dency in the anodic range, and pit current densities are comparably low. Nevertheless the high

amounts of Zn, Al and Ga in this alloy are insufficient for a reasonable protection against corro-

sion. From the previously presented work, it can be assumed that again Ga is not participating

in the passivation.

To verify the assumed similarity in behaviour of the Mg56Al21Ga18Ca5 alloys compared to

the Mg70Al15Ga15, and to give an explanation for the good performance in potentiodynamic

polarisation experiments, XPS was performed on the Ca-containing compositions after immersion

in neutral 0.1 M NaCl solution for 48 and 72 hours. Figure 4.18 shows the three survey spectra

overlayed without any corrections. The carbon and oxygen peaks of the corroded samples are

shifted by 10 eV to higher binding energies.

Quantification of the elements (see Table 4.6) show the naturally-formed oxide in air being

composed of mainly magnesium oxide with about a quarter of aluminium oxide. The calcium

content is low, and vanishes completely for the corroded samples. This suggests that the surface

of the Ca-containing sample behaves like a Ca-free alloy in aqueous solution, as long as the

passive layer is stable.

Summarising, it can be said that the corroded surface is (overstoichiometrically) aluminium-

rich. This is assumed to be the cause for the passivity observed in potentiodynamic measure-

ments.
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Fig. 4.16: Potentiodynamic scans of

Mg56Al21Ga18Ca5 alloys in 0.1 M NaCl

solutions of various pH, as indicated.

Fig. 4.17: Potentiodynamic scans of

Mg70Zn15Ca5Al5Ga5 in various solutions,

showing active dissolution behaviour.

Fig. 4.18: XPS survey scans of the Mg56Al21Ga18Ca5 alloy surfaces as oxidised in dry air (refer-

ence) and after immersion in 0.1 M NaCl solution of pH 7 for 48 hours and 72 hours (immersed).

The inset shows the binding energy range of the metallic elements. Both C 1s and O 1s peaks

suggest a shift of the corroded sample of 10 eV to higher binding energies.
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Table 4.6: Concentrations (in atomic %) of the metallic elements on the surfaces of

Mg56Al21Ga18Ca5 as determined by XPS, on a reference sample oxidised in dry air, and a sample

immersed in neutral aqueous solution of 0.1 M NaCl for 48 h and 72 h. The corroded surfaces

were calcium-depleted.

Reference immersed 48 h immersed 72 h

% Mg % Al % Ga % Ca % Mg % Al % Ga % Mg % Al % Ga

Met. share 13 11 6 0 0 0 1 0 3 1

Ox. share 51 17 0 1 50 49 0 12 85 0

Ox. comp. 74 25 0 1 50 50 0 12 88 0

M/O2 ratio 0.59 0.52 0.46

4.5 Conclusions

The Mg70Al15Ga15 ribbons were investigated in aqueous solutions to obtain information about

the electrochemical stability. It was expected that the high content of Al and Ga in the alloy

increases the resistance to corrosion significantly.

Potentiodynamic experiments show that the alloys can build a passive layer during the test,

through which a current density of as low as 10−6 A suggests a comparably good electrochemical

performance in aqueous solutions of 0.1 M NaCl and pH-values greater 4. Figure 4.19 shows

measurements in neutral solution, comparing pure Mg, a commercial WE43 alloy (containing

4 wt.-% Y, 3 wt.-% Nd, and 0.5 wt.-% Zr), pure aluminium, and a glassy Mg65Cu25Y10 ribbon. It

can be seen that the cathodic as well as the anodic behaviour of Mg70Al15Ga15 corresponds fairly

well to the one observed for pure Al, although the open circuit potential is found at significantly

lower values. Once the pitting potential of Mg70Al15Ga15 is reached, an immediate and strong

activation occurs. In these measurements, the alloy performs significantly better than pure Mg

or the WE43 alloy, which is expected to be one of the more corrosion-resistant conventional

Mg-based alloys due to its high Y content. The glassy Mg65Cu25Y10 alloy was measured for

comparison, as the 10 at.-% Y is expected to help for passivation, at least in neutral or alkaline

solutions. A small passive transition can be observed, but pitting occurs rather quickly. The

high OCP can be explained by the high Cu content.

Immersion testing quickly showed that the stability of the films is not maintained over long

times. Apparently, the films keep growing after the initial passivation, allowing a later destabil-

isation. This destabilisation may be caused by local attacks, or by the formation of cracks as
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Fig. 4.19: Potentiodynamic scans of various elements and alloys in a pH-neutral 0.1 M NaCl

solution. It can be seen that the cathodic as well as the anodic reaction of the Mg70Al15Ga15

alloys correspond rather to the ones of pure aluminium than to the other magnesium alloys.

Mg65Cu25Y10 reveals a weak passivation at slightly higher passive current densities.

sometimes observed. Surprisingly, a stable oxide layer was not even achieved in solutions of pH

12, where Mg is thermodynamically stable (but Al becomes active). XPS and AES show that

the outer layers can consist of relatively high Al contents, explaining the passivity observed by

potentiodynamic methods fairly well, and giving a strong support to the observed similarity in

behaviour between pure Al and the Mg70Al15Ga15 alloy.

As the outermost layers always contain oxidic Mg, the stability of the mixed (Mg-/Al-)oxide

must be doubted. In the case of stainless steel, the formation of FeCr2O4 spinel or similar

oxides seems to be favourable for the passivity [Brüesch et al., 1985] once the amount of about

13 at.-% Cr in solid solution is exceeded. In the system observed in this work, the formation

of Mg(Al,Ga)2O4 spinel is theoretically possible, but its presence could not undoubtedly be

determined. The stoichiometric information from XPS and AES does not imply the formation of

such phases. Therefore, it can be concluded that either the spinel type passivation is not present,

or if it is formed on the surface, the oxide stability is not sufficiently high to protect the alloy

from corrosion.

Apparently, Ga is not involved in the formation of the passive layer, despite of its expectedly

good electrochemical properties in neutral solution [Pourbaix, 1966]. AES depth profiles suggest

a deposition of metallic Ga below the corrosion layer, in good agreement with the XRD results,

where possibly Ga2Mg was found. A dissolution into the aqueous solution could explain the

limited stability of the surface formed, as it has been observed that Ga3+ activates the passive

layers on Al [Flamini et al., 2006]. However, this seems unlikely as in that case this cationic
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species should have been found by XPS and AES.

Alloys containing 5 at.-% Ca were briefly investigated in comparison to the ternary Mg–Al–

Ga ribbons. A very similar electrochemical behaviour was found, suggesting that the addition

of small amounts of Ca does not significantly deteriorate the electrochemical properties. Here

the composition of the corroded surfaces appear to be even more significantly enriched in oxidic

Al. This may be caused by the higher Al content in the alloy, or by a positive effect on the

dissolution and layer formation caused by the calcium present in the alloy.

The dependency of the dissolution rate on the aluminium content was not quantitatively

investigated. Comparative potentiodynamic experiments have been carried out on various Mg–

Al–Ga compositions, and no differences in passive current densities could be found. Still, it can

be assumed that a higher Al content delays dissolution, but the results suggest that the critical

amount of aluminium has with 15 at.-% already been reached.
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Conclusions and outlook

5.1 Mechanical properties

A series of experiments have been carried out on various Mg–Cu–Y alloys to investigate in

particular the changes in structure during room-temperature embrittlement. The goal of these

experiments was to obtain detailed information on the change in structure and to relate it to the

change in mechanical properties. This information should then be used for possibly developing

a more ductile Mg-based glass.

It was found that the Mg65Cu25Y10 and Mg85Cu5Y10 alloys densify at room temperature,

confirmed by a model for the quantitative evaluation of relaxation enthalpy recovery experiments

[van den Beukel and Sietsma, 1990], and by experimental observations using synchrotron X-

ray diffraction, revealing a reduction in average interatomic distances with time. It was also

observed that during the densification the average coordination in the alloy did not alter. Positron

annihilation lifetime experiments on Mg65Cu25Y10 further confirmed the presence of sites of large

free volume, and the disappearance of the same within a time period comparable to the one

required for embrittlement of the alloy (measured by bending of rapidly solidified splats). It

is therefore concluded that the ductile behaviour observed is strongly linked to the presence of

frozen-in large free volume in the glassy alloys.

During relaxation of metallic glasses, a series of their properties change [Greer, 1984]. In this

work, this already widely discussed relaxation occurs at room temperature, leading to embrittle-

ment and significant changes in elastic constants. It was found that the Poisson’s ratio can be

used as a reliable (and even non-destructive) method to determine the alloy’s principal fracture

behaviour.

Figure 5.1 presents a schematic of the changes in properties caused by the relaxation-induced
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densification (ρ), while here densification is referred to as an increase in packing efficiency. Sev-

eral cross-relations could be identified, following the obvious correlations in solid matter. The

results also confirm recent assumptions on correlations between the Poisson’s ratio and the (melt)

fragility [Novikov et al., 2005; Novikov and Sokolov, 2006]. Similarly, a strong correlation be-

tween configurational potential energy and shear modulus has been found in theoretical works by

Duan et al. [2006]. In our work, the change observed in shear modulus with increasing relaxation

time is more significant than the change in Young’s modulus.

The time-dependency of embrittlement increased with decreasing Cu content in Mg–Cu–Y

alloys. This is attributed to the fact that it presents the smallest intentionally added element in

this system; its mobility is therefore assumed to be higher than the ones of the other elements.

As hopping processes are presumably required for relaxation, the size of the atoms is important

for the required activation energy of the process.

Fig. 5.1: Schematic of a few properties linked to the increase in packing density ρ.

From the correlation between (delayed or intrinsic) bending ductility and glass-forming ability,

it is concluded that the packing efficiency of the melt already influences the packing density of the

quenched solid, and that therefore the glass-forming ability is inherently linked to the ductility

of the resulting glass. This is schematically drawn in Fig. 5.2 according to the commonly used

description of the volume dependency of glassy solids on the temperature, and shall be discussed
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in detail in this paragraph. Quenching a glass-forming composition at different cooling rates

(here, dT/dt > (dT/dt)′) produces different quantities of free volume in the glass (solid lines).

We suggest to enhance this schematic by another concept. Two alloys (a, b) constituted of the

same elements at different ratios lead to different amounts of equilibrium free volume (xeq) at

a given temperature in the liquid state (denoted as Va and Vb, respectively), according to their

different viscosities (in this case, ηa < ηb), and a given cooling rate leads to different dependencies

of V (T ) in the undercooled liquid state. In other words, the reduced free volume (or the average

potential energy) of the glassy state is influenced by the by the choice of the composition, and

not only by the cooling rate.

When heating a glassy solid to temperatures above the glass-transition temperature, the

equilibrium free volume in the undercooled liquid state is, however, not expected to depend

on the previously adjusted density of the solid state. Therefore, at a certain temperature, the

equilibrium free volume must coincide for undercooled liquids of equal chemical composition but

different glassy packing densities. Such a critical temperature (Tc) is known from mode coupling

theory [Götze and Sjögren, 1992].

In practice, the dependence of ductility on the packing efficiency of the melt leads to a clash

of interests: The choice of cooling rate and composition will influence the mechanical properties

of the resulting glass, particularly the elastic moduli. This implies that a metallic glass cooled

slowly to large dimensions incorporates less free volume, and therefore shows the tendency to

fail in a brittle manner. Thinner features might reach cooling rates where sufficient free volume

is present in the solid to allow extensive shear-band formation. A good glass-former will show a

higher packing efficiency in the liquid state, and will therefore rather pack in a dense amorphous

structure, again failing without significant ductility.

On the other hand, it is possible to adjust the properties of the solid after quenching, schemat-

ically shown in Fig. 5.2 by the vertical (isothermal) arrow: The volume of the glass is not only

dependent on the cooling rate and on the equilibrium free volume of the undercooled melt, but

can additionally be reduced by annealing (relaxation, or ageing) procedures, or even increased

through mechanical deformation (as shown recently by [Zhang et al., 2006; Flores et al., 2007]).

This also implies that a bulk glass-former with significant ductility is difficult to design, as good

glass-formation and ductility are contradictive in the sense of free volume present in the solid.

A further consequence of the dependence of properties on quenching and post-annealing is

that elastic constants and even more so the Poisson’s ratio are not intrinsic properties. Hence,

comparisons such as the relation between ν and D∗ must be carried out using results from glasses

with exactly the same thermal history, as a reference state such as the ideal (or Kauzmann)
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Fig. 5.2: Volume dependency on the temperature, for various cooling rates and equilibrium free

volume (xeq, dot-dashed line). The dashed line indicates the extrapolated properties of the

(undercooled) melt.

glass usually cannot be achieved experimentally. The normalisation of all properties to the

molar volume, as recently suggested by Battezzati [2007], is an approach for improving the

comparability of the data but may be difficult to realise experimentally.

The experiments performed in this work do not allow a direct conclusion on the mechanism

leading to the ductile behaviour in bending. Assumptions have to be made on how the defor-

mation progresses and particularly how the shear bands can be stopped in the material. It is

assumed that the lower yield stress of the unrelaxed glass, leading to lower energies carried by the

shear band, allows the material to stop the shear band before it runs through the sample. This is

supported by SEM observations. Stopping might as well occur by the increased density of shear

bands during deformation. A critical strain has been claimed to be applicable for the yielding of

metallic glasses [Kameda et al., 2007a,b], an assumption that supports our thesis fairly well in

the sense that the lower Young’s modulus of the unrelaxed sample leads to a reduction in yield

stress (at equal yield strain). Considering the changes in reduced free volume, a higher amount

of large free volume seems to be beneficial for the nucleation of shear bands. Therefore, not only

the amount of free volume is important, but also its distribution in size.

5.2 Corrosion resistance of Mg–Al–Ga(–Ca) alloys

The hardly known Mg–Al–Ga alloys perform extremely well in potentiodynamic measurements

using solutions of high Cl−-concentrations, where other Mg-based alloys show a purely active

behaviour. Corrosion currents of as low as 10−6 A/cm2 have been measured in potentiodynamic
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polarisation experiments, corresponding to very low dissolution rates. This requires a mechanism

able to extensively hinder dissolution. Immersion testing reveals that the passivity is not stable

with time, but that the passive layer grows continuously. The passivity observed, and a certain

delay in dissolution, originate from an Al-rich outermost oxidic layer on the corroded surface, as

found by XPS and AES experiments on immersed samples. The same experiments show that the

surface oxide is never Mg-free, implying that the mixed oxide might display a lower resistance to

dissolution compared to an oxide consisting solely of aluminium oxide. Gallium is not involved

in the passivation; its potential role as an activating element in the system is not conclusively

identified. The continuous oxidation and dissolution on the surface during immersion leads to a

deviation of the metallic substrate from the glass-forming compositions, causing the formation

of intermetallic phases below the passive layer. These can be expected to act as corrosion-

enhancing galvanic elements. The assumption of superior electrochemical properties of metallic

glasses compared to their (heterogeneous) crystalline counterparts is therefore only valid in the

case of systems, where immediate and strong passivation is established, and where the films

formed are thin enough not to alter the underlying glassy alloy. Nonetheless, the electrochemical

properties of the glassy Mg70Al15Ga15 alloys developed, are superior to other Mg-based alloys

known to date in such aggressive solutions.

By the addition of 5 at.-% Ca, the thermodynamic indicators for glass-forming ability suggest a

higher critical casting thickness, which was confirmed by the production of a mainly glassy 0.5 mm

thick plate. The electrochemical performance of these calcium-containing alloys is comparable

to the one observed in the ternary compositions, showing corrosion currents and passive currents

of as low as 10−6 A/cm2. XPS investigations suggest the formation of a highly Al-rich surface

layer, while Ca and again Ga are not implemented in the surface.

In summary, a highly corrosion-resistant Mg-based alloy system has been found. The glass-

forming ability so far is limited to about 100 µm in melt-spinning. Further alloy development

using similar compositions (but with higher Al-content) may lead to the discovery of bulk glassy

alloys with excellent electrochemical properties and high specific mechanical properties.

5.3 Outlook and future work

We believe to have understood a fundamental structural feature in metallic glasses, reducing the

critical shear stress for nucleating a shear band and therefore improving the bending ductility

of glassy alloys. More work needs to be done on the understanding of the transition from a

shear transformation zone to a shear band. Similarly, mechanisms which are able to stop a
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shear band should be identified. As these processes occur in extremely short time periods, their

observation is very difficult. Molecular dynamics simulations and colloidal glasses might help on

resolving these subjects, although particularly structures from MD simulations lack similarity to

real systems due to the highly unrelaxed structures obtained in the limited quenching time.

A focused alloy development based on the Mg–Al–Ga(–Ca) system is likely to lead to the dis-

covery of bulk glass-forming compositions with similar electrochemical performance. Particularly

the system Mg–Al–Ga–Ca–Zn is expected to yield an alloy composition with high glass-forming

ability. Such alloys might find their way into application as a structural material, as they present

high specific mechanical properties and a good corrosion resistance.

A completely novel project, just recently started in the group, treats the alloying of Mg with

Co and Sm. Intermetallic phases of Co and Sm are highly ferromagnetic, and their radii as

well as their chemical classes make them perfect substitutes in the Mg–TM–RE glass-forming

system. Low specific weight combined with soft ferromagnetic properties or possibly precipitated

hard-magnetic particles after thermally controlled nucleation from glassy precursors might lead

to new combinations of properties in Mg-based alloys.
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