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Summary 

While outscoring conventional metallic materials in terms of 

strength and elastic-strain limit, Metallic Glasses (MGs) are inferi-

or in their capability to deform plastically. The designation “exclu-

sively brittle” is misleading, however, because in loading condi-

tions other than tension, considerable amounts of plastic strain, 

highly localized within narrow layers of weakened material, has 

been reported. Plastic flow on shear bands, which is what these 

layers are called, is discontinuous and reminiscent of stick-slip 

phenomenology, including phases of slow elastic loading followed 

by phases of fast plastic slip and unloading. Shear bands are the 

key to an improved understanding of MG plasticity, and thus to 

advanced alloy-design strategies allowing for the beneficial tailor-

ing of mechanical properties. Because shear bands have a minimal 

lateral extension, operate during short time scales only, and initi-

ate at locations which are difficult to predict, in-situ studies on 

their properties represent a challenging task. In this study, high-

acquisition rate instrumented mechanical testing was used to as-

sess the dynamic properties of shear bands. The question of tem-

perature- and composition-dependent shear-band stability in Zr-, 

Cu-, Pt-, La- and Au-based metallic glasses is addressed. The heat-

ing of a shear band during flow discontinuities is also investigated 

via infrared thermometry. It is found that shear-band stability, re-

flected by the activation energy ES of the shear-band velocity, is 

strongly composition-dependent, both within and among specific 

glass-forming systems. A model is presented, which correlates the 

composition-dependent activation energies with bonding energies 

of atoms centring typical topological short-range order clusters 

within the MG structure. It is further found that shear-band heat-

ing during flow discontinuity is closely related to shear-band dy-
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namics, and causes temperature increases of a few degrees only 

during stable plastic flow. The results of this thesis not only shed 

light on the physical origin of composition-dependent shear-band 

stability, but also define paths for future research aiming at the 

beneficial tailoring of MG properties. 
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Zusammenfassung 

Metallische Gläser mögen die Festigkeit und die elastische 

Dehnbarkeit konventioneller Metalllegierungen deutlich übertref-

fen, doch in Bezug auf plastische Verformung sind sie klar unterle-

gen. Das heisst nun aber nicht, dass es sich bei Metallischen Glä-

sern um vollkommen spröde Materialien handelt. Im Gegenteil, 

unter Last, sofern es denn keine reine Zuglast ist, wird von be-

trächtlicher plastischer Dehnung berichtet, welche sich auf dünne 

Schichten von aufgeweichtem Material, den sogenannten Scher-

bändern, konzentriert. Die Verformung läuft dabei diskontinuier-

lich ab und erinnert an den aus der Tribologie bekannten Haft-

gleiteffekt, bei welchem sich Phasen von langsamem, elastischem 

Aufladen mit Phasen von schnellem, plastischem Entladen ab-

wechseln. Die Scherbänder sind der Schlüssel zum Verständnis der 

plastischen Verformung in Metallischen Gläsern und damit auch 

zu neuen Wegen für die Abstimmung von Material und Anwen-

dung. Aufgrund der geringen Scherbanddicke, der sehr kurzen 

Zeitdauer der plastischen Gleitphase und der Unvorhersehbarkeit 

des genauen Ortes der Scherbandbildung erweisen sich in-situ 

Studien der Eigenschaften aktiver Scherbänder als ein besonders 

herausforderndes Unterfangen. In dieser Arbeit werden mechani-

sche Versuche mit sehr genauer Zeitauflösung an verschiedenen 

metallischen Glaslegierungen durchgeführt, mit dem Ziel, die 

Temperatur- und Zusammensetzungsabhängigkeit der dynami-

schen Scherbandeigenschaften zu erfassen. Des Weiteren wird die 

durch die starke Lokalisierung der Verformung herrührende Er-

wärmung des Materials mittels Infrarot-Thermometrie untersucht. 

Es stellt sich heraus, dass die Scherbandstabilität, beschrieben 

durch die Aktivierungsenergie ES der thermisch aktivierten Scher-

bandgeschwindigkeit, eine starke Abhängigkeit von der Legie-
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rungszusammensetzung, sowohl innerhalb eins bestimmten Sys-

tems als auch zwischen verschiedenen Legierungssystemen, auf-

weist. Ein Modell wird präsentiert, welches die zusammen-

setzungsabhängige Aktivierungsenergie mit den Bindungsenergien 

von Atomen in legierungsspezifischen, typischen Nahordnungs-

strukturen in Verbindung bringt. Des Weiteren wird gezeigt, dass 

die Materialerwärmung, welche die Fliessdiskontinuitäten von me-

tallischen Gläsern begleitet, in enger Verbindung zur Scherband-

dynamik steht und im Falle des stabilen Fliessens nur wenige Grad 

Celsius beträgt.  
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1. Introduction 

 

“Durch Forschen nur gewinnt man Vorsicht  
und Bedacht in allem Tun.“ 

Sophokles 

 

 

The microstructure and mechanical properties of a material are 

strongly interconnected. In conventional metallic alloys, the gen-

eration, propagation and interaction of dislocations are key pro-

cesses which determine strength and ductility. In metallic glasses 

(MGs), these mechanisms are absent, because the atomic structure 

provides no long-range order and thus no gliding planes on which 

dislocations may operate. Therefore, one might expect the material 

to have a yield strength close to the ideal limit and to be, as the 

proverb goes, as brittle as a glass. The first expectation is justified. 

Metallic glasses are stronger by far than their conventional crystal-

line counterparts [1-5], reaching strengths up to five GPa [6]. Com-

bining high strength with a high elastic limit of about 2-3% [7], 

these materials can store large amounts of elastic energy, which 

makes them attractive for applications such as watch springs [8] 

sports goods [9], and fasteners [10]. The second expectation is al-

most justified. In fact, metallic glasses fail brittle in tension [11]. 

Under certain conditions such as during bending, compression 

testing [12] or fracture-toughness measurements [13], however, 

considerable amounts of plastic deformation have been reported. 

This deformation is highly localized within narrow layers of weak-

ened material, called shear bands. Because of these bands, MGs are 
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not exclusively brittle, such as oxide glasses. The prospect of new 

design strategies for developing MGs with improved plastic de-

formability thus motivates a thorough investigation of shear bands 

and the factors which determine their resistance towards cata-

strophic fracture. 

This dissertation starts with a general introduction to the topic 

of Metallic Glasses (MGs), covering structural and basic mechani-

cal aspects (chapter 2). Experts in the field of MGs might start their 

reading directly at chapter 3, where the fundamentals of localized 

flow are reviewed. The aims of this thesis are specified in chapter 

4, followed by the experimental details in chapter 5. The results of 

this thesis are then presented in chapter 6, which is divided into 

four parts. The first part focusses on effects of geometry and geo-

metric constraint, the second and third parts investigate shear-

band dynamics during serrated flow within the Zr–Cu–Al ternary 

and among various metallic glass systems, respectively, and the 

fourth part covers the in-situ experiments on shear-band tempera-

ture performed via IR thermography. In chapter 7, the results of 

the various studies are compiled and discussed in relation to each 

other. 
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2. Metallic glasses in general 

 

„She lives in a world of her own – a world of – 
 little glass ornaments.“ 

Tennessee Williams, the Glass Menagerie 

 

 

2.1. Glasses in general 

By definition, a glass is an amorphous solid produced by rapid 

removal of heat from the molten state, that is, by freezing-in the 

structure of a liquid into a solid1. Glasses are thus meta stable ma-

terials, because they are kinetically stabilized only, but do not rep-

resent the thermodynamically most stable structural modification. 

The term “amorphous” implies that there is neither long-range or-

der nor translational symmetry in the atomic structure. Figure 2-1 

shows a schematic Time-Temperature-Transformation (TTT) dia-

gram for a glass-forming material, schematically showing the 

atomic structures of liquid, glass and crystal. The atomic arrange-

ment in the liquid phase (T>Tl) is disordered, but not completely 

random. In the example shown in Figure 2-1, each atom is typically 

coordinated by six to seven nearest neighbours. The liquid thus 

possesses some degree of short-range order (SRO). Upon slow 

cooling, the long-range ordered, crystalline phase usually forms via 

diffusive rearrangements of the atoms. If, however, cooling to  

                                                      
1
 The defining property of “glass” differs in everyday jargon (optical 

transparency) and physics jargon (disordered atomic structure and pro-
cessing route). 
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Figure 2-1: Schematic TTT diagram for a glass-forming material. 

temperatures below the glass transition temperature Tg is fast 

enough to suppress these kinetic rearrangements necessary for 

crystallization, the liquid-like structure is maintained in the solid, 

and a glass is formed. Compared to the liquid state, the glass is 

denser and the degree of SRO is increased. 

The cooling rate required for glass formation increases with an 

increased mobility of the constituents in the liquid phase. Kinetics 

in oxide or polymer melts can be rather slow, so that oxide glasses, 

such as obsidian, or amorphous polymers, such as rubber, are nat-

urally occurring materials. Cooling rates required for metallic glass 

formation are very high and may only be reached using sophisti-

cated experimental equipment. 

2.2. A short history of metallic glasses 

In search of metastable, crystalline phases, Pol Duwez, a re-

searcher at the California Institute of Technology, continuously 
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improved experimental techniques to cool down metal melts at 

progressively higher rates. This was achieved by improving the 

heat conduction away from the melt by using copper as a mould 

material, and by limiting the total heat content of the system by 

working with small sample volumes only. In Ag–Cu, for example, 

Duwez succeeded in producing metastable foils of solid solutions, 

not predicted by the equilibrium phase diagram [14]. Applied to a 

binary Au–Si alloy [15], the cooling rate of the setup was eventually 

high enough to fully suppress the diffusive rearrangements neces-

sary for crystallization, leading to the formation of an amorphous 

metallic solid instead. In his own words: “That was the first liquid-

quench amorphous alloy” [16]. Duwez himself used the term 

“amorphous phases” [17], because “thermal and rheological” evi-

dence that these new materials were truly glasses were only pro-

vided in 1967 and 1968 by Chen and Turnbull [18, 19]. Soon, more 

and more glass-forming alloys were discovered, based on Te [20], 

Fe [21] and Pd [22]. These early glass-forming alloys only allowed 

for the production of samples with a maximum thickness of some 

tens of microns due to the very high cooling rates required. In the 

1980s and 1990s new alloys requiring only modest cooling rates 

were discovered in the alloy systems Al–La–Ni [23] Zr–Al–TM [24] 

(where TM stands for Transition Metal), Zr–Ti–Cu–Ni–Be [25], and 

Pd–Cu–Ni–P [26]. In these alloy systems, metallic glass samples of 

several millimetres in thickness (bulk metallic glasses) can be ob-

tained. 

2.3. The structure of metallic glasses 

Mechanical properties are inherently connected to the micro- 

and atomic structure of a material. A deepened understanding of 

mechanical properties is thus impossible without a deepened un-

derstanding of the materials’ structure. Figure 2-2 compares the  
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Figure 2-2: Structural features of conventional alloys (a) and metallic glass-
es (b) at the micro- and the atomic scale.  

micro- and atomic structure of conventional alloys (a) with that of 

metallic glasses (b). At the micro-scale, conventional alloys show 

features such as grains, grain boundaries, precipitates, twins, and 

secondary phases. These features are absent in the homogeneous 

microstructure of the metallic glass  

The atomic-scale structure of conventional, crystalline alloys is 

characterized by long–range order and typical crystal defects such 

as substitute or interstitial atoms, vacancies and, most important 

for mechanical properties, dislocations. Next to the strength of 

chemical bonds, the interaction of dislocations with other micro-

structural features is the most essential influence on the mechani-

cal performance of a crystalline material. The atomic structure of 

metallic glasses - here given for a binary alloy of small white and 
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large grey species – appears to be featureless; at least at first sight. 

Structural heterogeneity is only revealed upon closer inspection. 

While long-range order is absent, short-range order prevails, 

meaning that neighbouring atoms are located at typical distances 

from each other. The entity of any atom and its nearest neighbours 

is called a cluster. Every atom is centring its own cluster, but, at 

the same time, it is also a constituent of the clusters centred by any 

of its nearest neighbours. From that perspective, the structure of 

MGs can be described as a network of interpenetrating, short-

range ordered clusters of various shapes and sizes. Assuming 

chemical homogeneity, these clusters differ mainly in the efficien-

cy of their packing. Examples of densely (light blue, dark blue) and 

of loosely (red) packed clusters are indicated in Figure 2-2. Note 

that atoms of the small species are typically centring clusters with 

fewer neighbours (light blue, 6) than atoms of the large species 

(dark blue, 7). With densities of more than 97% of their crystalline 

counterparts, efficient atomic packing is a key characteristic of the 

metallic-glass structure. In a theoretical model, Miracle et al. [27] 

provided a way to predict the most efficiently packed motifs in an 

MG alloy, only requiring atomic diameter and fraction of the com-

ponents as input values. In the simple case where one type of atom 

is abundant (solvent) compared to the other (solute), the typical 

structural motif is given by a solute atom coordinated (surround-

ed) exclusively by solvent atoms.  

Figure 2-3a shows how solvent atoms (white) pack around a cen-

tre atoms (blue) for a varying relative radius ratio � = �solute/�solvent 
in two dimensions. For R = 0.414 efficient packing with a coordina-

tion number of N = 4 is achieved. Efficient packing here means 

that two adjacent atoms in the coordinating shell are also nearest 

neighbours to each other, meaning that they touch. For R = 0.701, 

efficient packing is achieved for five neighbours. For R = 0.85,  
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Figure 2-3: a) Packing for different radius ratios in two dimensions; b) co-
ordination number of an efficiently packed cluster as a function of radius 
ratio R. Both figures are redrawn from Ref. [27]. 

packing is not efficient: gaps between the coordinating atoms 

emerge. For R = 1, again, packing is efficient with N = 6. Figure 2-3b 

shows the dependence of the coordination number of efficient 

packing N on radius ratio in three dimensions [27]. 

The simple model in Figure 2-3a assumes a structure in which 

every solute atoms is completely surrounded by solvent atoms. 

This, of course, only holds for binary glasses with high solvent 

concentrations. In multi-component glasses with low solvent con-

centrations, it is likely that the coordinating shell of a centre atom 

contains atoms of all species. This is accounted for in a later work 

of Miracle et al. on Partial Coordination Numbers (PCNs) in the 

MG model structure [28]. Having included atoms of different sizes 

in the first neighbouring shell, the effective radius ratio becomes 
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�� = �� �̅�s	⁄  

Equation 2-1 

where ri and �̅�s are the atomic radius of the centre atom and the 

mean atomic radius of the atoms in the coordinating shell, respec-

tively. The model further assumes that the atomic fractions within 

a cluster fully reflect the macroscopic composition. The atomic 

fraction of any constituent i in the coordinating shell of a cluster is 

thus different from the macroscopic composition cα. According to 

Ref. [28], the partial coordination number of element j around a 

centre atom of type i is given as 

��,� = � ���,��� + 1���	for	� ≠ !���,��� + 1��� − 1	for	� = ! , 
Equation 2-2 

where Ni,tot is the total coordination number around an i atom. The 

atomic fraction of any species j in the coordinating shell around an 

i atom, ��,�# , thus becomes  

��,�# = ��,���,���	. 
Equation 2-3 

With Equation 2-2 and Equation 2-3, the mean atomic radius of 

the atoms in the coordinating shell �̅�s can be expressed as 

�̅�s = �̅ + %̅&%'(',)*)+,-./ , 
Equation 2-4 

where �̅ is the mean atomic radius of the alloy. Equation 2-4 is thus 

implicit for �̅�s and may be solved by iteration, using �̅is,1 = �̅ as a 
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starting value. 

It has been further suggested that not only are the atoms efficient-

ly-packed into clusters, but that the clusters themselves are effi-

ciently packed into medium-range order (MRO). Cluster arrange-

ments of fcc and bcc type [29], icosahedral type [30] or fractal type 

[31] have been suggested. Naturally, not every atom is centring an 

effectively packed typical local motif. As we learn from molecular 

dynamics (MD) simulations [32], the atomic structure is highly 

heterogeneous. Besides the typical, dominant motifs (which in fact 

agree for MD [33] and efficient-local atomic packing ELAP [27], 

namely 12-fold coordination around Cu and 16-fold coordination 

around Zr in binary Cu64Zr34), many atoms sit in configurations 

that are topologically unfavourable; see for example the cluster in 

Figure 2-2 marked red, with a very low coordination number (3).  

a) b) 

 

Figure 2-4: a) Dominating structural motifs in a Cu–Zr binary alloy accord-
ing to MD simulations [34], (b) schematic of an icosahedron. 
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The structural heterogeneity within the glass is explored in an MD 

work by Ding et al. [34], attributing to each cluster a value for its 

“solidity”, a term quantifying how elastically it reacts to small outer 

stresses (Figure 2-4a). Clusters with a high solidity behave “solid-

like”, meaning that they are effectively carrying elastic loads. Ding 

et al. find that most Cu atoms are coordinated in icosahedrons (12-

fold coordination, Figure 2-4b), i.e. in a very dense and thus stiff 

coordination. However, the second largest group consists of Cu 

atoms in most liquid-like, compliant configurations. For Zr atoms, 

the case is less pronounced, but nevertheless, Kasper-polyhedrons 

(16-fold coordination) and slight distorted variations thereof make 

up a dominant fraction of Zr-centred clusters.  

Taking these aspects into account, the MG structure can be sim-

plified by imagining a rigid backbone of interconnected, efficiently 

packed clusters, which encloses islands of atoms in topologically 

 

Figure 2-5: Illustration of the dual metallic glass structure: Interpenetrat-
ing backbone consisting of densely packed typical motives, enclosing is-
lands of reduced density. 
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less favourable configurations. Such a picture of soft zones within a 

hard matrix is wide-spread in literature, appearing under the 

names of, for example, solidity and liquidity [34], liquid-like phases 

or cores [35, 36], atomistic free volume zones [37], nanoscale me-

chanical heterogeneities [38], soft spots [39], or zones enriched in 

Geometrically Unfavourable Motifs (GUMs) [13]. A typical repre-

sentation is shown in Figure 2-5, and is supported by studies on 

medium-range order [31, 40]. 

2.4. General mechanical properties 

Having gained a state-of-the-art understanding of MG structure, 

we now turn our focus towards mechanical properties. Mechanical 

properties describe the reaction of a material to externally applied 

loads and displacements. Even at small loads, some of the induced 

deformation will be non-elastic. In conventional alloys, carriers of 

such inelastic, or at least anelastic processes are easily identified: 

dislocations and vacancies. For the glass, no obvious equivalent 

units can be directly inferred from Figure 2-2. However, zones of 

decreased density in glasses bear some similarity with vacancies in 

crystals. This similarity is the basis of the MG deformation model 

by Spaepen [41], which states that deformation in glasses is carried 

by diffusive, stress-assisted atomic jumps, promoted by zones of 

low density, or analogously, zones of increased free volume (FV), 

where free volume is defined as the difference between available 

volume and minimum required volume (hard-sphere volume) per 

atom (Figure 2-6a). However, experiments mimicking atomic me-

chanics using bubble rafts [42] soon revealed that diffusive atomic 

jumps’ cannot be the dominant deformation mechanism in metal-

lic glasses Still, zones of increased free volume remain important, 

but, instead of hosting stress-assisted atomic jumps, they were 



 
13 

 

Figure 2-6: Two mechanisms for inelastic deformation in MGs: a) an atom-
ic-Free Volume jump and b) a Shear-Transformation (STs), with the rear-
ranged configuration drawn as an overlay in dark blue. 

found to facilitate stress-induced shear rearrangements of groups 

of 20 to 100 bubbles (atoms) (Figure 2-6b). Such a rearrangement 

process is termed a Shear Transformation (ST). Notably, an ST is 

only defined by its transience, and can thus not be sketched into a 

static structural representation like Figure 2-2. Interestingly, iden-

tifying the atoms that will eventually undergo an ST a priori is so 

far not even possible in computer simulations [43]. Nevertheless, 

such groups of atoms which are prone to shear rearrangement are 

mainly used to model mechanical behaviour. These theoretical en-

tities are called Shear-Transformation Zones (STZs) [44]. While it 

is tempting to directly connect these STZs to the soft spots in Fig-

ure 2-5, such equivalence, even if anecdotal, has not yet been prov-

en. In the chapter about inhomogeneous flow of MGs (chapter 1), 

we will go into the matter of STZ and FV modelling in more detail. 

Prior to that, however, general aspects of MG mechanical proper-

ties are reviewed, following the sequence of a mechanical test, i.e., 

the elastic properties are reviewed first, then yielding is discussed, 

and finally post-yielding behaviour, the main subject of this thesis, 

is introduced and examined in more detail in chapter 3. 
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2.4.1. Elastic properties 

The elastic regime of metallic glasses is characterized mainly by 

a relatively small elastic modulus and a large elastic limit of gener-

ally 2-3% [5]. This combination of properties makes possible a high 

maximum energy-storage density, which is proportional to the re-

silience �s = 2y4 5⁄ , where 26 is the yield stress and E is the Young’s 

modulus. This makes MGs very attractive for applications such as 

watch springs [45] or sports goods [9]. Table 2-1 compiles elastic 

constants (Young’s modulus E, shear modulus G, bulk modulus 

Table 2-1: Mean values Young’s modulus E, shear modulus G, bulk modulus 
K, Poisson’s ratio ν of MG alloys with various base metals, based on the 
data set from Ref. [46]. G0 is the shear modulus of the base metal.  

 E (GPa) G (GPa) K (GPa) ν G0 (GPa) 

Zr- 91 ± 1 33 ± 5 109 ± 6 0.359 33 

Cu- 92 ± 7 34 ± 3 116 ± 8 0.367 48 

Mg- 53 ± 3 20 ± 1 48 ± 3  0.314 17 

Fe- 195 ± 19 75 ± 7 180 ± 17 0.317 82 

Ti- 100 ± 5 37 ± 2 112 ± 3 0.355 44 

Pd- 96 ± 8 34 ± 3 170 ± 8 0.405 44 

Pt- 95 ± 1 34 ± 1 200 ± 2 0.421 61 

Ni- 107 ± 1 46 ± 10 166 ± 41 0.369 76 

Co- 232 ± 20 93 ± 1 220 ± 6 0.315 75 

Ca- 25 ± 6 10 ± 2 20 ± 5 0.294 7.4 

Sr- 20 ± 2 8 ± 1 16 ± 1 0.290 6.1 

Hf- 115 ± 2 43 ± 1 129 ± 1 0.351 30 

Au- 74.4 27 132 0.400 27 

Ce- 33 ± 3 13 ± 2 32 ± 2 0.328 14 

La- 35 ± 4 13 ± 2 38 ± 3 0.347 14 

RE- 59 ± 15 23 ± 6 55 ± 12 0.321 20-30 
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K, Poisson’s ratio ν, and shear modulus of the base metal G0) for 

MG alloys with different base elements, measured using the ultra-

sonic method. The underlying dataset is taken from Ref. [46]. MGs 

have been reported to effectively inherit their elastic moduli from 

the base metal [47]. That this happens in spite of the different 

amorphous structures (SRO) also underlines the strong signifi-

cance of chemistry (bond strengths) for the mechanical properties 

of the MGs. The relation of the elastic constants of base metal with 

those of glassy alloys is shown in Figure 2-7. The data set originally 

used in Ref. [47] (squares) is extended with values from Ref. [46] 

(circles). It is noted that the effect of inheritance is less pro-

nounced if the data of Ref. [46] are included. 

As mentioned at the beginning of this section, non-elastic pro-

cesses have been reported even within the macroscopically elastic 

regime. Among these is the occurrence of a mechanical hysteresis 

 

Figure 2-7: Shear-modulus inheritance in MG alloys. Data from Refs. [47] 
(squares) and [46] (circles). 
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upon cyclic loading crossing zero stress [48]. A more special form 

of such a cyclic-loading test is Dynamic Mechanical Analysis 

(DMA), where a sample is subjected to low-load excitation at dif-

ferent temperatures and frequencies, revealing a significant dissi-

pative process for some MGs clearly below the glass transition 

temperature [49-53]. Occurring below temperatures where the α-

relaxation is dominant, this process is called β-relaxation. It is 

brought into correlation both with the soft spots of Figure 2-5 and 

with STZs directly [53]. The latter is due to a size match of beta-

relaxation activation energies and model calculations for the ener-

gy barriers of ellipsoid STZs. However, it has also been reported 

that the shape of these β-relaxations may be more reminiscent of 

atomic chains than ellipsoids [54]. 

2.4.2. Yielding 

Yielding of MGs has been thoroughly investigated by Johnson 

and Samwer [7]. Their starting point was the expression for the 

rearrangement energy of an STZ at zero stress (WSTZ), originally 

introduced by Eshelby [55]:  7STZ =	 +8/<4/=>?4@Ω, 

Equation 2-5 

where G is the shear modulus of the glass, >? is the critical yield 

strain, ζ is a geometric correction factor and ΩSTZ is the STZ vol-

ume. Modifying this expression to include stress dependence, the 

authors determined the temperature at which thermal energy and 

stress-dependent energy match, and by this derived a universal 

expression for yielding of MGs: 
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BC = = D>E − >4 FG GgI JKLM	, 
Equation 2-6 

where τc is the critical shear stress, T is the thermal temperature 

and Tg is the glass-transition temperature, and γ1 = 3.6% and γ2 = 

1.6% are constants. Because the model treats the glass as an iso-

configurational solid, the “Johnson-Samwer” stress might be inter-

preted as the shear stress at which configurational break down oc-

curs. Critical shear stresses of different glasses at different temper-

atures can be fitted very well by that model, also revealing an al-

most constant yield strain of 2.7%. The authors acknowledge some 

scatter in that value, as they are aware of reports that the yield 

strain increases slightly with an increase in temperature [56]. 

In the context of critical stresses, compression-tension asym-

metry has been reported. MGs are slightly stronger under com-

pression than under tension. This behaviour was modelled by both 

Mohr-Coulomb [57, 58] and Drucker-Prager [59] formalism. In 

contrast to simple Tresca or Von-Mises yield criteria, these models 

can explain the stress-state dependent fracture angle, i.e. 56° in 

tension compared to 43° in compression [60]. Weibull statistics on 

the peak stress of MGs have also been evaluated [61], showing val-

ues of 25-75, indicating that the mechanical performance of MGs is 

flaw insensitive. In fatigue experiments, MGs show fatigue limits 

relative to the uniaxial strength which are comparable to conven-

tional polycrystalline alloys [62, 63]. 

2.4.3. Post-yielding behaviour 

Post-yielding, or flow behaviour of MGs, is highly dependent on 

temperature and strain rate [41] (Figure 2-8). Close to and above 

Tg, the flow of MGs is homogeneous, meaning that plastic defor- 
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Figure 2-8: Metallic glass deformation map redrawn from Ref. [41]. 

mation is distributed equally over the sample volume. Even super-

plastic behaviour has been reported [64], raising the prospect of 

advanced processing via thermoplastic forming [65]. In the context 

of mechanical properties for applications, however, sub-Tg flow 

behaviour is more relevant. At these temperatures severe flow lo-

calization is observed. Deformation is no longer homogeneous, but 

highly concentrated within thin layers of weakened material: the 

shear-bands. Plastic strain is accumulated by the generation of 

macroscopic shear steps at the sample surface (upper sketch in 
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Figure 2-8). More details regarding shear bands is provided in the 

next chapter.  

Compared to the superplastic behaviour above Tg, the amount of 

plasticity observed in the inhomogeneous regime is lower, and 

moreover strongly dependent on both extrinsic and intrinsic fac-

tors (Table 2-2). Among extrinsic influences, the stress state in par-

ticular is of great importance. Plastic behaviour is restricted to 

loading conditions other than tension, where mode-I crack open-

ing has been suggested as a probable cause of brittle failure [11]. 

Recent work has highlighted the possibility of improving tensile 

ductility by introducing complex stress states using pores, notches 

or other strategies of advanced geometric design [66-68]. Another 

external factor strongly influencing mechanical behaviour is tem-

perature. Malleability, the correct term for compressive plasticity 

according to Schuh [69], depends on temperature in a highly non-

linear way (Figure 2-9). While brittle at liquid helium tempera-

tures [70, 71], the greatest inhomogeneous plasticity is reported at 

temperatures of liquid nitrogen [72]. Before reaching the super-

plastic regime at and above Tg, brittle behaviour is again observed 

at and around room temperature [73]. In addition to temperature 

embrittlement, authors report embrittlement with increasing di-

ameter [74, 75] and decreasing system stiffness [76]. This is gener-

ally explained by the reaching of too high temperatures within the 

shear band, because the amount of dissipated energy per area 

within the glass is increased [74, 77, 78]. Addressing intrinsic fac-

tors, a very prominent correlation between plasticity, or equiva-

lently toughness, and the Poisson’s ratio ν has been reported, both 

within [79-81] and among different MG systems [82] The Poisson’s 

ratio is believed to represent the materials’ preference for shearing 

over cracking [46]. In crystalline alloys, where toughness is linked 

to dislocation dynamics, the ratio of shear- to bulk-modulus, G/K, 
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Figure 2-9: Schematic plot of MG malleability as a function of thermal tem-
perature.  

is a monotonically decreasing function of ν [83]. If ν is small 

enough, spontaneous emission of dislocations from crack tips is 

possible. This causes the cracks to blunt and thus toughens the 

material [83].  

 

Table 2-2: Extrinsic and intrinsic factors affecting MG plasticity. 

Factor Symbol Plasticity promoted by… Ref 

Extrinsic   
Stress-state  Compression, bending [11] 
Testing temperature  T Low T [72, 73] 
Setup stiffness  k High stiffness k [75, 76, 

84] Sample diameter  d Small d 
    
Intrinsic     
Poisson’s ratio ν High ν [82, 85] 
Elastic ratio K/G Large K/G [46] 
Free volume vf Much vf [86] 
β-peak shape  Pronounced peaks [54] 
STZ volume ΩSTZ Large ΩSTZ [87] 
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A corresponding derivation for the amorphous case does not yet 

exist. In addition to the Poisson’s ratio criterion, other intrinsic 

factors which determine plasticity have been suggested. Among 

them is the free volume content [86], STZ volume [87], or the 

shape of the mechanical β-relaxations in DMA measurements [54]. 

None of these three theories, however, is as often used as the Pois-

son’s-ratio criterion. 

Details on how plastic flow is accumulated within the inhomo-

geneous deformation regime follow in the next chapter. Before 

that, we will conclude our overview on mechanical properties with 

a short section on metallic glass fracture. 

2.4.4. Fracture 

In uniaxial mechanical tests, the final fracture of MG specimens 

takes place on a plane tilted with respect to the load axis by ca. 43° 

in compression and 54° in tension [60]. Figure 2-10 shows a sche-

matic of a typical fracture surface obtained in a compression test. 

The part of the surface generated incrementally by stable shear-

band flow, i.e. the shear-step surface, is smooth, while the remain-

ing surface, generated during final fracture, features the so-called 

vein-pattern morphology, which represents a “variant of the ubiq-

uitous fluid-meniscus instability” [88], meaning that it is a typical 

example of a liquid-layer fracture. A scanning electron microscopy 

(SEM) picture showing both types of fracture surface adjacently is 

also given in Figure 2-10. The time scale of fracture in millimetre-

sized specimens has been reported to be 12.5 μs at most [89]. Infra-

red (IR) thermography has revealed instantaneous melting at the 

moment of fracture [90]. In mechanical tests at very high loading 

rates, a change of fracture-surface morphology from vein-pattern 

to corrugated pattern [91] has also been reported. 
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Figure 2-10: SEM image of a typical fracture surface of an MG sample that 
has accumulated some plastic deformation prior to fracture. “Vein-
patterns” mark the surface of the final fracture, whereas a smooth pattern 
is found on the surface of shear steps generated by stable plastic flow. 
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3. Overview on inhomogeneous flow 

 

“Metallic glasses are not necessarily hot.” 

K. Slaughter 

 

 

In the preceding chapter, we learned about MG structure, gen-

eral mechanical properties, yielding models, the difference be-

tween homogeneous and inhomogeneous deformation, and about 

the prospects and limitations of metallic glass plasticity. In this 

chapter, we will concentrate on inhomogeneous flow in MGs, 

meaning flow carried by shear bands. We will first describe the 

state-of-the-art understanding of flow localization; then we will 

take a closer look at the shear bands themselves, present the phe-

nomenology of strain-rate and temperature-dependent flow beha-

viour, review different perceptions of how plastic strain is accumu-

lated by shear bands, and finally look at the most popular atomis-

tic models which address MG flow in detail. 

3.1. Flow localization 

According to common perceptions, flow localization in MGs is a 

consequence of strain-softening, associated with structural rejuve-

nation (dilatation) [69, 92]. Strain-rate perturbations, easily anni-

hilated by negative feedback in strain-hardening materials, be-

come self-propelling in the purely strain-weakening MGs. The per-

turbation spreads and eventually develops into a system-spanning 

instability: the shear band. From an STZ perspective, flow localiza-

tion occurs once the flipping of an isolated STZ causes changes in 
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the elastic far-field stress which are great enough to trigger neigh-

bouring STZs. As a consequence, an STZ-cascade can propagate 

through the material [93]. 

3.2. Shear bands 

Shear bands are not unique to MGs. They are also reported in 

crystalline metals [94], polymers [95], soils [96, 97], granular me-

dia [98] and colloids, etc. [99] . 

3.2.1. Appearance 

A main feature of MG shear bands is their very small thickness. 

Electron microscopy studies on plastically deformed MG samples 

reveal them as deformation lines with thicknesses of 10-20 nm 

[100-102]. While the shear band itself is thus invisible to the naked 

eye, when it operates it causes a shear step (or shear offset) Δupl on 

the surface, which can easily become several hundreds of microns 

large (Figure 3-1a).  

Schematic illustrations of shear bands and the macroscopic 

shape changes they cause are shown in Figure 3-1b and c. While 

 

Figure 3-1: a) Metallic glass cylinder deformed on a major shear band; b) 
illustration of a shear band in tension, redrawn from [103]; c) schematic 
representation of a), indicating shear-band width w and shear offset Δupl. 
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plastic deformation is typically concentrated on one major shear 

band in a monolithic glass under compression, multiple shear 

banding, meaning the formation of a network of intersecting shear 

bands each contributing equally to plastic deformation, has been 

reported for constrained or complex geometries [67, 68, 75, 104], in 

the presence of large residual stresses [105, 106] and in MG compo-

sites [107, 108]. 

3.2.2. Shear-band structure 

In terms of atomic structure, shear bands differ considerably 

from the matrix material. A first indication of this was the observa-

tion of shear bands’ reduced resistance to chemical etching, which 

was attributed to a decrease in topological and/or chemical short-

range order [11]. Recently, sophisticated in-situ acoustic emission 

(AE) [109] and transmission-electron microscopy (TEM) [110, 111] 

studies have allowed a quantitative assessment of the structural 

changes associated with shear banding, reporting density changes 

from -1 to -2% [109, 110] and -10 to +6 % [111]. A decrease in struc-

tural order within the shear band is also observed in MD simula-

tions. Fig3-2a shows how the fraction of different Cu-centred struc-

tural motifs changes with strain for a Cu–Zr binary MG [112]. At the 

yield point, where a shear band is initiated (ca. 7% strain – a typi-

cal value for simulations), the fraction of the dominant motif (full 

icosahedrons) is reduced from 25% to 15% at the cost of an in-

creased fraction of fragmented, meaning inefficiently packed, clus-

ters. The fractions of other species do not markedly change with 

strain. Figure 3-2b shows how the full-icosahedra fraction changes 

along a line that intersects the shear band [113]. A drop from 20% 

in the matrix to about 15% in the shear band is found. 

In experiments and MD simulations, annealing treatments have 

been shown to heal the structural differences between matrix and  



 
26 

 

Figure 3-2: Reduction of short-range order in the shear band as a function 
of strain (a, [112]) and of space coordinate x (b, [113]); redrawn from the 
original publications. 

shear-band material. While this is observed directly from full-

icosahedra fractions recovering to matrix values in the simulations, 

it is experimentally captured by the erasing of the etching suscep-

tibility of the shear bands [11]. 
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3.3. Flow curves: serrated vs. non-serrated flow 

The shape of compressive flow curves shows a strong depend-

ence on temperature and applied strain rate. At low temperatures 

and high strain rates, flow curves are smooth (black curve in Fig-

ure 3-3), with a stress overshoot preceding the reaching of steady-

state flow stress. At high temperatures and low strain rates (blue 

curve in Figure 3-3), flow curves show discontinuities, better 

known as serrations. A typical serrated-flow curve can be divided 

into three regimes [114, 115]: an elastic regime (1), a transition re-

gime (2) and a purely plastic regime (3). In the transition regime 

(2), stress increases with strain at a rate lower than in the elastic 

regime and first serrations, irregularly shaped and spaced, indicate 

the onset of plastic deformation.  

 

Figure 3-3: Non-serrated (NSF, black) and serrated (SF, blue) flow curves, 
with (1) indicating the elastic regime; (2) indicating the transition region 
and (3) revealing the purely plastic regime. The red box indicates a single 
serration. The inset shows the Arrhenius-type behaviour of the tempera-
ture- and strain-rate dependent flow transition (see also Figure 3-8). 
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Because no strain-hardening mechanism is known for MGs, the 

transition behaviour is also described as “apparent strain harden-

ing”, believed to reflect a geometrically constrained situation, in 

which some parts of the sample start to deform plastically, while 

others are still loaded elastically. The purely plastic regime (3) is 

characterized by regularly spaced and sized serrations with a stress 

level that either plateaus or slightly decreases with strain.  

The transition serrated- and non-serrated flow is described well 

by an Arrhenius function [116, 117] with an activation energy of 0.37 

eV [117] for a Zr-based BMG (inset in Figure 3-3). Shear-band prop-

erties can be derived from both serrated and non-serrated flow 

curves. How this is accomplished is described in the following. 

3.3.1. Serrations 

Figure 3-4 schematically shows the load and displacement signal 

versus time for a sequence of three serrations. An individual serra-

tion consists of a slow elastic loading stage (light grey area) and a 

fast plastic slip stage (darker grey area), during which, over the slip 

duration Δt, load drops by ΔF and plastic strain is generated. The 

 

Figure 3-4: Schematic load and displacement signals as a function of time 
for a sequence of three serrations. A serration is characterized by the drop 
size ΔF, the duration Δt and the apparent displacement jump Δu0. 
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load drop ΔF is typically on the order of 1-2% of the peak load. For 

each stress drop, there is a corresponding jump Δu0 in the dis-

placement signal (Figure 3-4, black line). For the obvious similarity 

to stick-slip friction phenomena, the slow loading phases and the 

fast unloading phases have been referred to as “stick” and “slip” 

stages, respectively [118]. 

If flow serrations truly reflect shear-band properties, Δu0 has to 

be directly related to plastic deformation, i.e. to the size of the 

emerging shear offset Δupl. Georgarakis et al. [119] found that the 

sum of displacement jumps ∑∆P1 strongly underestimates the to-

tal plastic strain. From this they concluded that serrations are ra-

ther a measuring artefact than a direct cause of intrinsic material 

behaviour. In contrast, more recent research has revealed that Δu0 

in fact is directly related to Δupl. However, the interplay between 

glass sample and testing setup must be properly accounted for 

[120]. To this end, Figure 3-5a shows the load and displacement 

signal versus time for one serration, and Figure 3-5b and c show 

the sample-machine assembly at the times 1) and 2) indicated in a), 

 

Figure 3-5: Interplay between sample and testing setup during the slip 
phase of a serration in a quasi-static compression test. 
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i.e. prior to and shortly after the slip phase of the serration. Here, 

CM and CS refer to the compliance, meaning the inverse stiffness, of 

machine and sample, respectively. At peak load F (1), both ma-

chine and sample are elastically deformed to a displacement PM,S = RSM,S. After the slip event (2), load has dropped by ΔF. Un-

der quasi-static conditions, meaning that the plastic deformation 

rate is much higher than the applied strain rate, the drop in load 

causes the machine to expand elastically by ∆P1 = ∆RSM. On the 

sample side, Δu0 is balanced not only by a plastic contribution 

emerging from the sample shortening (∆P�TUV = ∆PWX/√2), but also 

by an elastic-recovery contribution of the sample, which equals to 

ΔFCS. Just like the machine, the sample expands elastically due to 

the decreased load level. The displacement balance thus reads: ∆P1 = ∆Ptrue − ∆RSS. Rearranging and accounting for the shear-

band angle of typically 45°, the shear-step size Δupl can be ex-

pressed as a function of the apparent-displacement jump Δu0: ∆PWX = √2+∆P1 + ∆RSS/ = √2∆R+SM + SS/ . 
 Equation 3-1 

In other words, the registered displacement jump Δu0 reflects 

only the elastic recovery of the leverage of the testing machine due 

to the dropping load. Under quasi-static test conditions, this 

length change is equal to the difference between true plastic de-

formation and the elastic recovery of the sample. It is noted that 

the second term in Equation 3-1 was neglected by Georgarakis et al. 

[119] and that its omission may be the true reason for the above 

mentioned mismatch between the sum of flow-curve strain incre-

ments and the total shear-step sizes. Since it has been shown that 

every serration in the plastic regime of a serrated flow curve corre-

sponds to the initiation, propagation and arrest of a single shear 
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band [120], Equation 3-1 directly connects the serrated flow signal 

to the behaviour of individual shear bands.  

In addition to the length change, high-acquisition rate instru-

mented mechanical testing also allows one to determine of the 

time scale Δt during which the shear offset is generated. It is noted 

that piezo-cells should be used for the recording of fast events, be-

cause conventional load cells show some delay in reacting to dy-

namic, fast load changes, and may thus strongly overestimate the 

serration-time scale. Properly instrumented, one can thus deter-

mine the load drop ΔF, displacement jump Δu0 and event duration 

Δt directly from serrated flow curves.  

3.4. Models of plastic-strain accumulation 

Because shear bands are as thin as 10 nm [100], initiate at loca-

tions which are difficult to predict, and operate intermittently for 

short durations only [118, 121], in-situ investigation of the accumu-

lation of plastic strain in metallic glasses (MGs) is a challenging 

task. It is thus not surprising that since the first reports on the me-

chanical behaviour of MGs [48], different perceptions have 

emerged as to the exact mechanism by which shear steps are gen-

erated. This is not trivial, because the choice of a specific model 

has immediate consequences for the estimate of shear-band prop-

erties that are not directly measured experimentally, such as the 

speed at which the shear step is generated (the shear-band velocity 

vSB), the shear-band viscosity ηSB and the temperature rise during 

shear-band operation ΔT. Figure 3-6 illustrates the four most im-

portant models of shear-step generation. These models are labelled 

as (1) phonon-shear-front propagation, (2) serration- shear-front 

propagation, (3) serration-transient behaviour, and (4) serration-

simultaneous shear. The implications of these models for the event 
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Figure 3-6: Postulated modes of shear-step generation. (1) front-
propagation at sound velocities, (2) front-propagation at time-scales ob-
tained from serration analysis, (3) front-propagation changing to simulta-
neous shear once a major band is established and (4) simultaneous shear. 

duration t, the temperature jump ΔT, shear-band velocity vSB and 

viscosity ηSB are summarized in Table 3-1. All these models assume 

that only one single dominant shear band is operating at a time. 

The four different scenarios are now presented in detail. 

 

Table 3-1:  Event duration t, shear-band velocity vSB, temperature jump ΔT, 

shear-band viscosity ηSB for the four different models. ηSB was calculated 
via ηSB= τw/vSB with the shear stress τ = 1 GPa and w = 10 nm. 

 t (s) vSB (m/s) ΔT (K) ηSB (Pas) Refs 
Model (1) 10

-8 10
3 1000 10

-2 [119], [78] 

Model (2) 10
-3 1 90 10 [122] 

Model (3) 10
-3 10

-3 3 10
4 [123]J 

Model (4) 10
-3 10

-3 3 10
4 [124] 
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3.4.1. Model (1): challenging instrumented testing 

As mentioned above, some authors challenge the perception of 

serrated-flow observables Δu0 and Δt as being physically meaning-

ful [78, 119]. Acknowledging that a shear band cannot be formed 

instantaneously, they attribute both the generation of the shear 

band and the formation of the shear step to the propagation of a 

dilating shear wave that travels through the sample at a fraction of 

the speed of sound (model (1) in Figure 3-6). When taking into ac-

count the presence of a stress-redistribution field around the shear 

front, the time for the generation of a shear step of 1 µm size then 

amounts to 10-8 s. This led the authors to predict temperature rises 

of thousands of  K within the shear band [119]. Such high values 

would explain reports of the establishment of a micron-sized heat-

affected zone around the shear band [125] and of shear banding 

which causes the melting of fusible tin coatings on top of an 

emerging shear step [126]. This scenario is an integral part of the 

model of Miracle et al. regarding the size effect in MG ductility 

[78]. However, a recent study [127] has revealed that melting of a 

tin coating is not universally observed in MG deformation, but is 

rather a function of alloy and stress state. This eliminates the con-

dition that shear bands must “necessarily” be hot. 

3.4.2. Models (2), (3) and (4), using serration time scales  

In contrast to this phonon-based model, some studies report a 

direct link between the shear steps and features of the serrated-

flow curves from instrumented mechanical testing [128, 129] 

(Figure 3-6 (2)-(4)). These models assume that the time scale of a 

single serration corresponds to the time scale of the coincident 

shear-step formation. Although models (2)-(4) agree on serration 

time scales, they differ in their understanding of how plastic strain 

is accumulated by a shear band. Model (2) assumes that the shear 
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step forms via a propagating front [122]. In other words, the full 

shear step is established behind the shear front, while the material 

ahead of the front remains undeformed. In this case, the shear-

band velocity, i.e. the speed at which the shear step is generated, 

can be calculated as the ratio of the fully established shear band 

across the sample of diameter d and the serration time ∆t, i.e. [\] = √2^/∆_. In contrast, model (4) assumes that the shear step 

is established simultaneously along the shear plane [130]. In that 

case, it is the shear step only that is divided by the event duration 

in the calculation of the shear-band velocity, i.e. [SB = ∆Ppl/∆_ . 
 Equation 3-2 

These calculations provide shear-band velocities that are smaller 

by a factor of 103 than those calculated from model (2) for a sample 

of a few millimetres in diameter. Note, however, that the velocities 

calculated from model (2) are still three orders of magnitude 

smaller than those obtained from model (1). With high-speed im-

aging methods, Song et al. [124] and Wright et al. [131] directly ob-

served the scenario of model (4) down to time scales of about 

0.2 ms, i.e. a simultaneous deformation on the shear plane within 

their temporal resolution. They also did not resolve any delayed 

onset of shear banding on either side of the sample. The percep-

tion of sub-resolution intermittency, a necessity for reconciling the 

above-mentioned experimental finding with model (2), was also 

made unlikely by recent Acoustic Emission measurements [132], 

which revealed only one shear-band initiation signal per serration. 

From that perspective, scenario (2) should be discarded. Most re-

cently, Joo et al. [123] carried out experiments using digital image 

correlation (DIC) on MGs under compression. The authors ob-

served a transition from front-propagating behaviour of the shear 
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band in the early stage of deformation (associated with small strain 

increments only) to simultaneous shear in the subsequent stage, 

during which the large part of the total shear step is generated 

[123]. This is the scenario (3) in Figure 3-6. Similar results regard-

ing a transition from a propagating to a simultaneous flow mode 

were obtained in a recent study by Qu et al. [133]. These authors 

report on shear steps that form via a propagating flow mode in the 

early regime of “apparent strain hardening”, i.e. prior to reaching 

peak stress, and a transition to simultaneous shearing once a major 

shear band has formed. In a purely strain-weakening material, 

such as a metallic glass, events prior to reaching peak stress cannot 

be system-spanning and must thus be associated with local geo-

metric constraints. From that perspective, we may deduce that 

scenario (4) is an idealized case of scenario (3) and shows an al-

most perfect elastic-to-plastic transition, devoid of geometrically-

induced artefacts that would give rise to apparent front-

propagating shear banding at pre-peak plastic strains. Initial ap-

parent propagation thus appears to be related to stress-

inhomogeneities within the MG samples rather than to a defor-

mation mechanism according to model (2) in Figure 3-6b.  

 

Figure 3-7: Idealized shear-band operation. A shear band is initiated by a 
front-dilating shear wave (a-c). In this stage, only minor amounts of plastic 
deformation are accumulated. In the subsequent propagation phase (e-f), 
macroscopic plasticity is accumulated on shear bands by simultaneous 
shear. 
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Despite the fact that shear steps can be derived from serrations, 

there remains the necessity of an elastic wave that travels at a frac-

tion of the speed of sound and effectively generates the shear band. 

According to current understanding there is no need for the time 

scale associated with shear-band initiation to be identical to the 

time scale of shear-step generation. In fact, a two-stage mechanism 

has been proposed which consists of a fast, front-propagating, 

phonon-controlled initiation phase, generating only a small step 

but causing structural rejuvenation of the whole band, followed by 

a slow, simultaneous shearing phase on the now weakened band, 

creating the major part of the step (Figure 3-7) [109, 118, 134]. 

3.5. Shear-band velocities and flow transition 

Within the serrated flow regime, the shear-band velocity accor- 

 

Figure 3-8: Flow transition from [117] vs. shear-band velocities from [120]. 
Temperature-dependent shear-band velocities represent the rates at 
which, if applied externally, the flow transition from serrated- to non-
serrated flow would occur. 
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ding to model (4) (Equation 3-2) was found to be independent of 

applied strain rate [135]. In a Zr-based glass, shear-band velocities 

increase with increasing temperature, following an Arrhenius-type 

law with a barrier energy of 0.32 eV [120, 130]. This energy is very 

similar to the 0.37 eV obtained for the flow-transition. Defining an 

apparent shear-band strain rate bc\] = [\] √2⁄ d, where l is the 

sample length, we can plot the data sets from both experiments 

into the same figure (Figure 3-8), revealing a striking equi-valence 

of the two experiments. It appears that during a serration, a shear 

band accelerates until it reaches approximately that velocity 

which, if it were applied as an external rate, would cause the tran-

sition to non-serrated flow. In other words, non-serrated flow is 

observed if the applied strain rate exceeds the temperature-

dependent shear-band strain rate. Below the flow transition line in 

Figure 3-8, shear-band velocities are independent of applied rate, 

causing serrations, and above the transition the shear band is driv-

en at the applied rate. Note that this equivalence of shear-band 

velocity and the flow transition provides additional support to the 

perception of the simultaneous-shear mode. 

3.6. Properties from non-serrated flow curves 

As opposed to those in the serrated flow regime, constant-strain 

rate tests in the non-serrated regime provide no direct insights in-

to shear-band dynamics. Nevertheless, there is a means by which 

shear-band properties can be investigated in this regime, i.e. slide-

hold-slide tests. In such tests (Figure 3-9), an MG sample is de-

formed to plastic strains at a constant rate. The drive is then set to 

zero and the shear band is allowed to relax. After a pre-defined 

waiting time, the drive is restarted. Prior to the re-establishment of 

the flow stress, a stress-overshoot Δσa appears. Its size scales with 

the logarithm of the waiting time, representing an effect of struc- 
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Figure 3-9: Schematic of a slide-hold-slide test in the non-serrated flow 
regime. The stress overshoot Δσa is a measure of structural relaxation 
during the hold phase, i.e., waiting time tw.  

tural ageing [136]. In a Zr-based MG, the waiting time required to 

achieve a stress-overshoot of a given size follows an Arrhenius law 

as a function of temperature with an activation energy Ea of about 

0.16 eV [137, 138]. This energy is associated with structural ageing, 

i.e. with the restoring of a quasi-equilibrium structure.  

3.7. Size effects 

To some extent, the flow behaviour of MGs depends on sample 

size. This short section is dedicated to these effects, which are dis-

cussed in descending order of the length scale involved.  

Embrittlement in the mid-mm regime 
The mechanical properties of MGs are typically studied via  

quasi-static compression tests on samples with diameters between 

1 and 2 mm at ambient conditions, even if the alloys under investi-

gation could be easily cast into larger dimensions. This is because 
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plastic deformability of MGs tends to decrease as sample size is 

increased. This size effect is attributed to the reaching of a critical 

energy-release rate during serrations, eventually causing shear 

bands to heat up to above a critical temperature which eventually 

causes structural disintegration [74, 77, 78]. 

Flow stabilization in the lower-mm regime 
It has been reported that the critical strain rate for entering into 

the non-serrated flow regime decreases in smaller samples, mean-

ing that flow in small samples is closer to stable than in large sam-

ples. This size effect is explained by the increased stiffness-per-area 

k = 1/A(CM+CS) in small samples [139], causing partial stabilization 

of the serration instability. 

Extreme ductility by aspect ratio effect 
Figure 3-10a shows the plastic deformation of a metallic glass rod 

of an aspect ratio smaller than 1. At the yield stress (a), a shear 

band forms, but, oriented in 45° to the load axis, cannot span the 

sample, thus making only a limited contribution to a decrease in 

overall load. Moreover, shear offsets in this constrained setting 

cannot develop freely because they are directly arrested by the 

testing machine anvils. These constraints promote the initiation of 

 
Figure 3-10: A sample of aspect ratio smaller than 1 is compressed (a). At the 
yield point (b), the first shear band initiates at the typical angle of 45°. The 
reactivation of the first shear-band is impeded by geometric constraints, 
necessarily generating multiple-shear banding (c). 
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multiple shear bands and lead to an increase in sample diameter, 

which is reflected in apparent strain-hardening flow curves and 

generates extremely high apparent ductility values [75]. 

Flow-mode transition at the nanoscale 
A flow-mode transition from shear banding to homogeneous 

flow has been reported for micro-pillars of a size smaller than 100 

nm [140, 141]. However, the disappearance of the shear-band mode 

has been challenged by other authors [142, 143], and thus requires 

further experimental verification.  

3.8. Modelling of inhomogeneous flow 

In this section we will look at how the phenomenology of MG 

flow can be explained in the framework of free-volume and STZ 

theory (see also Fig. 2-6). 

The free-volume model was successfully used to fit the transi-

tion from homogeneous to inhomogeneous flow [41]. The transi-

tion is attributed to a change of mechanism at the atomic scale. 

Above the transition, free volume is provided by temperature, 

whereas below the transition, it is provided by stress. The focus of 

later modifications of free-volume theory was mainly to explain 

homogeneous flow. The Self-Consistent Dynamic Free-Volume 

(SCDFV) model, for example, allows the fitting of viscosity and 

strain rate-dependent flow stress of MGs at temperatures at and 

above Tg [144]. Concerning STZ modelling, homogeneous flow has 

similarly been investigated [145-147]. Only recently has STZ theory 

been explicitly applied to inhomogeneous flow of MGs [138, 139], 

particularly to resolving the origin of the transition from serrated 

to non-serrated flow. These two studies on inhomogeneous MG 

deformation are described in detail below, following a short intro-

duction to the fundamentals of STZ theory. 
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3.8.1. Fundamentals of STZ modelling 

STZs are “small regions […] in special configurations, particularly 

susceptible to inelastic rearrangements in response to shear stress-

es” [44]. An STZ can only exist in one of two possible configura-

tions, aligned with the principle stress orientations in the material, 

typically denoted “+” and “-”. Triggered by external stress, an STZ 

can switch configuration, e.g., from “-” to “+”. Thereafter, it is 

jammed and cannot carry further deformation in the “+” direction. 

Plastic flow is maintained, however, by the annihilation of jammed 

“+” states and the creation of new “-” configurations. The internal 

state variable in STZ theory is the dimensionless effective disorder 

temperature χ. Compared to the concept of free volume, it is here 

no longer the question of how much volume there is for a single 

atomic jump, but what configurational changes are possible for a 

group of atoms with the available free volume. The perspective 

therefore shifts from volume to entropy, and χ is connected to STZ 

density ρSTZ via e\fg ∝ exp	+−1 j⁄ /. Note that in qualitative argu-

ments, free volume and effective temperature might be used anal-

ogously. For example, in a glass produced by a very high cooling 

rate, levels of both free volume and effective temperature are high.  

Within STZ theory, the mechanical behaviour of MGs is mod-

elled using a set of three equations. The first links the plastic strain 

rate >c  to the effective temperature [138]: 

>c_1 = k1expl− mSTZnopq exp l− Erq , 
 Equation 3-3 

where t0 is the inverse attempt frequency, n0 is the typical number 

of atoms per STZ, T is the thermal temperature, and ESTZ is the 

stress-dependent STZ activation energy. The first exponential term 

represents the probability of an STZ rearrangement, while the sec-
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ond exponential term takes into account STZ density.  

The second equation describes the evolution of the effective 

temperature over time [138]. 

srst = uc v?wvxyz l1 − rr{+uc /q . 
 Equation 3-4 

Here, c0 is an effective-temperature specific heat per unit volume, 

σSTZ is the STZ yield stress, and ĵ is the kinetically ideal value of 

the effective temperature. Equation 3-4 describes the tendency of 

the effective temperature to attain its kinetically ideal value	ĵ, 

which, in agreement with simulations, is described as  ĵ = j}/ln	+~1/>c_0/	. Two additional parameters emerge, i.e. q0, a 

characteristic strain rate at which the steady-state effective tem-

perature diverges and χW, a normalized energy scale determining 

the rate dependence. The material is rate-strengthening (i.e. it has 

a positive strain-rate sensitivity SRS) if χw > 1, while it is rate-

weakening for χw < 1.  

The third equation connects stress, displacement and velocity by 

the force balance on the shear band. It is often referred to as the 

machine equation [139]: �� �� = E�+�M��S/ +[1_ − �/ − 2 , 

 Equation 3-5 

where M is the inertia of the system, A is the cross-section area, ��  
is the vertical acceleration of the shear band, CM and CS are the 

compliances (i.e. inverse stiffnesses) of machine and sample, v0 is 

the applied velocity, t is the time, x is the vertical displacement, 

and σ is the stress.  
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Equation 3-3 to 3–5 are the tools for STZ modelling. It is with 

these tools that the inhomogeneous of metallic glasses can be flow 

phenomenologically explained. The starting point of the two stud-

ies which will be described in more detail below is the commonly 

supported assumption that stick-slip-like serrated flow is indica-

tive of an underlying negative strain-rate sensitivity. 

3.8.2. Model I: Stable flow promoted by stiffness 

In the first model, by Sun et al. [139], MGs are assumed to be 

purely rate-weakening materials (χw < 1). The occurrence of stable, 

non-serrated flow is attributed to the suppression of stick-slip in-

stability by stiffness. By performing a linear stability analysis on 

the steady-state solutions for effective temperature, stress and ve-

locity, a temperature and strain-rate dependent critical stiffness 

per area kcr is derived:  

�CT	+[1, G/ = �BC l nop�xyzq4/� ln	+[C [1/⁄  , 

 Equation 3-6 

where B and vc are constants, τc is the critical yield stress, WSTZ is 

the STZ barrier energy at zero load (in this model, WSTZ has been 

used as STZ activation energy ESTZ in Equation 3-3), and v0 is the 

applied driving rate.  

Figure 3-11 schematically shows the dependence of kcr on the ap-

plied strain rate. Perturbations decay exponentially over time for k 

> kcr, causing flow to be non-serrated, while they develop into full-

size serrations for k < kcr, as indicated by the stress-rate trajectories 

in Figure 3-11b. The stiffness-dependent velocity vcr at which the 

flow transition occurs, i.e. where kcr = k, is obtained from Equation 

3-6 as: 
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[CT = [C exp �− n��� l�wnopqKL� . 

 Equation 3-7 

As stiffness is increased, the velocity at which flow becomes 

non-serrated is decreased, meaning that smaller driving rates are 

required for reaching non-serrated flow. 

 

Figure 3-11: a) Critical stiffness per area kcr for the transition from serrated 
to non-serrated flow as a function of the applied strain rate; b) steady-state 
flow stress as a function of the applied strain rate. The vertical lines indi-
cate three examples 0f strain rates. At k < kcr, serrated flow is observed, 
illustrated by the stress-rate trajectories. 
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In a narrow temperature regime, Equation 3-7 can be approxi-

mated by an Arrhenian with the temperature-dependent activation 

energy 5+G/ = E��� �7\fg4/�+�]G/E/�.  

In summary, model I can qualitatively explain the temperature 

and strain-rate dependent flow transition, as well as the experi-

mental observation that flow in small samples (i.e. samples with an 

increased stiffness per area) becomes non-serrated at slower rates 

than in larger samples. On the downside, however, the model dis-

agrees with experimental evidence for positive strain-rate sensitivi-

ty within the non-serrated flow regime for Zr-based glasses [117], 

because it assumes rate-weakening behaviour for all temperatures.  

3.8.3. Model II: Effective-temperature relaxation 

Interrupting a strain-rate driven compression test for a certain 

waiting time tw, by setting the applied strain rate to zero, causes a 

stress-overshoot to appear upon the re-starting of the drive prior 

to the re-establishment of the steady-state flow stress (slide-hold-

slide test, see also section 3.6). The magnitude of this stress over-

shoot depends on waiting time and temperature as [138] 

∆2� = 	�ln F1 + _}B1exp	+5� �]G⁄ /J	, 
 Equation 3-8 

where b and τ0 are constants, and Ea is the activation energy for 

ageing. The stress overshoot is believed to reflect structural relaxa-

tion, which must therefore be captured by the effective-

temperature dynamics. The original set of equations (in particular 

Equation 3-4) does not include a direct contribution to effective-

temperature relaxation by thermal temperature, and would thus 

not explain ageing dynamics from slide-hold-slide experiments.  
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Figure 3-12: How flow-transition is predicted by model II. a) Plot of STZ 
density vs. inverse temperature for different strain rates. The inset shows 
the ratio of STZ density and strain rate as a function of inverse tempera-
ture. b) Schematic of rate-dependent strain-rate sensitivity. Three rates are 
indicated by drop lines. Below the transition, serrations appear, as illus-
trated by the trajectories. 

For this reason, Equation 3-4 was modified by Daub et al. [138] us-

ing an additional, thermally activated relaxation term (model II): 
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^χ^_ = >c2�12\fg F1 − jĵ+>c/J − �rexpF− 5��]G − �jJ	. 
 Equation 3-9 

Here, Rχ is the effective-temperature relaxation rate, Ea is the acti-

vation energy for relaxation events, and β is the normalized energy 

for formation of zones that can relax. The authors numerically 

solved Equation 3-9 for the steady state, i.e. 
s�st = 0, to obtain the 

rate and temperature dependent steady-state effective temperature 

χss. 

The relaxation term at low temperatures, it turns out, is zero, 

and the rate-sensitivity is determined by ĵ = j}/ln	+~1/>c _0/	, 
where χw, in this model, is set to be larger than unity, which is the 

usual case for intrinsically rate-strengthening material. This causes 

low-temperature flow to be non-serrated and complies with exper-

imental results on positive SRS within the non-serrated flow re-

gime [117]. At increased temperatures, the relaxation term comes 

into play. Its effect on the steady-state effective temperature even-

tually turns the rate-sensitivity negative, thereby causing a transi-

tion to serrated flow. While this is complicated to track down ana-

lytically, it can be well explained graphically by Figure 3-12a. For 

different strain rates, the exponential function of the inverse of the 

negative of the steady-state effective temperature (which is pro-

portional to STZ density) is given as a function of the inverse 

thermal temperature. At very low temperatures, STZ density is in-

dependent of thermal temperature, and fully determined by the 

applied strain rate. Only as temperature increases, relaxation in 

Equation 3-9 becomes relevant and reduces STZ density. The tem-

perature at which this transition happens is strain-rate dependent. 

Moreover, the smaller the activation energy for ageing, the lower 

the temperature where this transition occurs. At low temperatures 
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an increase in strain-rate of one decade causes a change in STZ 

density of less than one decade (black arrow to the right). Addi-

tional stress is required to maintain the applied strain rate, i.e. the 

system is rate-strengthening. At higher temperatures, the identical 

increase in strain rate produces an increase in STZ density of more 

than a decade (black arrow to the left). In consequence, less stress 

is needed to drive the system, i.e., it has become rate-weakening. 

This is further illustrated in the inset, showing how STZ density 

changes with strain rate as a function of inverse temperature. The 

SRS is positive below, and negative above unity. Note that this 

transition from strengthening to weakening is observed with χw 

fixed at a positive value. Figure 3-12b shows the transition in a 

graph of steady-state flow stress versus the logarithm of the ap-

plied strain rate. Flow behaviour at three different strain rates is 

illustrated. For rates at which the curve has a negative slope (nega-

tive SRS), flow is serrated, as indicated by the serration trajectories. 

For rates at which SRS is positive, stable flow is observed. While it 

is straightforward to determine the transition graphically from 

Figure 3-12, analytically only an approximate solution can be given, 

that directly relates the activation energy of the transition (or, 

equivalently of shear-band velocity) ES to the activation energy of 

ageing EA [138].  ^ln>ct^+1/G/ = 5S�B = − 5a�B F1 + ��rJ	. 
 Equation 3-10 

The constant β is a typical energy scale for the formation of relaxa-

tion events and bχ is a constant which is linked to the energy scale 

for the kinetically ideal effective temperature	ĵ.  

Model II was successfully used to reproduce experimental data 
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on ageing, the flow transition, and temperature-dependent steady-

state stress. Effects of stiffness, however, were not considered. 

More to the point, the inertia M in Equation 3-5 was set to zero, 

motivated by the small sample mass. It is noted that this might, 

however, be an oversimplification, because this approach also ig-

nores the inertia of involved machine leverage, which is typically of 

the order of considerable 10-100 kg. this point will be addressed in 

further research. 

3.8.4. Summary of STZ modelling 

Two models have been presented which investigate inhomoge-

neous flow by means of STZ theory. Model I interprets the flow 

transition as a stabilization of stick-slip instability via stiffness, 

while model II suggests that it is caused by an intrinsic change of 

rate-sensitivity due to temperature-dependent internal, structural-

relaxation dynamics. Table 3-2 compares the two models and their 

predictions concerning flow phenomenology.  

Both models successfully reproduce the flow transition and rate-

weakening behaviour in the serrated flow regime. Both also corre-

late the activation energy for the transition to a material-specific 

energy scale. Model I, however, explains neither ageing dynamics 

Table 3-2: Overview of the two models I (stiffness) and II (relaxation) and 
how they comply with experimental results of MG flow. 

Phenomenon 
Model I 

(stiffness) 
Model II  

(relaxation) 

Flow-transition � � 
Size-effect on flow transi-
tion 

� ? 

Ageing dynamics � � 
Negative SRS during SF � � 
Positive SRS during NSF � � 
Transition activation ener-
gy depends on… 

kWSTZ
2/3 

Ea 
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nor the positive rate-sensitivity observed experimentally in the 

non-serrated flow regime. Model II, on the other hand, does not so 

far explicitly include the effects of critical stiffness and inertia. 

3.9. Summary 

Well below Tg, MGs deform inhomogeneously, with plastic 

strain highly localized within thin shear bands: a process which 

creates shear steps on the specimen surface. Depending on strain 

rate and temperature, flow curves can be smooth or discontinuous 

(serrated). From the smooth flow curves we can determine relaxa-

tion energies via slide-hold-slide tests, whereas we obtain serration 

duration Δt, load drop ΔF and shear offset Δupl from serrated flow 

curves. Among the suggested mechanisms of strain-accumulation 

within the shear band, the model of a simultaneously shearing 

weakened material layer is most suitable to explain the experi-

mental results. The shear-band velocities calculated in agreement 

with this model (scenario 4) in Figure 3-6) are thermally activated, 

as is the transition from serrated to non-serrated flow. In fact, the 

shear-band velocity determines how fast the externally applied 

strain rate must be to suppress serrated flow. In the framework of 

STZ modelling, the flow transition is associated with a stabilization 

of the stick-slip shear instability via either stiffness or a switching 

of strain-rate sensitivity from negative to positive, due to the tem-

perature dependence of the underlying structural relaxation pro-

cesses. 
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4. Aims of the thesis 

 

“The aim of argument, or of discussion, should not be 
victory, but progress.” 

Joseph Joubert 

 

 

The first part of this thesis aims i) to characterize the influence 

of alloy composition on shear-band dynamics in various glass-

forming alloys; ii) to identify the physical origin of this composi-

tion dependence; and by that iii) to formulate novel design strate-

gies to create MG alloys with improved mechanical stability. The 

second part of this thesis aims to resolve the long-standing ques-

tion of temperature within active shear bands. The experiments 

carried out in this project aim also to facilitate a deepened under-

standing of the interplay between sample and testing setup.  
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5. Materials and methods 

 

„Baby, I’ve been 

Breaking glass in your room again.“ 

David Bowie 

 

 

This chapter documents alloy production, characterization, 

sample preparation, details of mechanical testing and infrared-

thermometry, and discusses the evaluation of the data gathered. 

5.1. Production of metallic glasses 

Table 5-1 gives an overview of the set of alloys that were success-

fully produced in-house. The acronyms in the column titled 

“Route” refer to the applied processing method. These routes, i.e. 

IHIC for inductively heated and injection cast, MASC for mini-arc 

suction cast and FL for fluxed and water quenched, are described 

later in more detail. Unlike the majority of the alloys listed in Ta-

ble 5-1, the composition Zr65Co25Al10 was not taken from literature, 

but emerged from a side-experiment aiming at a full substitution 

of Cu by Co in the alloy Zr65Cu25Al10. Credit for this idea goes to Dr. 

K. Laws. 
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Table 5-1: List of MG alloys produced in-house; their route of production 
(IHIC: inductively heated and injection cast, MASC mini-arc suction-cast, 
FL: fluxed and water quenched) and the reference to the original research 
article reporting on glass formation. 

   Alloy Route Ref. 
Au49Cu26.9Ag5.5Pd2.3Si16 IHIC [148] 
Cu60Zr20Hf10Ti10 MASC [149] 
La67.5Al15Cu17.5 MASC [150] 
La57.5Al15Cu27.5 MASC [151] 
Ni61.5Nb38.5 MASC [152] 
Pt57.5Cu14.7Ni5.3P22.5 FL [153] 
Zr65Co25Al10 MASC  
Zr90-xCuxAl10 (x=25, 30, 35, 40, 45) MASC [24] 
Zr57.1Co28.6Al14.3 MASC [154] 
Zr52.5Cu17.9Ni14.6Al10Ti5 (Vit105) MASC  

 

The raw materials, their purity, shape and supplier, and a note 

on the element-specific cleaning procedure are compiled in 

Table 5-2. Using these starting materials, batches of the nominal 

compositions were weighed to sub-mg accuracy, corresponding to 

accuracies of < 0.02 at.% in elemental content. 
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Table 5-2: Raw materials with purity, shape (B: bar; R: rod; Pc: 
pieces; Pl: plate; Sl: slug; St: shots; C: coin; Pts: Pellets; CB: crys-
tal bar), supplier and cleansing agent(s). Proportions of chemi-
cals refer to volumes of standard-grade reagents. 

El. P (%) S Supplier Cleansing agent 

Ag 99.9 B Credit Suisse - 

Al 99.999 R Kryal - 

Au 99.99 B UBS - 

Co 99.9 Pc Alfa Aesar HCl + Fe3Cl (sat.) 

Cu 99.998 R Praxair MRC HNO3 (+Cu2SO4). 

Hf 99.9 Pl Haines & Maassen 
HF:HNO3:H2O 

1:1:10 

La 99.88 Pc Treibacher Steel file 

Nb 99.95 Sl Alfa Aesar - 

Ni 99.95 St Alfa Aesar HNO3 

P 99.999 Pc Cerac/Materion - 

Pd 99.95 C Credit Suisse - 

Pt 99.95 B UBS - 

Si 99.999 Pc Cerac/Materion - 

Ti 99.995 Pts Cerac/Materion - 

Zr 99.8 CB MM&A 
HF:HNO3:H2O 

1:1:10 

 

5.1.1. Mini-arc suction casting (MASC) 

This route applies to the alloys denoted as MASC in Table 5-1. 

The nominal compositions of the alloys (batch weights of approx-

imately 20 g) were produced by melting the elements together in 

an Edmund Bühler Arc-Melter under a high-purity argon atmos-

phere (6N). More than ten cycles of melting and flipping of the 

pre-alloy lumps were performed in order to achieve maximum 

chemical homogeneity. With a hydraulic crusher, the pre-alloy 

lumps were portioned into pieces of 1.5-2 g. Shaping into rods was  
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Figure 5-1: Mini-Arc chamber with water-cooled copper hearth (1), pre-alloy 
lump (2), titanium getter (3), anode (4), and exchangeable copper mould 
(5). 

accomplished using an Edmund Bühler MAM 1 mini-arc melter 

with a built-in suction-casting setup (Figure 5-1). On a water-

cooled copper hearth (1), a piece of pre-alloy (2, Cu60Zr20Hf10Ti10 in 

this case) and a piece of elemental titanium for oxygen gettering 

(3) were positioned. A high-purity argon atmosphere was created 

by first evacuating the chamber to high vacuum (5 � 10&� mbar) 

with a turbo pump, and by carrying out three cycles of flushing the 

chamber with 6N argon and subsequent evacuation to pressures 

below 0.1 mbar. After the third cycle, the chamber was filled with 

6N argon to an overpressure of 0.05 bar. An electric arc was ignited 

between the metal piece and the movable top anode made of tung-

sten (4), causing melting of the sample. The custom-designed, ex-

changeable copper mould (5) was connected to an under-pressure 

reservoir (∆p: -0.3 to -0.7 bar) by a valve. Upon opening this valve, 

the melt was sucked into the copper mould by the pressure differ-

ence and was cooled down very quickly. The moulds were rod 
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shapes of 2 mm, with the exception of Zr65Co25Al10, for which 1.7 

mm samples were cast due to the minimal glass-forming ability of 

the alloy.  

5.1.2. Inductive heating and injection casting (IHIC) 

While pre-alloying of the Au-based alloy in the mini-arc setup 

was unproblematic, wetting phenomena impeded successful rod-

casting by MASC. For this reason an alternative processing route 

using inductive heating was chosen. This shaping process is shown 

in Figure 5-2. a) A pre-alloy portion of 2.5-3 g (1) was fed into an 

aluminium-oxide crucible (2). Wrapped into molybdenum foil (3) 

to improve the coupling to the induction field, the crucible was 

 

Figure 5-2: Inductive heating and injection casting (IHIC): 1) pre-alloy 
lumps; 2) Al2O3 crucible; 3) Mo-foil; 4) quartz-glass tube; 5) Cu coil; 6) Cu-
mould. See main text for detailed description of the processing steps. 
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positioned at the end of an open quartz-glass tube (4), which was 

mounted in a vacuum chamber. The top end of the glass tube was 

connected to an over-pressure reservoir (+ 0.3 bar) by a valve. 

Within the chamber, a 6N argon atmosphere was created. To pre-

pare the melting process (b), the crucible was positioned directly 

within the copper coil (5) by external handles, which allowed the 

adjusting of the vertical position of the glass tube. The inductive 

field was switched on and the crucible temperature was controlled 

by the generator power, which was increased incrementally by 

minutes until complete melting of the pre-alloy was observed. Af-

ter a holding time of ca. 20 s, the tube was lowered to contact posi-

tion with the copper mould (6), the valve between quartz tube and 

pressure reservoir was then opened and the melt was pushed into 

the mould (c). 

5.1.3. Fluxing and water quenching (FL) 

This method was applied to the alloy Pt57.5Cu14.7Ni5.3P22.5. When 

alloying major amounts of elemental phosphorus, temperature 

should be thoroughly controlled and not be unnecessarily high. 

This is firstly because of the high vapour pressure of phosphorus at 

temperatures above 350 K, which may threaten the integrity of the 

casting setup, and secondly due to the tendency of the element to 

resublime in its toxic, white allotrope form, which may cause con-

tamination of the entire casting setup. For these reasons the use of 

the MASC is impeded, and an alternative two-step alloying route 

was chosen. First, pre-alloys of the metallic elements Pt, Cu and Ni 

were produced in the arc melter. Pre-alloy portions of 5 g were 

then sealed in bent quartz tubes together with the corresponding 

nominal composition of red phosphorus, in such a way that the 

pre-alloy was located at the one end of the tube, and the phospho-

rus at the other (Figure 5-3). 
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Figure 5-3: Alloying of Pt57.5Cu14.7Ni5.3P22.5. A pre-alloy portion of the metallic 
elements Pt, Cu and Ni and pieces of elemental red phosphorus are posi-
tioned at the two ends of a sealed quartz-glass tube. By partially inserting 
the tube into a furnace, a temperature gradient is installed. 

This tube, with thermo-elements attached to both ends, was 

then partly inserted into an Isotech Pegasus 1200B furnace. By in-

serting the tube only partially, a temperature gradient was in-

stalled, such that the temperature at the metal lump increased to 

above 900°C while the temperature at the phosphorus end reached 

only about 350°C, i.e. a temperature at which phosphorus sublimes 

with a moderate vapour pressure. At the metal end, gaseous phos-

phorus was integrated into the alloy. After around 3 h, all of the 

elemental phosphorus had been transferred into the pre-alloy and 

the tube was quenched in water. After that the pre-alloy was shat-

tered into small pieces and fed into a quartz tube of 2.5 mm diame-

ter and a wall thickness of 0.5 mm. Under a boron-oxide cover flux, 

the alloy was repeatedly thermally cycled from 400 to 950°C. Cool-

ing to the amorphous state was performed by water quenching. 
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5.2. Characterization 

After casting, samples were ascertained as X-ray amorphous via 

diffraction experiments using a STOE STADI P Powder diffractom-

eter (IP-PSD detector, Cu Kα radiation, 45 kV, exposure time 1 to 3 

h) and checked for a glass transition via Differential Scanning Cal-

orimetry (DSC) using a Netzsch DSC 404 C Pegasus (heating rates 

10- 20 K/min).  

Table 5-3: Glass transition temperatures of the alloys produced and their 
comparison to literature values. The heating rate is 20 K/min unless indi-
cated otherwise. 

   Alloy Tg (K) Tg ref. (K) Ref. 
Au49Cu26.9Ag5.5Pd2.3Si16 401 401 [148] 
Cu60Zr20Hf10Ti10 722 725 [149] 
La67.5Al15Cu17.5 391 389 [150] 
La57.5Al15Cu27.5 402 404-408 [151] 
Ni61.5Nb38.5 892 892 [152] 
Pt57.5Cu14.7Ni5.3P22.5 502 508 [155] 
Zr65Co25Al10 688   
Zr65Cu25Al10 635† 650-659* 

↑ 
[156] 

↓ 

Zr60Cu30Al10 654† 670-679* 
Zr55Cu35Al10 674† 690-709* 
Zr50Cu40Al10 695† 710* 
Zr45Cu45Al10 710† 720-729* 
Zr57.1Co28.6Al14.3 734 742* [154] 
Zr52.5Cu17.9Ni14.6Al10Ti5 680   
† measured at 10 K/min 
* measured at 40 K/min 

The XRD patterns and DSC traces are shown in Figure 5-4 and 

Figure 5-5, respectively. All alloys were found to be XRD-

amorphous and to show a glass transition. The respective Tg values 

and a comparison to literature values are given in Table 5-3. While 

generally in good agreement, a systematic deviation is observed for 
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cases where the literature heating rate (40 K/min) was significantly 

greater than the heating rates applied in this study (10 K/min for 

the Zr90-xCuxAl10 alloy series, 20 K/min for Zr57.1Co28.6Al14). 

 

Figure 5-4: XRD patterns of the alloys produced in-house. The alloys are 
arranged according to the position of the amorphous shoulder. 
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Figure 5-5: DSC traces up to the melting temperature Tm for the alloys pro-
duced. The glass transition temperature Tg is indicated by blue arrows. 
Alloys are sorted by their glass-transition temperature in ascending order. 
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In addition to the alloys produced in-house, wedges of 

La61.54Cu23.08Al15.38 were provided by K. Laws from the University of 

New South Wales, Australia. 

5.3. Specimen preparation 

From the rods (an example is shown within an opened, ex-

changeable mini-arc mould (Figure 5-6a)), specimens with an as-

pect ratio of 1.6-2 were cut using a water-cooled Accutom precision 

saw. The top and bottom surfaces were made orthogonal by grind-

ing and polishing. To avoid geometric constraints (compare with 

section 3.7), the samples were equipped with a small notch, orient-

ed at 45° to the vertical axis, via Electric Discharge Machining 

(EDM) using a 100 μm wire (Cu-W alloy) on an Agema Puls ma-

chine. Note that the small notches, introduced here to force the 

shear band to initiate at the free lateral surface rather than at the 

contact points between sample and anvil,  are  

 

Figure 5-6: (a) Suction-cast rod of 2 mm diameter in an exchangeable mini-
arc mould. Inset: specimen after cutting (b), grinding (c), and notching (d). 
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considerably smaller in length (factor >10) than the large notches 

used in studies on plasticity under complex stress states [157]. The 

inset to Figure 5-6 shows the different stages of sample production, 

i.e. b) after cutting, c) after orthogonalization of the top and bot-

tom surfaces, and d) after notching. The dimensions of a notch 

were derived from its apparent length in light-microscopy images 

(Figure 5-7). In the projection of the sample observed through the 

optical microscope, the lengths x and y were measured. The open-

ing angle 2α is described by trigonometry as		2� = arcsin	+1 −�/�/ + arcsin	+1 − �/�/. The baseline of the notch is calculated as 2� = 2�sin+�/. The area of the notch thus becomes �Notch = ��4 −��√�4 − �4�. Typical notch areas cause a relative cross-section re-

duction of 3-8%. 

 

 

 

Figure 5-7: Calculating the notch area from lengths x and y assessed by 
light microscopy. δ is the angle of misalignment and α is half the notch 
opening angle. The schematic is adapted from Ref. [158]. 
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5.4. Mechanical testing 

Mechanical tests were performed on a screw-driven Schenck 

Trebel RMC 100 mechanical testing machine, with a stiffness of 

1/10 nm/N. The major parts of the setup are shown in Figure 5-8. 

Deformation is applied to the bottom cross-bar (2) by a screw,  

 

Figure 5-8: Mechanical testing setup. (1) Screw compartment; (2) moving 
cross-head; (3) sample stage; (4) environmental chamber; (5) connection to 
liquid nitrogen supply; (6) analogue-to-digital converter.  
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which is located in the bottom compartment (1). The position of 

the sample, i.e. between the anvils, is indicated by (3). A close-up 

of this part is provided in Figure 5-9. An EC2043 environmental 

chamber from Severn Thermal Solution (4) allows conducting tests 

to be carried out at temperatures from 93 K (-180°C) to 873 K 

(600°C). The cooling medium is liquid nitrogen. The connection 

between the chamber and the pressurized storage-vessel is marked 

with (5). The means to reach high temperatures is resistive heat-

ing. The raw data is converted from analogous to digital by a DOLI 

EDC580 interface (6). The accompanying software, Doli Test and 

Motion (V.4.3.04) enables the free programming of test proce-

dures.  

The sample stage is shown in greater detail in Figure 5-9. The 

sample (1) is positioned between two small hard-metal plates (2) 

which distribute the stress to the anvils. An aluminium  

�a), b)� 
 

 

 
Figure 5-9: a) Close-up of the sample stage: (1) Compression sample; (2) 
hard-metal plates; (3) extensometer-attachment setup; (4) extensometer, 
and (5) piezo-load cell. b) CAD exploded view of the sample stage. 
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construction (3) attached to the crossheads makes possible the re-

producible and stable attachment of an EXA20-5o Extensometer 

from Sandner Messtechnik (4). Above the top anvil, a piezo-

electric load cell KIAG Swiss 9361 A (5) is inserted into the load 

line, allowing dynamic assessment of fast load changes. It is also 

noted that only dynamic piezo cells are capable of correctly re-

cording fast serrations, while hydraulic or strain-gauge load cells 

cannot properly resolve dynamic load changes which occur over 

short periods. It is noted that the extensometer indeed bridges the 

anvils, i.e. measures the length change of sample and hard-metal 

plates. Due to their great stiffness (ca. 1 nm/N) the contribution of 

the latter is, however, negligible. 

5.5. Shear-band properties from serrations 

Figure 5-10a shows a typical sequence of serrations from meas-

urements. A custom designed MatLab routine (V. R2010a) was de-

ployed to evaluate the size and time of individual load drops 

(Figure 5-10b) and their conjugated displacement bursts (Figure 

5-10c) via simple three-fold linear fitting, providing us with the 

three major serration parameters load drop ΔF, serration duration 

Δt and apparent length change Δu0. From these quantities, the 

shear-band velocity, viscosity and temperature can be calculated. 

The upper resolution limit for shear-band velocities is on the order 

of 20 mm/s.  
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Figure 5-10: Assessment of serration properties. a) Serrations in load and 
displacement signal; b) close-up of a load drop including three-fold linear 
fitting to assess Δt and ΔF; c) close-up of the corresponding displacement 
jump, illustrating the determination of Δu0. 
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5.6. Infrared thermometry 

Room-temperature compression tests on Zr57.1Co28.6Al14.3 were 

monitored using a high-speed infrared camera (IRCAM Equus 81k 

S/M) equipped with an InSb detector, which is sensitive to the 

wavelength interval from 2 to 5 µm. A fixed frame size of 

64  � 32 pixels was chosen allowing a maximum frame-rate of 

3750 fps. To ensure precise temperature measurement, the speci-

mens were covered by a thin, high-emissivity carbon coating. The 

temperature measured by the camera was also calibrated using 

type K thermocouples before testing. Synchronisation of load and 

IR signal was established by triggered data acquisition using a cus-

tom-designed LabView routine. 

 

5.7. Further experimental methods 

A Hitachi SU-70 scanning electron microscope (SEM) was used 

to investigate shear-band patterns.  

Finite Element Modelling (FEM) of elastically loaded MG speci-

mens with pre-existing shear-steps was conducted using the soft-

ware ANSYS Workbench 15.0. 
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6. Experimental results and discussion 

 

“The world is full of obvious things,  

which nobody by any chance ever observes.” 

Sherlock Holmes 
 

 

6.1. Effects of geometry, size and stiffness 

Properly measuring compositional effects on shear-band dynam-

ics also means properly accounting for effects originating from the 

experimental setup and the sample geometry deployed. The first 

part of the results section explores possible “side-effects” on serrat-

ed-flow behaviour stemming from notching, varying system stiff-

ness, sample size, and strain dependence of shear-band properties. 

6.1.1. Shear banding in notched compression specimens 

First an investigation was conducted into how shear banding is 

affected by sample notching, which, as outlined in section 5.3, is 

necessary to control the shear-band position. To do so, interrupted 

compression tests (strain rate = 10-3 s-1) were performed on as-cast 

and notched Zr65Cu25Al10 MG samples (Figure 6-1). At three to four 

different increments of plastic strain, the tests were paused. Dur-

ing these pauses, the samples were unloaded and the shear-band 

pattern was investigated in the SEM. Figure 6-1 shows flow curves 

of notched (a) and as–cast (b) specimens. While the peak engi-

neering stress is unaffected by the notch, the strain at which it is 

observed – indicated by the black arrows – differs considerably. In 

the presence of a notch, the peak engineering stress is reached 
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Figure 6-1: Interrupted flow curves of notched (top) and as-cast (bottom) 
Zr65Cu25Al10 specimens. 

right at the elastic-to-plastic transition, typically during the first 

major serrations. In the as-cast sample, on the other hand, modest 

apparent strain-hardening is observed beyond the yield point, 

shifting the peak stress to higher strains or, equivalently, later ser-

rations. Beyond the peak stress, pronounced strain-softening is 

observed for the notched samples, while the flow plateaus in as-

cast specimens up to a strain of 15%. Figure 6-2 shows SEM snap-

shots which were recorded prior to and after the interruptions of 

the compression tests shown in Figure 6-1. At the first interrup-

tion, we find one dominant shear band in the notched sample (f), 

while traces of multiple shear bands of considerable size cover the 

surface of the as-cast sample (Figure 6-2b). An increased shear-

band density at the bottom left indicates an early contact between 

machine cross-head and the evolving shear step. The notched 

sample, on the other hand, is intersected by the dominant major 
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shear band at its lateral surface only (f), which allows the shear 

step to grow without constraint. Upon further straining, defor-

mation is distributed over various shear planes in the as-cast sam-

ple (c-d), with a major shear band being established during the last 

stage only (d). The reduction in the cross-section area due to 

shear-offset formation is also to some extent compensated by the 

generation of a new load-bearing surface at the bottom left-hand 

corner of the sample, marked by a blue circle in Figure 6-2d. This 

is caused by the continuous pressing of the shear offset onto the 

bottom anvil. In the notched sample, deformation is primarily con-

fined to the major shear plane throughout the whole test (f-i). 

With two freely developing shear offsets, the cross-section area 

decreases continuously.  

 

 

Figure 6-2: Shear-band evolution in the as-cast specimen (a-d) and in the 
notched specimen (e-i). Snapshots were taken prior to the test (a, e) and at 
the points of interruption (compare with Figure 6-1). 
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Figure 6-3: Appearance of serrated flow in notched (a) and as-cast (b) spec-
imens. 

An inspection of the flow curves at larger magnification reveals 

that the serrations of notched specimens have very regular shapes 

and sizes, whereas in the flow curves of the as-cast specimens ser-

rations of varying sizes and alternating characteristics are observed 

(Figure 6-3). This behaviour is also well captured by stress-drop 

histograms (Figure 6-4). For notched samples the distribution den-

sity is of Gaussian type and peaks at around 46 MPa, while the dis-

tribution density of as-cast samples is bimodal, with a global max-

imum at 10 MPa and a local maximum at around 25 MPa. The 

emergence of a global maximum at lowest event sizes, as observed 

for constrained geometry in Figure 6-4b, typically results in a cu-

mulative distribution function following a power law. Such behav-

iour is abundantly observed in systems deforming via avalanches 

of interacting, small, localized shear events [159]. 
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Figure 6-4: Stress-drop histograms for notched (a) and as-cast (b) 
Zr65Cu25Al10 BMGs measured at room temperature.  

A further impact of notching was found when investigating the 

properties of serrations as a function of plastic strain. Figure 6-5 

compares the strain-dependent shear-band velocities (calculated 

with Equation 3-1) from an as-cast sample (open symbols) and a 

notched sample (solid symbols). The colour of the data points re-

fers to the test section in which the velocities were obtained (com-

pare with Figure 6-1). Initially, the shear-band velocities in notched 

and as-cast samples are similar, on the order of 0.5-2 mm/s. In 

both sample types, the shear-band velocity increases with increas-

ing plastic deformation. It reaches a maximum at around 8% plas-

tic strain and then decreases again. The increase in velocity is, 

however, much more pronounced in notched samples with peak 

speeds of 12 mm/s compared to only 6 mm/s in the as-cast sam-

ples. A further distinct 
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Figure 6-5: Strain-dependent shear-band velocity for as-cast and notched 
specimens. The different colours refer to the different loading stages in 
Figure 6-1. 

difference between the two types of samples is the data scatter, 

which is more extensive in the as-cast specimens. 

Discussion 

Differences between notched and as-cast specimens 
In notched samples, the formation of a major shear band with 

freely evolving shear steps at the intersections of the band with the 

lateral surface is promoted. Consequently, the cross-section area is 

incrementally reduced. This is well reflected by the strong appar-

ent strain-softening of the corresponding flow curves. The reacti-

vation of the major shear band is obviously preferred over the for-

mation of new bands, and correlates with both regularly shaped 

and spaced serrations and a stress-drop distribution with one sin-

gle global maximum. In un-notched samples shear bands are typi-

cally initiated at contact points between sample and anvil. Emerg-
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ing shear offsets at these points cannot evolve freely and are ar-

rested by geometric constraints. Therefore, re-activation of pre-

existing bands is no longer preferred over the initiation of new 

bands. The formation of an additional load-bearing area at these 

regions of multiple shear-band initiation is also observed (compare 

also to Ref. [75]). This process counteracts the cross-section area 

reduction, thus contributing to the installation of a stress plateau 

in the flow curves. The irregular size and shape of the serrations 

can be attributed firstly to the alteration of initiation of new bands 

and reactivation of pre-existing bands, and secondly to the occur-

rence of non-system-spanning events in the presence of strong ge-

ometric constraints. These non-system-spanning – possibly even 

interacting – events are also believed to be the cause of the low-

stress global maximum in the stress-drop histograms (Figure 6-4) 

[160].  

The insight that shear-band re-activation is effectively sup-

pressed by geometric constraints in as-cast samples may further 

help to understand the differently accentuated strain dependence 

of shear-band properties in the notched and as-cast specimens. 

Throughout the test, shear-band velocities in the as-cast speci-

mens are comparable to those in the notched samples obtained at 

very early strains (Figure 6-5). The pronounced increase in shear-

band velocity with strain in notched samples must thus be strongly 

linked to shear-band reactivation. The possible causes of strain-

dependent shear-band dynamics are discussed in more detail in 

section 6.1.3. 

In summary, notching was found to encourage the establish-

ment of one major shear plane. By this, the boundary conditions of 

the compression tests become more reproducible, because effects 

of geometric constraint are suppressed. It was further found that 
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notching promotes i) a discrete elastic-to-plastic transition; ii) 

pronounced apparent strain-softening; iii) regularly shaped and 

spaced serrations and iv) pronounced strain-dependent shear-

band velocities. 

6.1.2. Stiffness and sample size 

Other issues often raised when discussing the impact of the test-

ing setup on plastic flow in metallic glasses are system stiffness and 

sample diameter [76, 77, 139]. Typically, the effects of both parame-

ters are summarized in an effective stiffness term � =  �+SM +SS/¡&E, where A is the sample’s cross-section area, and CM and CS 

are the compliances of machine and sample, respectively. Note 

that k has the units of GPa/mm, and therefore is a stiffness nor-

malized by an area. In the following, the results of a small study on 

the effect of k on shear-band dynamics in the Zr-based metallic 

glass Vit105 are presented. Within this study, the stiffness k was 

modified firstly by varying CM by the insertion of compliant mod-

ules into the load line of the testing machine, and secondly by test-

ing samples of varying diameters.  

In order to decouple effects of stiffness and diameter from ef-

fects of plastic strain (compare with the previous section), only the 

first five serrations after the peak stress were evaluated. Figure 6-6 

summarizes the observed effects of k on serration properties. The 

different sample sizes (d = 2, 3 and 5 mm) are emphasized by ac-

cordingly sized data points. A weak, monotonous increase in the 

serration amplitude ΔσS = ΔF/A with an increasing k is observed 

(Figure 6-6a). The effect is, however, strongly weighted by the low 

stress-drop amplitude (ca. 20 MPa) for the 5 mm sample. That be-

ing absent, a constant, k-independent behaviour could also be sus-

pected. Concerning the serration duration Δt, no general scaling 

with k is observed (Figure 6-6b). While it is generally found that Δt  
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Figure 6-6: Serration size Δσ (a), duration Δt (b), and shear-band velocity 
vSB (c) and their dependence on sample diameter d and machine stiffness 
CM captured by the effective stiffness k. Lines are guides to the eye. 

slightly decreases as the sample diameter is decreased, no corre-

sponding trend for the machine-stiffness variation is revealed, be-

cause the variation in Δt appears to be of the same size as the data 

scattering. More general behaviour is observed for the shear-band 

velocity vSB in Figure 6-6c. The shear bands tend to be faster in 

large samples and more compliant setups. The area shaded in blue 

marks the range of k-values that are covered in the compositional 

study (sections 6.2 and 6.3). We note that the variations in serra-

tion properties within that regime are 0n the order of the error 
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bars, and are thus, as we will see in the subsequent chapters, of 

minor importance compared to the impact of varying composition 

and temperature.  

6.1.3. Strain-dependent serration properties 

While the previous two sections investigated the influence of 

the experiment’s starting conditions on shear-band behaviour, this 

section elaborates how experimental setup and sample material 

change during the course of an experiment, and how this might 

affect the measurement of shear-band properties. Particular inter-

est is devoted to the apparent strain-dependence of shear-band 

velocities (Figure 6-5). 

It was generally observed that shear-band velocities increase up 

to intermediate plastic strains and decrease thereafter. This behav-

iour is more pronounced in notched samples. Possible causes for 

this strain dependence of shear dynamics are discussed in the fol-

lowing, among them known triggers of changes in shear-band dy-

namics such as increase in temperature [130], decrease in system 

stiffness [76, 139], variations in chemistry [116] or density, and 

changes in stress state [161]. 

Temperature, stiffness and chemistry 
Because of the repeated interruption of the compression tests, 

no strain-temperature correspondence can be assumed in our ex-

periment. If temperature was the cause, the shear-band velocity 

shortly after every test interruption would be just as small as dur-

ing the very first serration, which is not the case.  

The system stiffness k monotonously increases with plastic 

strain (compare with section 3.7), thereby contributing to an over-

all decrease in shear-band velocity. However, as it increases by only 

0.03% for a typical serration increment of 1 μm, the effect may be 
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considered too small to fully explain the slowing down of dynamics 

beyond intermediate strains. Furthermore, chemical segregation in 

shear bands is not typically observed [110]. 

A fragile stress state 
The stress state inside the sample deviates increasingly from 

uniaxial as the inhomogeneous deformation proceeds. This effect 

is visualized by FEM modelling of the stress state within samples 

with pre-existing shear offsets (100, 450 and 1000 μm,) prior to 

shear band (re-)initiation (Figure 6-7). For this purpose, the FEM 

samples were strained elastically up to the point where the critical 

equivalent stress, 1.8 GPa, is reached over the full diameter (Figure 

6-7a). The shear steps act as stress concentrators and induce a 

momentum onto the shear plane. Due to this momentum, the 

stress component acting normal to the shear plane, σs,n, well away 

from the stress concentrators, is found to decrease with increasing 

shear offset (Figure 6-7b-d). The effect is more pronounced in 

notched samples than in the as-cast specimens (e). Such a decrease 

of (confining) normal stress is assumed to facilitate faster shear 

banding. The degree of impact of this behaviour on shear dynam-

ics is, however, difficult to judge, since i) the changes per serration 

are very small and ii) only little is known about normal-stress ef-

fects on the properties of active shear bands. Furthermore, stress-

state effects are not restricted to the macroscopic scale, and the 

presence of local, residual stress fields can be expected. In fact, 

these fields are known to play an important role in the defor-

mation process and can be quite large [162]. Based on these stress-

es, a hypothesis is formulated in the following by which both the 

strain-dependent increase and the subsequent decrease in shear-

dynamics can be explained. 
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Figure 6-7: FEM visualizations of strain-dependent stress states in inhomo-
geneously deforming MG samples. a) Equivalent stress on the longitudinal 
section of a notched sample with a pre-existing 450 μm shear offset prior to 
shear-band initiation; b)-d) stress normal to the shear plane for notched 
specimens with shear offsets of 100 μm, 450 μm, 1000 μm and (e) for an as-
cast specimen with a 450 μm shear offset. 

Figure 6-8a shows the load trace for a sequence of two serra-

tions, and Figure 6-8b-d shows the schematics of the correspond-

ing MG cylinder at three different plastic strains. Red and blue cir-

cles represent zones of hypothetical compressive and tensile resid-

ual stresses, respectively. The orientation and shape of the initiat-

ing shear band S1 (white, b) is influenced by local stresses. It will 

not be a smooth, flat layer, but more of a wavy, curved body, well 

aligned with the plane of largest shear stresses P1 (pink line in 
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Figure 6-8:  Local stresses as a possible cause of strain-dependent shear-
band velocities. a) Load-time signal for a sequence of two serrations;  b-d) 
schematics of a deforming MG cylinder at three different strains. Red and 
blue circles represent compressive and tensile residual stresses, respec-
tively. S1 and S2 are shear bands, P1 and P2 denote planes of largest shear 
stress. 

Figure 6-8b). As the first serration cycle proceeds, the local stress 

state changes due to the deformation-induced partial relaxation of 

the residual stresses around the shear band. The plane of largest 

shear stress P1 is reoriented accordingly, becoming P2 and deviating 

from S1 (Figure 6-8c). This misalignment hampers the reaching of 

high shear velocities and acts as an internal constraint. Upon the 

reaching of the second serration peak, another shear band S2 (teal) 

is initiated, well aligned with the reoriented plane of maximum 

shear stress P2 (Figure 6-8d). This band consists to a large extent, 

but not exclusively, of pre-deformed material. It is noted that due 

to their small thickness and proximity, the shear bands S1 and S2 

might not be discernible in SEM images. With each serration, the 
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local stresses are relaxed more, and the change of P during one slip 

phase becomes progressively smaller. By that, the deceleration ef-

fect is minimized and, consequently, the shear-band velocity is in-

creased.  

The above-mentioned process of stress-state homogenization is 

counteracted by the effects of strain-induced microstructural dam-

age, be it in the form of cracks, voids or nanocrystals. These defects 

on the one hand cause a re-heterogenization of the local stress 

states, but, on the other hand, weakening of the material may 

cause an overall decrease in elastic energy density within the sam-

ple. Both processes are expected to promote slower shear banding. 

Since damage will only become important at large plastic strains, it 

is a good explanation for the slow-down of dynamics at post-

intermediate strains. 

In summary, the bell-shaped strain-dependent shear-band dy-

namics is best explained by the competing processes of local 

stress-state homogenization, which is dominant at lower strains, 

and damage-induced stress-state re-heterogenization and material 

weakening, which is dominant at larger strains. Doubtless the so-

lidity of this working hypothesis should be probed by future exper-

imental studies. 
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6.2. Shear-band dynamics in the Zr–Cu–Al system: an 
intra-system study2 

This section explores the compositional dependence of shear-

band dynamics within the MG forming system Zr90-xCuxAl10 (x = 25, 

30, 35, 40, 45). This particular system was chosen for several rea-

sons. The first is its similarity to the Zr-based alloy Vit105 

(Zr52.5Cu17.9Ni14.6Al10Ti5), subject of many preceding studies on MG 

serrated flow [117, 129, 130, 163]. A close similarity is becoming ob-

vious when regarding Ni as a topological substitute for Cu (Ni and 

Cu have similar atomic radii) and Ti as a chemical substitute for Zr 

(Ti and Zr belong to the same group in the periodic table), i.e. 

(Zr,Ti)57.5(Cu,Ni)32.5Al10. Second, with the number of constituents 

reduced to three, fewer interactions between the species have to be 

considered, and the system is closer to the binary glass-forming 

alloys of the Cu–Zr system, the atomic structures of which have 

been intensively studied by computational methods [33, 164-166]. 

Third, the formation of bulk glassy and plastic samples has been 

reported over a wide range of compositions [156]. 

6.2.1. Experimental results on serrated flow 

Figure 6-9 shows the engineering stress-strain curves for the 

compositions studied at 243 K.  
 

                                                      
2
 Corresponding publications:  
(1) P. Thurnheer, R. Maaß, S. Pogatscher, J. F. Löffler, Compositional 

dependence of shear-band dynamics in the Zr–Cu–Al metallic 
glass system. Appl. Phys. Lett. 104, 101910 (2014). [Figs. 6-9 - 6-12; 
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Figure 6-9: (a) Flow curves for ZrxCu90-xAl10 at 243 K. The inset shows a close-
up of the serrated flow regime for the alloy with x = 65. (b) Shear-band ve-
locities obtained from the flow curves in (a) as a function of plastic engi-
neering strain εplastic. 

It is notable that the data in Figure 6-9a exhibit no apparent 

strain hardening or constant flow-stress plateau. Indeed, all curves 

show pronounced strain softening, which we attribute to the geo-

metrically unhindered propagation of a major shear band initiated 

at the notch. Further, the strength decreases with increasing Zr-
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content, following the same trend as the glass transition tempera-

ture. This is in general agreement with the existence of a universal 

yield criterion in metallic glasses [7]. As an example, the inset to 

Figure 6-9a displays a stress-time trace for a series of serrations in 

Zr65Cu25Al10, indicating a very regular spacing that is observed 

across all compositions. In Figure 6-9b the shear-band velocities, 

derived from the same curves as presented in Figure 6-9a, are de-

picted as a function of plastic engineering strain which is defined 

to be zero where the maximum stress is reached, coinciding well 

with the elastic-plastic transition. The shear-band velocity as a 

function of plastic strain shows semi-circular behaviour, spanning 

almost one order of magnitude in vSB (compare also with section 

6.1.3). Due to limited malleability, this velocity-strain scaling is not 

observed for Zr45Cu45Al10 at 243 K. At this stage it is clear that both 

a strain and compositional dependence of vSB is found. The non-

monotonic trend of vSB as a function of strain cannot be straight-

forwardly characterized with a single parameter. We have thus ex-

plored five different methodologies, which are: i) an average veloc-

ity from 0 to 0.25% plastic strain, termed vSB-1; ii) an average veloci-

ty from 1-1.5% plastic strain, called vSB-2; iii) an average velocity of 

all values centered symmetrically (+/- 0.25%) around the maxi-

mum shear-band velocity, termed vmax; iv) averaging all values 

from zero plastic strain to the maximum shear-band velocity, 

called vmean; and finally v) the slope of a linear fit of the increasing 

regime up to the maximum velocity (vfit). Figure 6-10 summarizes 

the calculated shear-band velocities (at 243 K) for all five ap-

proaches taken, and demonstrates the robustness of the analysis 

method: irrespective of the strain regime, the shear-band velocity 

decreases with increasing Zr-content. The same trend is observed 

for vfit. In the following we focus our analysis on vSB-1, motivated by 

the ability to also capture the dynamics of Zr45Cu45Al10. 
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Figure 6-10: Compositionally dependent shear-band dynamics at 243 K, as-
sessed according to five different one-parameter description methods. 
Lines are guides for the eye. 

As a next step, the temperature dependent shear-band velocity 

for all alloy compositions was investigated. Figure 6-11a plots vSB-1 

as a function of the Zr-content for T = 223, 243, 263 and 283 K. For 

all temperatures studied, the shear-band propagation velocity de-

creases with increasing Zr-content. Note that for x = 45 and 50 a 

ductile-to-brittle transition is observed at about 243 K, and there-

fore vSB-1 could not be evaluated at larger T. Such ductile-to-brittle 

transitions below Tg have already been reported for Vit105 [167] 

and for a series of gold-based metallic glasses [73]. The tempera-

ture-dependent shear-band velocity can now be converted into 

shear-band viscosities (Figure 6-11b, as an example for T = 243 K) 

via [168] ¢SB =		 B	£ [SB⁄ 	, 
 Equation 6-1 
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Figure 6-11: (a) Shear-band velocity vSB-1 at different temperatures as a func-
tion of the Zr-content. (b) Shear-band viscosity at 243 K as a function of the 
Zr-content. Lines are guides for the eye. 

where τ is the shear stress, i.e. 
v¤4.1E, and w is the shear-band thick-

ness, here taken as 10 nm [100, 101, 169]. We have seen that with 

increasing Zr-content, τ (or σ) decreases (Figure 6-9). The change 

in this direct stress term over the tested compositions is, however, 

small compared to the pronounced decrease in vSB.. The result of 

Equation 6-1 is thus a shear-band viscosity proportional to an in-

creasing Zr-content (Figure 6-11b). The material within the shear 

band thus becomes increasingly viscous with an increasing amount 

of Zr. 
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Figure 6-12: Arrhenius representation of the temperature dependence of 
vSB-1. Lines are fits using a simple Arrhenius-type function. 

In agreement with earlier work [120, 130], it was found that the 

shear-band velocity obeys an apparent Arrhenius behaviour for all 

alloys. Figure 6-12 displays vSB-1 as a function of 1/T, where the ve-

locities cover almost four orders of magnitude ranging from 0.01 to 

10 mm/s over the temperature regime tested. The experimental 

data are fit with an Arrhenius-type function, for which the result-

ing lines are also shown in Figure 6-12. We note that the trend in 

Figure 6-12 is true for any of the five parameters presented in Fig-

ure 6-10. Table I summarizes the apparent activation energy, ESB-1, 

obtained from vSB-1, and an average value, 5¥, obtained by averaging 

the apparent activation energies of all evaluation methods. The 

standard deviation, 2¥, and the mean fitting error, ∆¥, for 5¥ are also 

given. 
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Table 6-1: Apparent activation energy ESB-1, average activation energy ¦§, 
standard deviation §̈, and averaged fitting error ∆¥  as a function of the Zr-
content x. The data for Vit105 were obtained from Refs. [10,12]. 

x 
(at.-%) 

¦SBSBSBSB----1111 

(eV) 
¦§	

(eV) 
§̈ 

(eV) 
∆¥  +eV/	

45 0.28 ± 0.09 0.28 - 0.09 

50 0.26 ± 0.05 0.29 0.03 0.03 

55 0.30 ± 0.03 0.28 0.02 0.02 

60 0.30 ± 0.02 0.32 0.02 0.03 

65 0.35 ± 0.04 0.35 0.01 0.03 

Vit105   0.32 - 0.01 

 
Due to the limited ductility of the Zr45Cu45Al10 alloy only vSB-1 was 

used to analyze 5¥ for that composition. We find that the activation 

energy ranges from 0.28 to 0.35 eV. Over the entire range of Zr-

content, a slight increase in the activation energy is seen, predom-

inantly manifested by x = 60 and x = 65. For comparison Table I 

also includes the apparent activation energy for shear-band propa-

gation velocities derived for Vit105 [120, 130].  

The experimental data outlined above thus demonstrate a slow-

down of the shear-band dynamics of ZrxCu90-xAl10 MGs with in-

creasing Zr-content. Despite the scatter, the corresponding activa-

tion energies for the shear-propagation process exhibit an overall 

trend towards an increasing barrier against sliding with increasing 

Zr-content. Before searching for the origin of this compositional 

trend, it is instructive to investigate which of the factors in Equa-

tion 3-1 and Equation 3-2, i.e. the stress drop ΔσS = ΔF/A or the 

event duration Δt, are responsible for the slowdown in kinetics 

with increasing Zr-content at a given temperature.  
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Figure 6-13: (a-d) Plastic parts of flow curves of Zr55Cu35Al10 BMGs (xZr = 55 
at.%) as a function of temperature T. (e) Stereo-micrograph of a Zr55Cu35Al10 
BMG deformed to >10%. (f) Stress-drop size as a function of 1/T for 
ZrxCu90-xAl10 BMGs (x = 45 – 65) 
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Figure 6-13a-d summarizes the stress-time behaviour as a func-

tion of temperature between 173 K and 283 K for the case of xZr = 55 

at.%. The transition from non-serrated to serrated flow occurs be-

low 223 K; this is addressed in more detail below. With a further 

increase in temperature the subplots b-d show that the serration 

size increases slightly. To visualize this effect, a blue area is super-

imposed which represents a height of 1% in flow stress. Figure 

6-13e shows a stereo-micrograph of an xZr = 55 at.% specimen 

which was plastically deformed to beyond 10%. The plastic strain is 

concentrated within a single shear band (as in all samples tested in 

this study). Note that the sample remains in one unfractured piece.  

Figure 6-13f summarizes the stress-drop magnitude as a function 

of inverse temperature for all alloy compositions tested. It was 

found that the stress drops increase with increasing temperature, 

with some deviation from this trend at the highest temperatures 

for x = 60 and x =65. In general, the compositional effect on stress-

drop size is small. The monotonically increasing part of the data 

can be represented by an Arrhenius trend line (see dashed line in 

Figure 6-13f) with an activation energy of 0.05 eV. At this stage this 

weak thermal activation can only be regarded as a trend, but the 

subsequent analysis strengthens the representation chosen in Fig-

ure 6-13.  

In contrast to the stress-drop size, a clear compositional de-

pendence is observed for the time scale of stress drops at a given 

temperature. This is shown in Figure 6-14a for a temperature of 

243 K. The influence of composition is pronounced: events for 

x = 65 occur within tens of milliseconds at a rate of approximately 

4 GPa/s, whereas for x = 45 a serration slip cycle is accomplished 

within milliseconds and the dynamics attain rates of over 

20 GPa/s. The event duration is thermally activated (Figure 6-14b), 
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with energies spanning a range of 0.19 eV (x = 45) to 0.28 eV 

(x = 65). 

 

Figure 6-14: Stress drops at 243 K as a function of time for ZrxCu90-xAl10 
BMGs (x = 45 – 65); drop rates and event durations Δt are indicated. (b) Ar-
rhenius representation of the event duration for ZrxCu90-xAl10 BMGs. 
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Figure 6-15: Correlation between stress drop size, ΔσS, and apparent dis-
placement jump, Δu0, for Zr65Cu25Al10 measured at room temperature. The 
solid line is a linear fit for the data. 

As an alternative to investigating the stress-drop size, it is equal-

ly instructive to evaluate the simultaneously occurring displace-

ment jump Δu0. This value represents the elastic reaction of the 

machine to the drop in stress. It is connected to the stress drop via 

the relation ∆P1 = ∆2S� �M⁄ , where A is the sample cross-section 

and kM is the machine stiffness (see Figure 6-15 as an example).  

The total plastic displacement jump is only obtained after add-

ing a correction term, ∆Pcorr = ∆2S� �S⁄ , which accounts for the 

partial elastic recovery of the sample itself, with kS being the sam-

ple stiffness. The total displacement accumulated within a serra-

tion is thus 	∆Ppl = ∆P1 + ∆Pcorr = ∆2S�+1 �«⁄ + 1 �S⁄ / (see also 

Equation 3-1). Being thus linearly dependent on each other, the 

contribution of Δu0 to the dynamics can be fully captured with 

ΔσS, with the advantage that ΔσS has a higher signal-to-noise ratio.  
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Following this individual analysis of ∆2S and Δt, Figure 6-16 re-

veals their mutual dependence on each other. Figure 6-16a plots ∆2S as a function of log(∆t) for x = 45, 55, 65. The testing tempera-

ture is indicated via a color code, ranging from blue (193 K) over 

pink to yellow (313 K). Generally there is a clear correlation, with 

large stress drops occurring within short durations. With increas-

ing temperature and/or decreasing Zr content, the dynamics shift 

to shorter time scales, as indicated by the arrows. Using the data 

displayed in Figure 6-13 and Figure 6-14 it is now possible to distin-

guish between the effects of time scales and event size (either ex-

pressed in ΔσS or Δupl) for the compositional range studied here. 

To this end, Figure 6-16b plots the apparent activation energies 

in a stack column bar plot, with the smaller activation energy for 

stress drop, ES(∆σ), added to the larger activation energy for event 

duration, ES(∆t), resulting in the total activation energy ES. A slight 

trend of an increase in energy barrier with an increase in  Zr con-

tent is observed. It is also observed that 80-90% of the apparent 

activation energy arises from the thermal activation of the time 

scale and only 10-20% from the stress-drop size. As expected from 

the proportionality of shear-band velocity and ∆2# ∆_⁄ , we find that 

the sum of the two energetic contributions agrees well with the 

overall activation energies (i.e. activation energies for the shear-

band velocity vSB) obtained for the Zr–Cu–Al system (Table 6-1).  
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Figure 6-16: (a) Stress-drop size vs. event duration for x = 45, 55 and 65. The 
temperature of the various tests is given by the colour code. Large stress-
drops ΔσS occur within short durations Δt. (b) Compositional dependence 
of apparent activation energies displayed in a stack column plot, summing 
activation energies for event duration (ES(Δt), light blue) and stress-drop 
size (ES(ΔσS), dark blue). In their sum, they account for the activation en-
ergies of the shear-band velocities. 
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6.2.2. Experimental results on non-serrated flow 

Besides serrated flow, shear-band dynamics in the non-serrated 

flow regime were also assessed via slide-hold-slide tests. Figure 

6-17 summarizes the results of the slide-hold-slide experiments. 

Figure 6-17a shows the aging response for xZr = 60 at.% (b	c = 10-3 s-1, 

T = 173 K, tw =10 s) as an example. During the hold phase (dashed 

region) the stress relaxes markedly, by 14 MPa. Upon reloading, a 

stress overshoot of ∆2a = 12 MPa relative to flow stress occurs (in-

dicated by a double arrow). Moderate strain softening is observed 

(30 MPa per 1% strain) over the full stress-strain curve. Figure 

6-17 b shows the compositional dependence of the stress overshoot ∆2a after a waiting time of 10 s at 173 K. A clear inverse trend 

emerges, where ∆2a is more than three times larger for xZr = 45 

at.% compared to xZr = 65 at.%. 
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Figure 6-17: (a) Aging experiment of Zr60Cu30Al10 (xZr = 60 at.%) at 173 K with 
a waiting time tW of 10 s. (b) Compositional dependence of Δσa at fixed ex-
perimental conditions (T = 173 K, ¬c  = 10-3 s-1, tW = 10 s). 
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6.2.3. Experimental results on flow-transitions and ductility 

The range of experiments carried out during this study enables 

us to draw a representative composition-temperature map which 

includes information on flow mode and malleability (Figure 6-18). 

Each data point corresponds to tests carried out according to the 

specifications given by the coordinates (composition, temperature) 

and a strain rate of 10-3 s-1. The symbols contain additional infor-

mation about the apparent flow mode. Circles indicate non-

serrated flow and squares indicate serrated flow. In addition, the 

degree of symbol-filling refers to the observed malleability ranges 

displayed in the legend: full symbols indicate a malleability greater 

than 10%; less filling indicates a range of intermediate malleability; 

and crosses symbolize conditions under which negligible mallea-

bility(<1%) was observed. The crosses thus indicate a transition  

 

Figure 6-18: Temperature-composition map indicating defor-
mation mode (circles: non-serrated flow, squares: serrated flow) 
and malleability; the latter ranges from > 10% (full symbols) over 1-
10% (half-filled and empty symbols) to < 1% (crosses). 
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from ductile to brittle behaviour. The map shows that the transi-

tion from non-serrated to serrated flow, TT, occurs in a tempera-

ture regime ranging from 203 to 223 K, shifting to higher tempera-

tures for Zr-rich alloys. The results for malleability show a transi-

tion at moderately low temperatures (263 K) for Zr-lean alloys, ris-

ing to above room temperature (323 K) for alloys with higher Zr 

content.  

6.2.4. Discussion 

The above results clearly demonstrate the strong influence of 

composition on the dynamics of shear-band propagation and re-

laxation in BMGs. These first experimental insights into a topic 

that links mechanical stability and composition are summarized 

phenomenologically below and then discussed on the basis of 

short- and medium-range order, bond strength, and elastic con-

stants. 

 

 

Table 6-2: Overview on composition dependence of shear-band dynamics. 

Parameter Zr↑ 
Δσa ↓ 
Δt ↑ 
ΔσS, Δupl → 
vSB ↓ 
ηSB ↑ 
ES ↑ 
TT ↑ 
TDTB ↑ 
Tg ↓ 

 



 
102 

General trends in shear-band dynamics with changes in alloy com-
position 

First, we discuss the trends in dynamics revealed in the present 

intra-system study of ZrxCu90-xAl10 BMGs with respect to Table 6-2. 

Apart from a decrease in Tg, seven dependencies with increasing 

Zr-content are observed: i) the stress overshoot ∆σa during shear-

band aging decreases; ii) the serration duration Δt increases; this, 

together with iii) an almost constant stress-drop size ∆σS or slip-

size magnitude Δupl, leads to iv) a decreasing shear-band velocity 

(vSB) and v) an increasing shear-band viscosity ηSB; vi) the activa-

tion barrier ES for shear-band propagation increases slightly; and 

vii) both the transition temperature from non-serrated flow to ser-

rated flow, TT, and from ductile to brittle behaviour, TDBT, shift to 

higher temperatures. 

These observations are self-consistent. A weaker aging response 

(i.e. a smaller stress overshoot ∆σa) indicates a larger barrier for 

structural relaxation. Pronounced thermally-activated relaxation 

has been suggested as being responsible for lowering the strain-

rate sensitivity (SRS) when temperature is increased or strain rate 

decreased, eventually turning it negative [163, 167]. Using a de-

tailed theoretical approach [138] it has meanwhile been demon-

strated that upon lowering the strain rate, the required athermal 

driving stress decreases while relaxation processes are dynamically 

less suppressed. Therefore an additional stress contribution that 

works against relaxation is required to maintain the applied strain 

rate. With the relaxation processes becoming more and more dom-

inant (at increased temperatures or decreased strain rates), the in-

crease in required thermal stress upon a further lowering of the 

strain rate will eventually overcompensate the drop in required 

athermal stress. This leads us to observe that the system becomes 
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slower at higher stresses, generating the effect of a negative SRS. 

The temperature at which this transition from positive to negative 

SRS occurs at a given strain rate (e.g. 10-3s-1) defines the transition 

temperature, TT, from non-serrated to serrated flow. A greater ac-

tivation energy shifts the flow transition to higher temperatures, 

agreeing with the compositional trend seen in Table 6-2, where 5¥ = ES increases with an increase in Zr content (see also Figure 

6-16).  

The shear-band velocity, in turn, is closely linked to this transi-

tion (see e.g. Figure 3-8). It provides an upper boundary for how 

high the applied strain rate must be to suppress the relaxation pro-

cesses enough to turn the SRS from negative to positive values. Ac-

cordingly, the difference between applied strain rate and shear-

band velocity is the smallest for measurement conditions near the 

flow transition. This means that when comparing different compo-

sitions at a given temperature and strain rate, shear bands are 

slowest in the alloy with TT closest to the testing temperature, i.e. 

in the Zr-rich alloys (see Figure 6-18). Finally, the activation energy 

of that transition, ES, is expected to be directly connected to the 

activation energy for aging, because it is that barrier that is linked 

to structural freezing [136], which in turn represents the later frac-

tion of a shear-banding cycle. In fact, it has been shown theoreti-

cally (see Appendix D in Ref. [138]) that ES is about three times the 

activation energy for aging Ea in Vit105. 

There are also various indications of a thermally-induced duc-

tile-to-brittle transition within the Zr–Cu–Al BMG system. In par-

ticular, brittle failure occurs at higher T if the Zr content is large. 

This coincides with the slower shear dynamics observed and points 

to a dynamic contribution to embrittlement, which is a concept 

well established in literature [77, 78]. Whereas we find the dynam-
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ic quantities to accord with each other, we observe, however, that 

a slower shear-band dynamics correlates with a lower glass-

transition temperature. At a given temperature shear bands in al-

loys with x = 65 at.% are the slowest, although the homologous 

temperature T/Tg is the highest, indicating that Tg is an insufficient 

parameter for predicting trends in the dynamics of shear bands. 

The same also holds for viscosities obtained directly in the super 

cooled liquid regime [170]: they follow a compositional trend op-

posite to the shear-band viscosities displayed in Figure 6-11b; i.e. 

the equilibrium viscosities in the super cooled liquid range are 

lowest for Zr-rich alloys. Clearly, absolute viscosity values should 

not be directly compared, because the shear-band viscosity de-

scribes a transient, nanoscopically confined state. However, if the 

effective temperature rise upon yielding was the same for all alloys, 

one would expect that the mere compositional trend of shear-band 

viscosity would be identical to that found in equilibrium. Our 

measurements show that this is not the case, pointing to an effec-

tive temperature rise ΔTe that is indeed composition-dependent, 

meaning that shear bands in Zr-poor alloys undergo a larger ΔTe. 

From that consideration, the immediate question emerges, wheth-

er different alloys share a common effective-temperature base line. 

In other words, does ΔTe represent a structural change that trans-

forms similar initial configurations (glassy states) to greatly differ-

ing activated configurations (liquid-like shear bands), or does it 

rather represent a transformation from initially disparate configu-

rations towards structurally more similar activated states? Fictive 

temperatures of glasses at rest are expected to be very different 

because of production history and composition-specific medium-

range order (interconnectivity). In an active shear band, on the 

other hand, the pre-history of the production is erased due to the 

high shear rate, and also medium-range order degenerates, such  
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Figure 6-19: Composition-dependent effective-temperature rises. 

that the “dual” structure of hard and soft zones becomes homoge-

nised. These points clearly support the second scenario, i.e. an ef-

fective- temperature jump transforming disparate “ground states” 

into a comparable agitated structural state. This perception is illus-

trated schematically in Figure 6-19 for two different alloys (red and 

blue) via an ideal dependence of shear resistance on structural 

state for two different compositions, red and blue, here described 

by the effective temperature. At low effective temperature the 

shear-resistance is high, while it is low at high effective tempera-

tures. The offset between the curves is due to the different compo-

sitions. In the glassy state (squares), the effective temperatures of 

the two alloys differ considerably. If we assume identical cooling 

histories, this difference originates mostly from the topological 

limit of effective medium-range order packing. In the example of 

Figure 6-19, the glassy structure of the red alloy is packed more 

densely. As a consequence, the shear resistance is larger in the red 

alloy than in the blue one, although the blue curve is generally 

shifted towards higher shear resistances. Upon shear-band initia-
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tion, medium-range order is degenerated and effective tempera-

ture is increased to comparable values (circles). At this effective 

temperature, which is then more or less the same for both alloys, 

the blue alloy shows the larger resistance towards shear. The idea 

depicted in Figure 6-19 thus neatly explains why Zr-lean glasses 

show a larger yield stress (i.e. larger shear-resistance of the glassy 

structure) but a lower resistance towards shear in the liquid-like 

shear-band state. The discrepancy between viscosities of the super 

cooled liquid and of the shear-band indicates that medium-range 

order may still be well pronounced in the super cooled liquid state. 

This entire consideration implies the existence of a structure-

property relation between shear-band dynamics, i.e. the energy ES, 

and the structure of the agitated shear-band state. This idea is in-

vestigated in the following. 

Chemical and topological aspects of shear-band dynamics 
 in ZrxCu90-xAl10 

This section attempts to relate the shear-band dynamics and its 

decrease with increasing Zr content to the structure of the glass. 

Basics on MG structure were introduced in section 2.3. To briefly 

summarize, the MG structure is viewed as a rigid backbone of in-

terconnected, efficiently packed clusters, enclosing islands of de-

creased density and less efficient packing. The disorder of the 

structure is greater in an active shear band than in the matrix. This 

is caused by the net effect of driven disordering processes and 

counteracting structural relaxations, i.e. processes governing the 

re-establishment of the quasi-equilibrium structure. A simple but 

powerful treatment of such a balance in inhomogeneous BMG de-

formation has been provided by Spaepen [41], where the two coun-

teracting processes are stress-induced generation of free volume 

(i.e., free volume that is produced by squeezing an atom into a 
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sub-sized atomic hole) and annihilation of that free volume by a 

small series of diffusive jumps. The easier these diffusive jumps 

are, the faster the structural relaxation and the faster the shear-

band velocities. The size of the energy barrier for annihilating free 

volume by diffusive jumps naturally depends on local chemistry, or 

more precisely on the bonding strength between an atom in a po-

tential jumping site and its immediate neighbourhood. It can 

therefore be inferred that structural relaxation, and thus shear-

band dynamics, will be slow where strong bonding exists. 

We will now test this hypothesis for the compositions studied in 

this work. The activation barrier for diffusive jumps will differ for 

each species (Zr, Cu, Al). In the following we focus on the activa-

tion barrier for diffusion of copper, for several reasons. (i) Cu, with 

a radius of 126 pm, is the smallest atomic species in the system; 

thus it can annihilate free volume by jumping into sites that are 

inaccessible for larger Zr or Al atoms – or, in other words, the 

probability of finding a Cu atom in a potential jumping site is larg-

er for Cu than for the other species. (ii) Copper has a valence elec-

tron number of 1 e-/atom compared to 4 e-/atom for Zr and  

3 e-/atom for Al [171], i.e. the contribution of Cu to a bond is ex-

pected to be almost ideally metallic, thus non-directional, which 

allows Cu to diffuse through the material relatively freely. iii) In 

quantifying solidity and liquidity in MD simulated binary Cu–Zr, 

Ding et al. [34] showed that all Cu atoms not involved in icosahe-

dra are centring motifs with a decreased solidity index compared 

to Zr-centred clusters; consequently, in a shear band, where the 

backbone is degraded, the probability of Cu rearranging in a non-

affine way is greater than for Zr. iv) Another recent MD study [33], 

simulating structural relaxation, revealed that Cu-centred icosahe-

dra become the dominant Cu-centred motif much more quickly 

than Zr-centred Kasper-polyhedra, which also indicates that Cu 
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diffusion is faster than Zr diffusion. In fact, an increased diffusivity 

of Cu in MD simulations of Cu–Zr binary metallic glass has also 

been reported [172]. Assuming a similar difference in atomistic dy-

namics between Cu and Zr in the ternary Zr–Cu–Al system as in 

the binary Cu–Zr glass [(iii), (iv)], the above-mentioned four points 

provide a good working hypothesis for the identification of diffu-

sive rearrangement of copper as the dominant process for struc-

tural relaxation in shear bands of the Zr–Cu–Al BMGs tested here. 

We now elaborate on how the bonding strength between a Cu 

atom and its immediate surroundings depends on composition. A 

fully comprehensive understanding of the non-directional metallic 

bonding in alloys can be achieved by ab-initio calculations, but 

this is beyond the scope of this project. Instead we apply a simple 

treatment of bonding energies for different bonding pairs. Here 

the relevant bonding pairs for a Cu-centered cluster are Cu–Cu, 

Cu–Zr, and Cu–Al. The fractions ci,j
s of the species in the first coor-

dination shell determine the extent to which the strength of each 

bonding pair will contribute to the total bond energy. With the 

picture of typical clusters representing the majority of the struc-

ture, and with the assumption that there is no chemical short-

range order, the local fractions of the species within such a cluster 

are expected to equal the alloy’s nominal compositions cj [28]. 

Consequently, the first coordination shell around copper will be 

slightly depleted in copper, since the centre Cu atom has to be left 

out of the calculations of shell concentration. The shell concentra-

tion can be determined as the partial coordination number [28] of 

a specific element i around the central copper atom, divided by the 

total coordination number of copper, NCu,tot, i.e.: 
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�Cu,Zrs = �(®¯,)*)�E�?z°(®¯,)*)  , 

�Cu,	Als = �(®¯,)*)�E�?²³(®¯,)*)  , 

�Cu,	Cus = �(®¯,)*)�E�?®¯&E(®¯,)*)  , 

Equation 6-2 

where cj is the nominal composition of element j.  

For simplicity, we approximate the coordination numbers ac-

cording to those predicted by the ELAP model, acknowledging that 

these will slightly overestimate the packing efficiency of the disor-

dered shear-band structure. A further aspect we must consider 

when assessing the bonding energy of Cu to its neighbours is the 

fact that a large atom has more neighbours (large Ni,tot) than a 

small atom, which means that its contribution to one specific bond 

is comparatively smaller. We account for this by weighting the lo-

cal concentrations of the species in the first coordination shell by 

the inverse of their respective total coordination number: 

�´U,�#,Vµµ = �´U,�# 1��,���∑ �´U,¶# 1�¶,���¶·�,�,n 	. 
Equation 6-3 

These effective concentrations reflect the share of each bonding 

pair type (for Cu: Cu–Cu, Cu–Zr, and Cu–Al) in the character of the 

total bond. Coordination numbers and effective concentrations are 

given in Table 6-3. 
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Table 6-3: Zr fraction xZr; activation energy for Δt, ES(Δt); total coordination number around copper NCu,tot; partial 

coordination numbers around copper NCu-j; total coordination numbers Nj,tot; and effective concentrations ¸¹º,»¼,½¾¾ for 

for j = Cu, Zr and Al. 

xZr (at.%) Es(∆t) (eV) NCu,tot NCu-Cu NCu-Zr NCu-Al NZr,tot NAl,tot �´U,´U#,Vµµ  �´U,gT#,Vµµ  �´U,¿X#,Vµµ  

45 0.19 ± 0.03 10.95 4.37 5.37 1.19 15.088 13.242 0.472 0.421 0.107 

50 0.22 ± 0.02 10.81 3.73 5.91 1.18 14.892 13.074 0.414 0.477 0.109 

55 0.26 ± 0.01 10.69 3.09 6.43 1.17 14.703 12.914 0.354 0.535 0.111 

60 0.27 ± 0.01 10.57 2.47 6.94 1.16 14.518 12.760 0.291 0.596 0.113 

65 0.28 ± 0.02 10.45 1.86 7.45 1.15 14.34 12.61 0.226 0.659 0.115 
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As the Zr content increases, the total coordination numbers de-

crease by about 5% for all species. The effective compositions of 

copper, zirconium and aluminium follow the nominal composi-

tions very closely. This happens mostly because the decreased con-

centration of Cu in the 1st coordination shell of a copper atom 

(Equation 6-2) is effectively compensated by the larger contribu-

tion of Cu atoms to specific bonds due to the fact that they have 

the smallest total coordination number (Table 6-3). For the  

ZrxCu90-xAl10 BMG system this means that the bonding character 

around Cu, �´U,�#,Vµµ, is essentially represented by the nominal compo-

sition. The results in Table 6-3 imply that the compositional effect 

on the bonding of Cu to its surrounding atoms is equivalently de-

scribed as a shift of bond character from Cu–Cu like to Cu–Zr like 

as the Zr content increases.  

Having simplified the compositional effect to a question of Cu–

Cu and Cu–Zr bonds, our task is now to compare the bonding 

strengths of these two bonding pairs. The mixing enthalpy of -23 

kJ/mol [59] between Cu–Zr is a first indication that Cu–Zr bonds 

are stronger than Cu–Cu bonds. However, the mixing enthalpy is 

not an absolute value. It only describes how the energy of Cu–Zr 

bonds compares to the averaged energy of Cu–Cu and Zr–Zr 

bonds. Thus a comparison of energies between Cu–Cu bonds and 

Cu–Zr bonds is only possible when it is known how the energies of 

like bonds, i.e. Cu–Cu and Zr–Zr, compare to each other. This in-

formation can be obtained by comparing the heats of formation of 

the pure components. With 609 kJ/mol for Zr [173], this value is 

almost double that of Cu (337.4 kJ/mol). Thus the average energy 

of Cu–Cu and Zr–Zr bonds has already exceeded the Cu–Cu bond 

strength. Combined with the negative mixing enthalpy, it is thus 

very reasonable to consider a Cu–Zr bond to be stronger than a 
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Cu–Cu bond. On this basis, we conclude that the activation energy 

for diffusive jumps of Cu in Zr-lean compositions is considerably 

less than in Zr-rich compositions, because of the substitution of 

Cu–Zr bonds by weaker Cu–Cu bonds in the Zr-lean alloys. This 

explains why structural relaxation, and thus shear-band dynamics, 

in the Zr-lean alloys is faster.  

At this point we should note that we have not yet taken applied 

stress into consideration. Presumably, stress around a squeezed-in 

atom will lower the migration enthalpy of its neighbours and bias 

their movement towards regions of lower stress, thus promoting 

structural relaxation. For Zr–Cu–Al this means that relaxation in 

Zr-lean alloys is further facilitated because the yield stress increas-

es with decreasing Zr content (see Figure 6-9). Hence we find that 

faster shear-band dynamics in Zr-lean compositions is promoted 

by both (i) a decrease in bonding strength of the fastest diffusor to 

its nearest neighbours and (ii) an increase in stress-assistance to 

relaxation processes. Further, the yield stress is connected to the 

shear modulus G by the universal yield criterion for BMGs [7]. Ex-

pecting a lower G for Zr-rich compositions also agrees with the 

theory of elastic modulus inheritance [47], because GZr<GCu. Thus, 

a trend of decreasing dynamics with decreasing shear modulus 

emerges for the system investigated in this study. This direct cor-

relation of shear-band dynamics and shear modulus is interesting, 

because a low shear modulus is also correlated with increased 

BMG plasticity in Refs. [46, 81, 82, 85]. This indeed matches our 

observed increase in the ductile-to-brittle transition temperature, 

TDTB, with increasing Zr content (Figure 6-18), and thus decreased 

shear modulus and slower shear-band dynamics. 
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6.2.5. Summary 

In summary, we have investigated the shear-band dynamics of 

the ZrxCu90-xAl10 (x = 45 – 65) BMG system over a temperature 

range of 173 K to 323 K, which includes the non-serrated to serrated 

flow transition and a well-defined transition from malleable to 

brittle behaviour. The shear-band dynamics becomes slower with 

increasing Zr content, characterized by a higher activation barrier 

for Zr-rich compositions. No scaling with the glass transition tem-

perature is observed. Instead, the trends in shear-band dynamics 

can be attributed to a change in overall bonding strength between 

the fastest diffusor, Cu, and its nearest neighbours. This bonding 

strength is found to decrease with decreasing Zr content, because 

the bonding contribution of strong Cu–Zr bonds progressively de-

creases at the cost of an increasing contribution of weaker Cu–Cu 

bonds. Given that the Zr-rich alloys (x = 60 and x = 65) are the 

most ductile within the alloy system investigated, we conclude 

that the lower shear modulus, in combination with the lower 

atomic mobility of the smallest species (Cu), enhances stable 

shear-band propagation and thus plastic flow in Zr-rich glasses. 
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6.3. Shear-band dynamics in different alloy systems: an 
inter-system study3 

In this study we investigated a series of bulk MGs with extended 

malleability in order to obtain a consistent picture of the influence 

of topology and chemistry on the dynamics of shear banding. We 

 

Figure 6-20: Arrhenius plot of the shear-band velocity for a series of MGs 
with different base metals. The two yellow arrows represent error bars ex-
ceeding the logarithmic scale of the y-axis. 

achieved this by extending our work on Zr-based MGs [120, 174] to 

a large variety of MGs with different base elements, including 

Au49Cu26.9Ag5.5Pd2.3Si16.3, Cu60Zr20Hf10Ti10, La57.5Cu27.5Al15, 

                                                      
3
 Corresponding publication: 

(1) P. Thurnheer, R.  Maaß, K. J. Laws, J. F. Löffler. How topology and 
chemistry determine shear stability in metallic glasses (in prepara-
tion). 
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La61.54Cu23.08Al15.38, La67.5Cu17.5Al15, Ni62Nb38, Pt57.5Cu14.7Ni5.3P22.5, and 

Zr65Co25Al10. We show that this set of alloys covers a ∆ES range of 

0.31 eV, which allows us to thoroughly assess the influence of ES on 

the mechanical properties of MGs for the first time. Figure 6-20 

shows the temperature- and composition-dependent shear-band 

velocities of the alloys investigated. These velocities range from 10-4 

to 10 mm/s in the temperature range investigated, and activation 

energies ES range from 0.18 eV for Au49Cu26.9Ag5.5Pd2.3Si16.3 to 0.51 

eV for Pt57.5Cu14.7Ni5.3P22.5. The point of intersection of the different 

fits in Figure 1 with the ordinate at 1/T	=	 0 is located at values 

which are on the order of 0.5 to 5 km/s, i.e. in the range of phonon 

velocities. This upper limit can be converted into a viscosity using 

the relation ¢ = 26£ +2[SB/⁄ , where σy is the uniaxial yield stress 

and w is the shear-band thickness. With w ≈ 15 nm [109] and σy 

≈ 2 GPa, ηSB ranges from 3 × 10-3 to 3 × 10-2 Pa s, which are values 

that agree well with experimental data for the high-temperature 

limit of viscosity η0 [175]. As a consequence of this similar upper 

velocity limit to all compositions, the alloy with the smallest acti-

vation energy shears fastest at a given temperature. It is noted that 

in this study, room-temperature plasticity was only encountered 

for alloys with ES ≥ 0.3 eV. Because the underlying atomistic mech-

anisms which govern shear-band dynamics have been convincingly 

attributed to relaxation processes [136], the data in Figure 6-20 

provide evidence that the relaxation rate and its barrier energy ES 

depend strongly on chemistry. Table 6-4 lists the current results 

(ES) together with those of previous work [120, 176], plus additional 

data from literature for the alloys Co78Si10B12, Ni70Fe8Si10B12 and 

Pd78Cu6Si16 (all Ref. [116]) and Zr65Cu15Ni10Al10 (Ref. [139]). In order 

to have a consistently evaluated set of ES values we re-evaluated 

the data in Fig. 4 of Ref. [139], which produced an activation energy 

of 0.37 eV for Zr65Cu15Ni10Al10 rather than the reported 0.56 eV.  
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Table 6-4:  Activation energy of the shear-band velocity ES for various MG 
alloys. 

Alloy -ES (eV) 

Au49Cu26.9Ag5.5Pd2.3Si16.3 0.2 ± 0.01 

Co78B12Si10 0.48 ± 0.05 [116] 

Cu60Zr20Hf10Ti10 0.25 ± 0.01 

La67.5Cu17.5Al15 0.22 ± 0.009 

La61.54Cu15.38Al23.08 0.23 ± 0.005 

La57.5Cu27.5Al15 0.22 ± 0.02 

Ni70Fe8B12Si10 0.46 ± 0.05 [116] 

Ni62Nb38 0.44 ± 0.03 

Pd78Si16Cu6 0.35 ± 0.04 [116] 

Pt57.5Cu14.7Ni5.3P22.5 0.51 ± 0.09 

Zr65Co25Al10 0.43 ± 0.03 

Zr65Cu15Ni10Al10 0.37 ± 0.04 [139] 

Zr65Cu25Al10 0.35 ± 0.03 [176] 

Zr60Cu30Al10 0.32 ± 0.03 [176] 

Zr55Cu35Al10 0.28 ± 0.02 [176] 

Zr52.5Cu17.9Ni14.6Al10Ti5 0.32 ± 0.001 [120] 

Zr50Cu40Al10 0.29 ± 0.03 [176] 

Zr45Cu45Al10 0.28 ± 0.09 [176] 

 

Where known, the uncertainties in ES reflect the error of the Ar-

rhenius fit. If this deviation is not known, a typical error of ±10% is 

assumed. The question now emerges as to what property of the 

strain-softened flowing shear-band material determines the gen-

eral trend in Figure 6-20 and therefore shear-stability in MGs.  

Shear stability or plasticity in MGs has been brought into relation 

with a set of various glass properties, such as the glass transition 

temperature Tg, the alpha transition energy Eα, the Poisson’s ratio 

ν, the potential energy barrier for shear-transformation zones 

WSTZ, and the liquidus temperature Tl. The correlation of the acti-
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vation energy ES with these “usual suspects” is investigated in the 

following. For this purpose, the alloy-specific mechanical and 

thermo-physical properties are compiled in Table 6-5 and Table 

6-6. If values for the exact compositions were not available, values 

of a very close composition were used (see column: alternative al-

loy). 
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Table 6-5: Mechanical properties of the alloys; i.e. the Poisson’s ratio ν, the shear modulus G and the yield stress σy. 
If the corresponding property of an investigated alloy was not known, the property of a close composition (alterna-
tive alloy) was used.  

Alloy ν [46] G [46] (GPa) Alternative alloy σy (GPa) Alternative alloy 

Au49Cu26.9Ag5.5Pd2.3Si16.3 0.406 26.5  1.32  

Co78B12Si10 0.31 75 Pure Co 3.45[177] Co72.5Si12.5B15, 

Cu60Zr20Hf10Ti10 0.369 36.9  1.95  

La67.5Cu17.5Al15 0.33 13.4 La66Al14Ni10Cu10 0.6  

La61.54Cu23.08Al15.38 0.33 13.4 La66Al14Ni10Cu10 0.7  

La57.5Cu27.5Al15 0.33 13.4 La66Al14Ni10Cu10 0.64  

Ni70Fe8B12Si10 0.31 76 Pure Ni 3.6[178] [(Ni80Fe20)0.75B0.2Si0.05]96Nb4 

Ni62Nb38 0.385 66.3 Ni60Nb35Sn5 3.2  

Pd78Si16Cu6 0.411 32.9  1.57[46] Pd77.5Si16.5Cu6 

Pt57.5Cu14.7Ni5.3P22.5 0.42 33.3  1.4  

Zr65Co25Al10 0.364 33.9 Zr56Co28Al16 1.7  

Zr65Cu15Ni10Al10 0.355 30.3  1.45[179] Zr62.55Cu17.55Ni9.9Al10 

Zr65Cu25Al10 0.375 28.4 Zr65.025Al10Cu14.85Ni10.125 1.6  

Zr60Cu30Al10 0.374 29.8 Zr60.525Cu19.35Ni10.125Al10 1.65  

Zr55Cu35Al10 0.369 31.7 Zr55Al10Ni5Cu30 1.75  

Zr52.5Cu17.9Ni14.6Al10Ti5 
(Vit105) 

0.37 31.8  1.8 
 

Zr50Cu40Al10 0.37 31.8 Zr52.5Cu17.9Ni14.6Al10Ti5 1.8  

Zr45Cu45Al10 0.364 36.3  1.95  
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Table 6-6: Thermo-physical properties of the alloys; i.e. the glass transition temperature Tg, the liquidus tempera-
ture Tl, the fragility index m, the fragility parameter D* and the alpha-transition energy Eα. If a property of an inves-
tigated alloy was not known, the property of a close composition (alternative alloy) was used. If only one of the pa-
rameters m or D* was found in literature, the other one was obtained by applying the analytic conversion between 
the two parameters according to [180]. These cases are marked with the symbol †. 

Alloy Tg (K) Tl (K) m D* Alternative alloy 
Eα 

(kJ/mol) 

Au49Cu26.9Ag5.5Pd2.3Si16.3 401 644[148]      
Co78B12Si10 800[177] 1352[181]   Co72.5B15Si12.5/Co70Fe5Si15B10  

Cu60Zr20Hf10Ti10 722 917       

La67.5Cu17.5Al15 391 713     

La61.54Cu23.08Al15.38 393 751 43[180] 21.8
†
 La55Al25Cu20 140.43 

La57.5Cu27.5Al15 402 721     

Ni70Fe8B12Si10 755[178] 1381[178]    [(Ni0.8Fe0.2)0.75B0.2Si0.05]96Nb4  
Ni62Nb38 892 1223 121

†
 5.6[175] Ni59.5Nb40.5 896.91 

Pd78Si16Cu6 622[182] 812[183] 73[180] 11.1[180]  377.32 
Pt57.5Cu14.7Ni5.3P22.5 502 547 52

†
 16.4[184]  216.06 

Zr65Co25Al10 688 1050      

Zr65Cu15Ni10Al10 670 895 35[180] 31.02
†
 Zr65Al7.5Ni10Cu17.5 194.87 

Zr65Cu25Al10 635 938       

Zr60Cu30Al10 654 956       
Zr55Cu35Al10 674 935       
Zr52.5Cu17.9Ni14.6Al10Ti5 
(Vit105) 

680 874 52
†
 17[175]  293.84 

Zr50Cu40Al10 695 892       
Zr45Cu45Al10 710 896       
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Figure 6-21: Activation energy ES vs. glass-transition temperature Tg. 

i) Glass transition temperature: Results based solely on one alloy 

system suggested that there is a linear correlation between Tg and 

ES [176]. A summary of both parameters for all alloys investigated 

(Figure 6-21) illustrates, however, that this is not generally the 

case. Because the shear-band material is believed to be in the 

structural state of an undercooled liquid above Tg [185], rather than 

at the gelation point of the glass [186], different physical origins for 

Tg and ES are in fact expected.  

ii) Alpha transition energy: MG plasticity was related with the 

alpha transition barrier energy Eα in Ref. [187]. It was found there 

that 5α = Á�B�aGg, i.e. 5α is the product of the fragility index m, 

the Boltzmann constant kB, the Avogadro constant Na and the glass 

transition temperature Tg. The fragility index is only known for a 

limited number of alloys [175, 180], which includes six  
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Figure 6-22: Alpha transition Eα vs. activation energy ES. 

compositions close to the alloys tested in this study. Although the 

numbers of alloys are limited, the available values make a strong 

correlation between Eα and ES unlikely (Figure 6-22). This can 

again be understood by the structural dissimilarity of the processes 

involving shear-band propagation and equilibrium high-

temperature flow 

iii) With the Poisson’s ratio ν scaling with toughness, ν describes 

how far shearing is preferred over cracking in both amorphous and 

crystalline alloys [46, 82, 83, 188]. In crystalline alloys, where 

toughness is linked to dislocation dynamics, the ratio of shear- to 

bulk-modulus, G/K, is a monotonically decreasing function of ν. If 

ν is small enough, spontaneous emission of dislocations from crack 

tips is possible, which causes the cracks to blunt and thus to 

toughen the material [83]. In MGs, a critical ν has been  
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Figure 6-23: Poisson's ratio ν vs. activation energy ES. 

identified above which shear bands can form instead of cracks [82]. 

However, in the case of an already initiated, flowing shear band, 

the role of ν (or G/K) is less obvious, because both shear- and bulk-

modulus within the activated, liquid-like shear band are clearly 

different from those of the bulk material. It is thus not surprising 

that there is no direct correlation between ν and ES for the MGs 

tested (Figure 6-23). 

Besides their inability to capture trends in shear dynamics, 

each of the above three parameters, Tg, 5α and ν, describes pro-

cesses of flow initiation rather than flow itself. In other words, they 

are linked to the stability of the glassy state, whereas shear dynam-

ics reflects the stability of the (supercooled) liquid-like state of the 

shear-band material. Because a shear band may be regarded as the 

result of STZ percolation, it is also important to evaluate a poten-
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tial correlation between ES and the typical energy scale for the re-

arrangement of such units; i.e. the STZ barrier energy.. 

iv) STZ barrier energy: This quantity is typically given for an el-

lipsoidal inclusion within a rigid matrix as 7\fg = +8 <4⁄ /=>C
4@Ω 

([7, 55]), where G is the shear modulus of the glass, γC is the yield 

strain, ζ is a geometric constant, and ΩSTZ is the STZ volume, which 

is the volume of a group of 20-100 atoms. Table 6-7 lists the mean 

atomic radius �̅, the STZ volume ΩSTZ calculated as 	Ω\fg = 4</3	 �+2.88 � 2 � �ÄV�Å/� and the resulting potential energy for STZ rear-

rangement WSTZ. 

Table 6-7: Mean atomic radius Æ¥, STZ volume ΩSTZ and potential energy for 
STZ rearrangement WSTZ.  

Alloy 
�̅ 

(pm) 

ΩSTZ 

(nm)
3
 

WSTZ 
(eV) 

Au49Cu26.9Ag5.5Pd2.3Si16.3 133.1 1.89 0.55 

Co78B12Si10 119.1 1.35 1.12 

Cu60Zr20Hf10Ti10 137.2 2.07 0.84 

La67.64Cu17.5Al15 169.9 3.89 0.58 

La61.54Cu15.38Al23.08 167.0 3.73 0.55 

La57.64Cu27.5Al15 163.3 3.49 0.52 

Ni70Fe8B12Si10 119.8 1.37 1.16 

Ni62Nb38 132.5 1.86 1.37 

Pd78Si16Cu6 135.3 1.98 0.72 

Pt57.5Cu14.7Ni5.3P22.5 128.4 1.69 0.62 

Zr65Co25Al10 148.1 2.60 0.97 

Zr65Cu15Ni10Al10 148.3 2.61 0.87 

Zr65Cu25Al10 148.3 2.61 0.82 

Zr60Cu30Al10 146.7 2.53 0.83 

Zr55Cu35Al10 145.1 2.44 0.86 

Zr52.5Cu17.9Ni14.6Al10Ti5 145.1 2.44 0.86 

Zr50Cu40Al10 143.5 2.36 0.83 

Zr45Cu45Al10 141.9 2.29 0.92 
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Figure 6-24: WSTZ vs. activation energy ES. 

In a plot of WSTZ over ES (Figure 6-24), some clustering of data 

indeed becomes apparent and ES tends to increase with increasing 

WSTZ. However, the inverse behaviour is observed among the Zr-

based alloys and Pt57.5Cu14.7Ni5.3P22.5 represents a significant outlier 

to this trend. The relative weak correlation may be attributed to 

the fact that beyond yielding (i) the prerequisite of a rigid matrix is 

no longer met and (ii) the elastic constants of the flowing liquid-

like material are fundamentally different from those of the glassy 

state.  

iv) A very natural parameter describing the stability of a liquid 

independently of the elastic constants of the glassy solid is the 

liquidus temperature Tl. Indeed, Figure 6-25 reveals even more 

pronounced data clustering than that observed with WSTZ, and 

generally ES tends to increase with increasing Tl; but again,  
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Figure 6-25: Liquidus temperature Tl vs. activation energy ES. 

Pt57.5Cu14.7Ni5.3P22.5 represents a significant outlier. The modest cor-

relation indicates a connection between ES and a cohesive energy 

on the part of the liquid-like shear-band material.  

As such, the two most prominent fundamental parameters which 

have been brought forward to describe the mechanical stability of 

MGs (ν and	7\fg) exhibit no trivial relation to the shear stability 

reflected by ES (see Figure 6-23 and Figure 6-24), which is also the 

case for the quasi-static equilibrium parameters Tg and 5α (Figure 

6-21 and Figure 6-22). The strongest, but still non-universal corre-

lation is found between ES and Tl (Figure 6-25), which, however, is 

a mean-field value that does not consider any of the properties of 

the local structure. 

If the above parameters are inadequate for describing shear sta-

bility, the question arises as to which fundamental physical param-
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eters remain which are relatively insensitive to the high local strain 

rate and the confinement effects in the nanoscale shear bands. If 

we accept the classical view that a local plastic transition (an alpha 

process or an STZ) involves atomistic jump processes [189] which 

may be facilitated by the presence of structural and topological 

heterogeneity in the flowing band, the most fundamental and 

straightforward parameter is any generalized energy barrier in the 

framework of thermally activated flow. Here the activation barrier 

of a stress-assisted structural transition can be expressed as Ç = È − BΩ, where H is the activation energy at zero load, τ is the 

shear stress, and Ω is the involved activation volume. A good esti-

mate for H may be gained by considering how strongly the atoms 

in the shear band are bound to their immediate surroundings. In 

other words, the local atomistic dynamics in the activated shear-

band material is expected to scale with the prevailing bond 

strengths of typical short-range ordered building blocks. A quanti-

tative way to determine the topology of these building blocks for 

systems with more than three components is given in Ref.[190], 

which is an improved version of the ELAP model. Based on this 

model, namely by applying Equation 2-2 and Equation 2-4, typical 

dominant structural motifs can be assigned to each constituent in 

each of the alloys investigated here.  

Table 6-8: Iterative calculation of partial coordination numbers in the alloy 
Zr65Cu25Al10; R = rsolute/rsolvent . 

Iteration R NCu, tot NCu,Al NCu,Cu NCu, Zr 

1 0.849629 10.59564 1.159564 1.898909 7.537164 

2 0.83774 10.45577 1.145577 1.863942 7.446248 

3 0.837583 10.45392 1.145392 1.86348 7.445049 

4 0.837581 10.4539 1.14539 1.863474 7.445033 

5 0.837581 10.4539 1.14539 1.863474 7.445033 
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An example calculation for the iterative determination of the 

coordination numbers around the element Cu in the alloy 

Zr65Cu25Al10 is shown in Table 6-8. The atomic radii required by 

this method are listed in Table 6-9, together with values of heats of 

formation ΔHf, which will be used in a later step. Table 6-10 pro-

vides the resulting species-specific total coordination numbers.  

We acknowledge at this point that atomistic modelling suggests 

that the structure within a shear band is somewhat depleted in 

typical motifs [112, 113], but nevertheless basic topological proper-

ties, such as the fact that large atoms are coordinated by more 

neighbours than small ones, also remain in the flowing state. The 

effect of topology on the structure in a shear band is thus assumed 

to be representative of the short-range ordered structure at rest. 

Table 6-9: Element radii and heats of formation ΔHf were taken from Ref. 
[191] (r) and Ref. [173] (ΔHf) unless otherwise indicated. For phosphorus, 
the covalent radius and the heat of formation of the most stable allotrope, 
black phosphorus, was used. 

Element r (pm) ΔHf (kJ/mol) Element r (pm) ΔHf (kJ/mol) 

Ag 144 284.9 Nb 143 726 
Al 141 330 Ni 126 430 
Au 143 366 P 107

†
 341

*
 

B 88 565 Pd 142 378 
Co 125 425 Pt 139 565 
Cu 126 337.4 Si 110 450 
Fe 125 414 Ti 142 473 
Hf 158 619 Zr 158 609 
La 187 431    

†
 value for covalent atomic radius from Ref. [192]. 

*
 value for the stable allotrope, black phosphorus [193]. 
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Table 6-10: Topology of various MGs. Æ¥ is the mean atomic radius and N1-5,tot are the total coordination numbers 
around the constituents 1-5 in order of appearance in the alloy name.  

Alloy �̅	(pm) N1, tot N2, tot N3, tot N4, tot N5, tot 

Au49Cu26.9Ag5.5Pd2.3Si16.3 133.1 14.5 12.55 14.6/14.1* 14.36 10.16 

Co78B12Si10 119.1 14.1 9.1 12.22   

Cu60Zr20Hf10Ti10 137.2 12.14 15.7 15.7 13.87  

La67.5Cu17.5Al15 169.5 14.93 9.15 10.23   

La61.54Cu23.08Al15.38 165.9 15.31 9.35 10.46   

La57.5Cu27.5Al15 163.3 15.59 9.49 10.63   

Ni70Fe8B12Si10 119.8 14.13 14 9.04 12.14  

Ni62Nb38 132.5 12.62 14.56    

Pd78Si16Cu6 135.3 14.09 9.99 12.33   

Pt57.5Cu14.7Ni5.3P22.5 129.2 14.5 12.97 12.97 9.89†  

Zr65Co25Al10 148.1 14.37 10.39 12.63   

Zr65Cu15Ni10Al10 148.3 14.34 10.45 10.45 12.61  

Zr65Cu25Al10 148.3 14.34 10.45 12.61   

Zr60Cu30Al10 146.7 14.52 10.57 12.76   

Zr55Cu35Al10 145.1 14.7 10.69 12.91   

Zr52.5Cu17.9Ni14.6Al10Ti5 (Vit105) 145.1 14.7 10.69 10.69 12.91 13.05 

Zr50Cu40Al10 143.5 14.89 10.82 13.07   

Zr45Cu45Al10 141.9 15.09 10.94 13.24   

* coordination numbers not accounting for/ accounting for chemical short-range order. 
†
 coordination number assuming P–P self-avoidance.  
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Chemical short-range order (CSRO) has so far not been taken 

into account by our model, except where there are reports on se-

lective atom pair avoidance as for Pt57.5Cu14.7Ni5.3P22.5 and 

Au49Cu26.9Ag5.5Pd2.3Si16.3. In the former, P–P self-avoidance, as in 

Pd–Cu–Ni–P, may be expected [194]. For the Au-based alloy we 

note that, unlike most transition metals involving Pd, Cu, Co, Ni 

and Fe, neither Au nor Ag form stable intermetallic compounds 

with Si. Positive heats of mixing between Au and Si have indeed 

been reported for the solid state [195], contrasting with tabulated 

values [196]. This positive heat of mixing may well result in Au–Si 

and Ag–Si avoidance in the metallic glass structure, which would 

agree with reports on monolithic Si being one of the competing 

crystalline phases in glass formation of Si-containing Au-based al-

loys [197]. Consequently, the emergence of additional typical mo-

tifs within these glasses, i.e. the emergence of silicon-free Au- or 

Ag-centred clusters, becomes probable. The relative fraction of 

these motifs is difficult to assess, but the alloy offers the possibility 

to estimate how CSRO affects the topology, and consequently Q. 

For this reason, we calculated the topology of the Au-based alloy 

for two cases, i.e. in the absence of CSRO and in the simple case of 

complete Ag–Si avoidance (Table 6-10). These two cases will serve 

as upper and lower limits for our calculation of Q. 

Having calculated typical structural motifs, the next step is to at-

tribute typical bonding energies to each atomic species. How this 

is done is illustrated schematically in Figure 6-26. The centre at-

oms of two interpenetrating clusters form a bond. The cones 

emerging from the two atoms illustrate each atom’s contribution 

to the shared bond. The size of the cone scales with the atomic 

volume as 1/Ni,tot, which is illustrated by the black sphere and cone 

on the bottom of Figure 6-26. 
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Figure 6-26: A bond between two nearest neighbours Cu (red) and Zr (blue) 
in a ternary alloy with Al (grey) is schematically depicted. The energy con-
tribution of both atoms to the shared bond is weighted by the inverse of 
the species-specific total coordination numbers Ni,tot, illustrated by the 
emerging cones. The smaller atom Cu is coordinated by fewer atoms (6) 
than the larger atom Zr (7). Therefore, Cu contributes more to the energy 
of the next-neighbor bond than Zr. The size of the cone scales with the 
atomic volume like 1/Ni,tot (see illustration in black on the bottom right). 

For the calculation of typical bonding energies, we approxi-

mate the bond energy between two atoms A and B by using the 

mixing enthalpy ΔHmix of an ideal solution [198]: ∆Èmix = 7Ê¿Ê], 

where XA and XB are the relative mole fractions and 7 =��Ë Fb¿] − E4 +b¿¿ + b]]/J, with Na the Avogadro constant, z the 

number of bonds per atom, and b¿], b¿¿, and b]] the interaction 

energies between unlike atoms AB or like atoms AA or BB. In the 

simple case of a parabolic dependence of ∆ÈÄÌÍ on composition, 

we obtain 	7 = 4∆ÈÄÌÍ�1&�1 = ��Ë Fb¿] − E4 +b¿¿ + b]]/J, which we 

can then solve for the interaction energy of an unlike bond:		b¿] =
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Î∆ÏÐÑÒÓwÔÓw(ÕÖ + E4 +b¿¿ + b]]/. Because metallic bonds are delocalized, 

we approximate the number of bonds per atom, z, by half the aver-

age of the total coordination numbers of the two atoms participat-

ing in that bond, i.e., Ë = E4 l(²,)*)4 + (o,)*)4 q. The division by two ac-

counts for bonds being shared by atom pairs. With the strength of 

a bond between like atoms, e.g. A atoms, given as b¿¿ =∆Èf¿/ l�a (²,)*)4 q	[199], i.e. as two times the heat of formation ΔHf
A 

divided by the Avogadro constant times the total coordination 

number of species A, the bond energy of unlike bonds becomes 

b¿] = E(Õ � ∆Ï×²(²,)*) + ∆Ï×o(o,)*) + Ø∆ÏÐÑÒÓwÔÓwÙK�(²,)*)�(o,)*)�� . 

Equation 6-4 

In total, the bonding energy of an atom i to its immediate sur-

roundings is the sum of the individual bond energies: b� =∑ ��,¶b�¶¶·�,�,n,.. , where ��,¶ is the partial coordination number of 

type m atoms around the centre atom i. For the example given by 

the Cu-centred hexagonal cluster in Figure 6-26 (red dashed clus-

ter), εi equals three times the energy of a Cu–Zr bond plus two 

times the energy of a Cu–Cu bond plus one time the energy of a 

Cu–Al bond. Expressed as a molar quantity, we obtain the species-

specific bonding energy	È� = (Õ4 b�. The division by two is again 

necessary to avoid double counting of bonds. By these means, we 

can quantify the bonding energy as a molar quantity Hi for each 

species in each of the alloys investigated. For the calculations, we 

used heats of mixing tabulated by Takeuchi and Inoue [196], and 

the heats of formation are compiled in Table 6-9. Following 

Spaepen [41], we approximate the activation volume Ω by the 

physical volume of the centre atom of the motif under investiga-
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tion. It then becomes possible to attribute a species-specific barrier 

energy of 	Ç� = È� − BΩ� to every species i in the alloys, depending 

on topology, chemistry and shear stress 	B ≅ 2 2I . These species- 

and alloy-specific energies are presented in spectrum-type plots in 

Figure 6-27 and Figure 6-28.  

 

Figure 6-27: Constituent-specific energies Qi for seven different MG alloys. 
The column height reflects the macroscopic compositions of each constit-
uent. 
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Figure 6-28:  Spectrum-type plots of species-specific energies, continued. In 
Zr65Cu25Ni10Al10, fractions and energies of Al (x = 10%, Q = -545 kJ/mol) and 
Ni (x = 10%, Q = -543 kJ/mol) overlap almost fully, and are thus drawn be-
side each other for clarity. 

Within one composition, bonding energies range from as small 

as ca. 100 kJ/mol for Pd78Cu6Si16 to as great as 220 kJ/mol for 

Zr65Cu15Ni10Al10 (see Figure 6-27 and Figure 6-28). We observe here 
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that copper has particularly weak bonds with its neighbours in 

many alloys, whereas Zr, Pt and Nb tend to form strong bonds with 

their immediate surroundings. Comparing the ES of different al-

loys, it appears that bonding energies are shifted to more negative 

values with increasing ES (top to bottom). 

The final step of the calculation is to define a mean species-

specific energy to generate more quantitative results. To this end, 

we assign one single energy value to each alloy. This representative 

value can be obtained by describing the net effect of the different 

activation barriers as a superposition of the individual contribu-

tions, i.e., 

_1exp F−ÇÄV�Å�BG J = Û ��_1exp F−Ç��]GJ�·¿,],´…  

Equation 6-5 

with atomic fractions xi. The alloy-specific mean energy thus be-

comes  

ÇÄV�Å = −�BG	ln D Û ��exp F−Ç��]GJ�=A,B,C… M 

Equation 6-6 

In the following we use a temperature T of 300 K, but it is noted 

that the variation of Qmean with temperature is smaller than 1% per 

100 K. Figure 6-29 plots the calculated energies Qmean versus the 

experimentally assessed activation energies for shear-band veloci-

ty, ES. Here we arrive at the important result that a robust correla-

tion can be found between the calculated characteristic bond en-

ergy Qmean and the experimentally assessed barrier energy ES. It is 

observed clearly that large activation energies ES, i.e. slow shear-

band dynamics, correspond to high energies Qmean, i.e. strong 
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bonds and low stresses. The trend in Figure 6-29 is much more ro-

bust than those of ES with Tl or WSTZ (Figure 6-24 and Figure 6-25). 

This is demonstrated in particular by the fact that Qmean captures 

two main aspects of shear-band dynamics which could not be un-

derstood with the latter two parameters. Firstly, the results for the 

Zr-based glasses accord well with the behaviour generally observed 

for Qmean, reflecting an increase in dynamics with a decrease in Zr 

content which was not observed for WSTZ and Tl. Secondly, 

Pt57.5Cu14.7Ni5.3P22.5 deviates much less from the general trend, 

where the remaining offset can be ascribed to the fact that the 

model developed here does not fully account for effects of non-

metallic constituents such as phosphorus.  

 

Figure 6-29: Correlation between the experimentally assessed activation 
energy Es and the calculated characteristic bond energy Qmean. The x-error 
bar represents the uncertainty of the Arrhenius-fitting of the activation 
energies. The large y-error bar for the Au-based alloy originates from un-
certainties concerning chemical short-range order. The dashed line is a 
guide for the eye. 



 
137 

In this context, it is also interesting to note that the other two 

alloys which slightly deviate from a monotonous Qmean-ES scaling, 

Co78Si10B12 and Ni70Fe8Si10B12, are, besides Pt57.5Cu14.7Ni5.3P22.5, the 

only ones within the data set that have atomic fractions of metal-

loids and/or non-metals exceeding 20 at.%. This points at large 

non-metals fractions being a possible promoter of increased shear-

stability; a feature which is not captured in our present model. 

This robust correlation between ES and Qmean, and thus this new-

ly gained insight into shear stability of MGs, can now be imple-

mented in design strategies for glassy alloys with improved me-

chanical properties. Given that fast shear-band dynamics contrib-

utes to MG embrittlement [77, 78], we propose that the new pa-

rameter Qmean derived here, which represents shear-band stability, 

can be used to tailor MG plasticity. In combination with the well-

known Poisson’s ratio criterion [82], it now becomes possible to 

present a strategy for the design of new MGs which are both tough 

and have a high shear stability. 

To this end, Figure 6-30 presents the relevant parameters 

ΔHf [173] (which largely determines Qmean), the Poisson’s 

ratio ν [200] and the shear modulus G for any potential base ele-

ment. This choice is based on the knowledge that the elastic con-

stants of MGs are generally inherited from the base metal [47], and 

that a large ΔHf of the base metal is a solid prerequisite for stable 

shear flow in MGs. It is thus expected that Figure 6-30 will allow us 

to identify the most suitable base element for a ductile MG; the 

best candidates are located in the first quadrant (green area) of 

Figure 6-30. The lower x-bound is set by the previously determined 

critical Poisson’s ratio of 0.32 [81, 82] (a measure of stable shear-

band initiation over crack formation), and the y-threshold is given 

by large bonding energies (identified as stable shear criterion), 
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which we define as resulting from ∆Hf ≈ 370 kJ/mol – a value locat-

ed between Pd (378 kJ/mol), known for forming ductile glasses, 

[188] and Au (366 kJ/mol), known to form room-temperature brit-

tle glasses [73]. While the range of shear moduli observed in the 

area of interest is relatively broad, i.e. from 30-150 GPa, the atomic 

radii lie predominantly in an intermediate size regime of 132-158 

pm. 

Figure 6-30 shows clearly that the well-known base metals for 

achieving ductile MGs (Pd [188], Pt [153], Zr [13], Ti [201], and 

Hf [202]) are all found in the relevant (green) quadrant. Additional 

promising candidates identified are Ta, Nb, Rh, and V. 

 

Figure 6-30: Heat of formation ΔHf versus Poisson’s ratio ν for selected el-
emental metals. The shear modulus G is indicated by a colour code and the 
size of the symbols represents the atomic radii qualitatively. The elements 
most promising as base materials for MGs with pronounced plastic proper-
ties are located in the first quadrant, indicated by a green background col-
our. This quadrant combines a Poisson’s ratio greater than 0.32 and a heat 
of formation greater than 370 kJ/mol. 
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Among these elements, Nb and Rh show the most promising 

combination of high Poisson’s ratio and bonding energy. In fact, 

the formation of glassy ribbons with extraordinarily high bending 

ductility has been reported for binaries of these elements with sili-

con [203, 204]. Similarly, Mg- and Ca-based MGs, which are inten-

sively studied glass-forming systems and known to be brittle [205, 

206], are far outside the top-performing regime of a ΔHf-ν combi-

nation, which is predominantly due to the weak bonding strength 

not causing stable shear.  

In summary, we thoroughly investigated the activation ener-

gies for shear-band propagation of an extended set of MGs with 

different base elements. From an evaluation of the thermally-

assisted flow we were able to capture the composition-dependent 

barrier height for shear banding in dependence on topology and 

chemical bond strengths. We find that Poisson’s ratio, STZ barrier, 

Tg, Tl, and the alpha transition energy are not sufficient to explain 

the trends of the barrier energy ES with chemistry. Indeed, we 

show that the activation barrier for a stress-assisted structural 

transition, Ç� = È� − BΩ�, or the related characteristic bond energy 

Qmean, respectively, correlate very well with the experimentally as-

sessed barrier energy ES. Based on this universal correlation we are 

able to identify various key properties which are responsible for 

stable shear flow in MGs. In particular, we illustrate that stable 

shear banding, i.e. slow shear-band dynamics, is observed in alloys 

which show a combination of (i) high heats of formation; (ii) large 

negative mixing enthalpies; and (iii) low shear stress or shear 

modulus. In addition, as known from literature, the Poisson’s ratio 

must be greater than 0.32 for shearing to occur. This study thus 

identifies an important set of parameters which need to be tuned 

for the development of ductile bulk metallic glasses, and its results 

enable us to demonstrate that the most promising ductile MGs 



 
140 

would be based on the elements Pd, Pt, Zr, Ti, Hf, Ta, Nb, Rh, or V. 

The systematic development of an extended series of ductile bulk 

metallic glasses would be a breakthrough in this area of research. 

Concluding remarks 

Here, a potential alternative perspective should be presented, 

where a close relation of STZ barrier energy WSTZ and activation 

energy ES can be found. In the context of the results and discus-

sions outlined above, two questions may emerge that need to be 

addressed in more detail. First, does the model possibly contradict 

itself, when it attributes weaker bonds to alloys with higher yield 

stress, e.g. within the Zr–Cu–Al system? Second, can the model 

presented be in agreement with STZs as the dominant underlying 

mechanism for plastic deformation? The first question is addressed 

immediately, and, as will be seen, leads also to an answer for the 

second question. 

In general, the true shear strength of a material corresponds to a 

fraction of its theoretical strength, which is proportional to the 

shear modulus G. Regarding interatomic bonding potentials (po-

tential wells), the shear modulus is linearly related to the bonding 

energy H and the volume of an individual flow unit Ω, by = ∝È Ω⁄ . With È ∝ =Ω, H is in fact an integral part of Eshelby’s equa-

tion for the rearrangement energy of an STZ (Equation 2-5). With 

WSTZ and Qmean thus essentially describing a similar physical pro-

cess, namely an internal energy opposing shear, the question arises 

why the latter matches ES and the former does not. The reason 

must lie in the parameters G and Ω and whether they properly de-

scribe the local properties of an STZ. In literature, it is widely 

agreed that STZs consist of about 100 atoms. Shear moduli, on the 

other hand, are reported to depend strongly on the measurement 

technique: moduli assessed by in-situ X-ray diffraction tend to be 
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larger than those measured by the classical method that deploys 

ultrasonic elastic waves [207]. The reason for this difference is the 

fact that XRD probes the property of local atomic shells, while the 

ultrasonic method provides a mean-field averaged value [207]. For 

the determination of STZ properties, the properties of the atomic 

shells are naturally more important. The inability of WSTZ to ex-

plain trends in ES may well originate from shear moduli of STZs 

which differ considerably from mean-field ultrasonic values typi-

cally tabulated in data sets on MG mechanical properties [46, 208]. 

Because of the lack of a large data set of XRD-derived shear modu-

li, the possibility of obtaining these properties via calculations is 

explored in the following. Cheng et al. [209] suggested that the 

mean-field value of elastic constants measured by the ultrasonic 

method is split into two contributions, one of “elemental” and one 

of “configurational” origin, i.e. = = =Ý + =?. The configurational 

contribution Gc is always negative, because glasses are less stiff 

than their crystalline counterparts, and is also closest to zero in a 

most efficiently packed glass. The difference between the mean-

field modulus and the atomic-shell modulus might thus be mostly 

allocated to Gc, and we thus should focus on Ge, i.e. the elemental 

contribution, to assess the shear modulus of an individual STZ. In 

Ref. [209], Ge is calculated as the average of the results of two dif-

ferent rules-of-mixtures, which use the molar volumes V and the 

atomic fractions f as weighting factors, i.e.,  

=Ý =Û=�Þ�ß�ß¥
à
�·E ,						=Ý = DÛÞ�ß�=�ß¥

à
�·E M&E	, 

 Equation 6-7				
where	ß¥  is the average molar volume. With this type of weighting, 

it becomes obvious that Ge depends on topology: if small atoms 
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(with smaller V) contribute less to the total modulus than large 

atoms do, this is per se a form of topological weighting. These 

rules-of-mixtures might be improved by shifting the weighting fac-

tors from atomic volumes of pure substances towards actual total 

coordination numbers Ni,tot, which we have already calculated in 

Table 6-10. By doing so, meaning by exchanging V and ß¥  by N and �§ in Equation 6-7, we obtain a new shear modulus which we call 

GSRO, where SRO stands for short-range order, because it compris-

es properties of efficient local atomic packing. From that perspec-

tive, the equation for the total shear modulus might be rewritten 

as = = =\âã + =«âã, allocating all mean-field effects (rigid inter-

connected backbone and softs spots) to the medium-range order 

(MRO). Using GSRO rather than G in Equation 2-5, we are thus able 

to exclude MRO effects in the calculation of WSTZ. 

 

Figure 6-31: Short-range order STZ rearrangement energy WSTZ calculated 
from GSRO as a function of the activation energy ES. 
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Figure 6-31 shows the correlation between this new WSTZ and ES. 

Indeed, a very good correlation between WSTZ and the activation 

energy ES emerges, and even a good match between the energy 

scales is found with both parameters expressed in electron volts. 

Using WSTZ(GSRO), Equation 2-5 now not only aims at the descrip-

tion of the same property as Qmean, but in fact gives the same re-

sult: stable shear goes along with strong bonding in the short-

range order structure. By finding this correlation, the questions 

that rose in the beginning of this section can now be answered. 

Firstly, the apparent contradiction of strong materials having weak 

bonds emerges from ultrasonically assessed moduli which repre-

sent a mean-field value rather than a property of the local STZ en-

vironment. Secondly, with the occurrence of a similar dependency 

of Qmean (Figure 6-29) and WSTZ (Figure 6-31) with ES, we can well 

conclude that our results fully comply with STZs as the important 

underlying dynamic mechanism.  
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6.4. Time-resolved measurements of shear-band heat-
ing during inhomogeneous flow4 

This section aims to contribute experimental evidence to resolve 

the long-standing question of shear-step generation, and with that, 

shear-banding temperature (see section 3.4). We believe that im-

proving direct temperature measurement during serrated flow is a 

promising approach to reaching this goal. A direct assessment of 

shear-band temperature during inhomogeneous flow has so far 

been impeded by the small size of the shear band and the short 

time scale of its operation, both of which lie significantly below the 

resolution limits of standard experiments such as IR thermogra-

phy, normally used to resolve issues of local heating in materials 

science [210-212]. First IR studies of MG deformation [213-215] fo-

cused on fatigue and tension, reporting temperature jumps of 3 K 

in regions of shear-band activity. Whereas this observation allows 

the measurement of the total amount of released heat, the true 

shear-band temperature at the time of its operation could only be 

reconstructed using sophisticated calculations that are, as we have 

learned above, highly dependent on the choice of the deformation 

model (Figure 3-6). Wang et al.[213], e.g., assumed instantaneous 

heating (scenario 1 in Figure 3-6), which led to the estimation of a 

temperature rise within the shear band of about 1200 K, i.e. a tem-

perature jump that would effectively cause melting of a layer 

around ten times thicker than the actual shear band. 

In this study, we present the results of high-acquisition rate IR 

thermography on stable serrated flow in Zr57.1Co28.6Al14.3 MG. With 

                                                      
4
 Corresponding publication: 

(1) P. Thurnheer, F. Haag, J. F. Löffler, Time-resolved shear-band 
heating during inhomogeneous deformation of metallic glasses, 
Acta Mater. 115 (2016) 468-474. 



 
146 

this method we have been able to probe an experimental time 

scale which lies between the time scales postulated by models 1 

(phonon time scale) and 4 (serration time scale) in Figure 3-6. 

Such improved resolution was obtained firstly by using cutting-

edge IR technology, and secondly by choosing a Zr–Co–Al alloy, 

which has particularly slow shear-band dynamics [216]. 

Figure 6-32 illustrates the localized heating and subsequent 

cooling of a line-shaped region, extending from the notch at an 

angle of ≈45°, that appeared in the IR thermographs during stable 

serrated flow. The frame number for each snapshot (framerate 

2500 fps = 0.4 ms per frame) is indicated. An improvement of con-

trast was achieved by subtracting a background image, which was 

obtained by an average of the last ten images prior to the onset of 

heating. Two different sequences of events are observed in Figure 

6-32. For most of the serrations (ca. 70%, Figure 6-32a), the line-

shaped heat source appears within a single frame (f = 1-2). Within 

the course of the next milliseconds, the band widens and the tem-

perature in the centre increases (f = 3-10, heating rate 260 K/s). 

Thereafter, the temperature peaks (f =14, ΔT ≈ 2 K) and the appar-

ent band starts to cool down slowly, as heat is conducted away to-

wards the anvils. For other serrations (Figure 6-32b), the line shape 

is established via an apparent propagating front over up to 4 sub-

sequent frames (f =1-4). The temperature difference across the 

front amounts to about 0.15 K, and the heating rate on the estab-

lished part of the apparent band is about 50 K/s. When it reaches 

the other side of the sample, the temperature of the apparent band 

simultaneously increases further along the band (f = 5-10, heating 

rate 230 K/s), until it reaches a peak temperature of ΔT ≈ 2 K (f 

=14) at a delay of about 10 frames (= 4 ms). Afterwards cooling oc-

curs analogous to the event shown in Figure 6-32a. Almost all heat 

created by an event is conducted away prior to the onset of a sub- 
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Figure 6-32: Localized heating during serrated flow. a) Instantaneous ap-
pearance of the shear band, and b) propagating heat front. f indicates the 
frame number, whereby 1 frame is measured within 0.4 ms. 

sequent event. In other words, the sample temperature prior to a 

subsequent heating event is constant. The observed temperature 

rises involves some degrees Celsius, agreeing well with litera-

ture [217].  

The sample-spanning line of pixels at which heating was initially 

observed is assumed to contain the major shear band. By averaging 

over these pixels, i.e. the apparent shear band, we can quantify the 

evolution of the apparent shear-band temperature over time. Fig-

ure 6-33a shows the temporally synchronized signals of stress 

(black) and apparent shear-band temperature (magenta). The plot 

is divided into three parts. The first part shows that the first major 

temperature increase correlates with the first major serration, i.e. 

with the reaching of peak stress. The few minor events that can be 

identified before reaching peak stress are attributed to diffuse,  
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Figure 6-33: Serrated flow curve and temperature of the apparent shear 
band as a function of time. a) Throughout the experiment, each tempera-
ture jump corresponds to a single serration. b) Close-up of an individual 
serration. In the stress signal, the different stages (I) slow loading, (II) 
transition to unloading, (III) fast unloading, (IV) arrest and (V) reloading 
(= I) are identified. A significant temperature rise is only observed in stage 
III. 
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non-system spanning events which, we believe, are due to a slight 

inhomogeneity of the stress state. Apart from the temperature 

jumps ΔTjump, a temperature increase during the first serration 

events causes a background temperature rise ΔTonset ≈ 0.2°C, which 

also remains at larger strains. The middle part of Figure 6-33a 

demonstrates clearly that each serration coincides with one tem-

perature jump. The third part finally gives the remaining flow 

curve for the sake of completion. The temperature jumps are larg-

est in the intermediate time regime, which is equal to an interme-

diate strain regime of about 5-15% because of the constant strain 

rate.  

Figure 6-33b resolves the correlation of a single flow serration with 

the apparent shear-band temperature during an “instantaneously 

appearing” event (Figure 6-32a). Five stages can be distinguished 

during the course of a flow serration. Stage (I) represents the end 

of the elastic loading, i.e. the “stick” part of the serration cycle. In a 

second stage, (II), stress starts to drop at a moderate rate without 

inducing a resolvable temperature increase (it is noted that the 

apparent heat front appearing in the other type of serrations 

(Figure 6-33b) occurs here, causing a minor temperature increase 

of below 0.2°C). In stage (III), the stress drop rate increases sud-

denly and coincides with the onset of the temperature jump, which 

is resolved within at least 8 frames. Reaching the bottom stress 

level (IV), the drop rate is reduced and transits towards the slow 

reloading phase (V). On average, temperature jumps ΔTjump are on 

the order of 1.1°C and maximum temperature jumps are about 

1.9°C. The onset temperature difference, i.e. the temperature dif-

ference at the coordinates of the apparent band prior to a serration 

event, is about 0.2°C, which is around 10% of the peak value. 
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Discussion 

Shear-band heating is observed as starting either simultaneously 

on the apparent shear plane or, with less probability, to form over 

a propagating front. It is found that front propagation, which caus-

es only a small temperature increase, coincides with stage II in the 

stress serration, i.e. with a transient state between the slow stick 

stage (I) and fast slip phase (III). In serrations of the “instantane-

ous” type, no temperature rise is monitored in stage II. For both 

types of serrations, significant heating starts only upon entering 

stage (III), i.e. the stage at which the AE shear-band initiation sig-

nal is also located [132]. We may thus differentiate between some 

diffuse pre-initiation phase (II), and the pronounced, fast shearing 

phase (III). In the following, we focus on the latter.  

The fact that the temperature of the apparent major shear band 

peaks only towards the end of a serration strongly supports the 

idea that the time scale for temperature rises equals that of the ser-

rations. However, there remains the issue of limited spatial resolu-

tion, because we do not directly measure the temperature of the 

shear band, but the temperature of an apparent band whose thick-

ness is equal to the resolution of the IR thermographs. Naturally, it 

takes some time for the heat to diffuse from the true shear plane 

over the distance of the method’s resolution, which is w = 80 μm 

for our setup. Thus only a comparison between the measured data 

and the predictions of the various models will allow us to make a 

strong statement regarding the time scales involved in heating and 

thus about the mode of shear-step formation and shear-band tem-

perature. With model (2) having been discarded (see introductory 

part) and model (3) having been identified as the result of geomet-

rically-induced artefacts, we restrict ourselves to comparing the 

experimental results with the predictions of models (1) and (4), i.e. 
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the phonon-shear-front propagation model (1) and the serration-

simultaneous shearing model (4); see Figure 3-6.  In both scenari-

os, the true shear band is approximated by an infinitely large plane 

with zero thickness.  

According to Ref. [119], the time- and coordinate-dependent 

temperature jump caused by a constant heat source over an event 

duration Δt is given by 

∆GC�Å#�+�, _, ~ä/ = ~#2�W�åæ4�_< exp�−�44�_� − �	erfc F �√4�_Jç, 
 Equation 6-8 

where ΔT is the temperature jump, cp ≈ 3 × 106 J m-3 K-1 is the spe-

cific volume heat capacity, α ≈ 2 × 10-6 m2s-1 is the thermal diffusivi-

ty, t is the time, x is the distance from the heat source and qs is the 

heating rate, which is given as ~ä = È/∆_, i.e. the amount of re-

leased heat H per area divided by Δt. The released heat is [78, 218]. È = 0.526∆PWX, 
 Equation 6-9 

where σy is the yield strength.  

In the case of model (1), the time scale of observation (millisec-

onds) is much greater than the time scale of assumed event dura-

tion (nano- to microseconds). Therefore, the time-dependent tem-

perature jumps at the time scale of observation can be approxi-

mated well by instantaneous heating, as in Ref. [78]: 
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∆GÌÅ#�+�, _/ = � È2�p√<�� 1√_ exp�−�44�_�. 
 Equation 6-10 

For model (4), with an input time scale on the same order of 

magnitude as the time scale of observation Δt, Equation 6-10 is 

used as a direct starting point which we will refer to as model (4a). 

This model has two limitations, however, which we account for in 

the following to obtain an improved model (4b). First, Equation 

6-8 is only valid as long as the heating source is active. It can 

therefore not be used to model temperature evolution for periods 

longer than Δt. This limitation can be overcome by calculating the 

temperature evolution once the heating source is switched off, 

which gives 

∆Goff+�, _off, È�/ = è ∆Ginst+� − é, _�µµ, È�+� − é, ∆_, ~ä//^és
ê·1 , 

 Equation 6-11 

where ξ is a space variable, d is the distance at which the tempera-

ture rise becomes insignificant (in our case d = 500 μm), toff is the 

time elapsed since the source was switched off, and 	È�+�, _1, ~ä/ = ë ∆Gconst+�, ∆_, ~ä/�W^éê�∆êê , i.e. the heat content just 

prior to switch-off, discretized in spaces Δξ. In other words, the 

thermal profile just before switch-off is converted into a discrete 

heat profile, and the components are then treated as instantaneous 

heat sources according to Equation 6-10, which, added together, 

will provide the total temperature at a given coordinate and time. 

The second limitation of Equation 6-8 is that constant heating rate 

has the tendency to oversimplify the problem, as acknowledged in 

Ref. [119]. Having recorded stress drops with high acquisition rates, 
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we are, however, also able to overcome this limitation and to di-

rectly calculate a time-dependent heating rate from the derivative 

of the stress signal during a serration. This is achieved by combin-

ing Equation 3-2 and Equation 6-9, which gives 

~#+_/ = 12σ+_/ ^2̂_ �+S« + CS/, 
 Equation 6-12 

where A is the sample cross-section, and the yield stress σy in 

Equation 6-9 has been substituted by the time-dependent stress 

during a serration, σ(t). Equation 6-12 allows us to predict a tem-

perature evolution proportional to the decrease in potential energy 

of the machine-sample assembly. The time- and space-dependent 

temperature jump for model (4b), which we call “proportional 

heating”, thus becomes 

∆Gprop+�, _/ = è ∆G�µµ l�, B − ∆B, È��, ∆B, ~#+B/�q^Bt
�·1 , 

 Equation 6-13 

where Δτ is the discrete time step of the numerical integration. 

Equation 6-13 thus represents the sum of all contributions to the 

total temperature jump caused by the heat sources qs that were 

active for durations Δτ at times τ ≤ t, each of which can be calcu-

lated with Equation 6-11, i.e. with the above-mentioned switched-

off source method. 

We will now test these two scenarios, instantaneous versus pro-

portional heating, on the serration displayed in Figure 6-34a. The 

time-dependent heating rate per area – a heat flux density, to be 

precise – is shown in Figure 6-34b. 
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Figure 6-34: a) Raw and smoothened stress-drop data; b) raw and effective 
heat flux density as a function of time; c) comparison of the experimental 
temperature trace (circles) with the predictions of model (1) (phonon 
shear-front propagation, magenta), model (4a) (serration-simultaneous 
shear with a constant heating race, cyan), and model (4b) (serration-
simultaneous shear with a heating rate proportional to the elastic-energy 
release, blue). 
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For the calculations we used an effective heating rate which is 

set to zero except for serration stages III and IV. The time at which 

stage III starts is also used as a time reference for the positioning of 

the curve obtained for models (1) and (4a).  

Figure 6-34c shows how the experimentally determined shear-

band temperature compares with the various model predictions 

evaluated at x = 80 µm. Shear-step generation according to model 

(1) (magenta) generates a rapid temperature increase upon shear-

band initiation when entering stage III. Here, the maximum of the 

temperature jump (2.6°C) is reached within 1.6 ms. Thus model (1) 

not only overestimates the temperature jump but also the time-

dependent heating rate. Converse behaviour is observed for shear-

band heating at a constant rate (model (4a), cyan), where the heat-

ing rate is underestimated at the beginning of the serration and 

slightly overestimated towards the end of the event. Thus, while 

model (4a) provides realistic values for the temperature jump it 

fails to match the time-dependent heating of the apparent band. 

Clearly, model (4b), which describes heating as proportional to the 

elastic-energy release, matches the experimental data best. Both 

the time-dependent heating rate (slope) and the peak temperature 

are reproduced very accurately by the simulation. This is observed 

throughout the set of 80 serrations. Having now accounted for 

thermal diffusion from the shear plane to the apparent band, 

which has the thickness of one pixel, we can therefore conclude 

that the temperature trace observed cannot be caused by the pro-

cess described by model (1). Instead, Figure 6-34c provides strong 

evidence that the shear step is mostly caused by simultaneous 

shear (Figure 3-6, model 4), which occurs at the time scales ob-

tained by high-acquisition rate instrumented mechanical testing.  

Figure 6-35 now addresses the emerging question of true shear-
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band temperature. To this end, Figure 6-35a shows the histograms 

of the experimentally recorded temperature jumps. The apparent 

band temperatures simulated by models (1) and (4b) are shown by 

the open columns in Figure 6-35b and c, whereas the solid col-

umns in these figures refer to the temperatures obtained when the 

models are evaluated at x = 0, i.e. right at the position of the shear 

plane. In the current calculation, Equation 6-8 with t = Δt = 10-8 s  

 

Figure 6-35: Histograms of shear-band temperatures. (a) Experimentally 
measured temperature jumps of the apparent shear band (which has the 
size of a pixel); (b) temperature jumps simulated by model (1) for the ap-
parent band (open columns) and for the shear plane (solid columns); and 
(c) temperature jumps simulated by model (4b) for the apparent band 
(open columns) and for the shear plane (solid columns). 
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was used for model (1). While model (1) predicts shear-band tem-

perature rises of 2000 to 4000°C, model (4b) predicts only moder-

ate rises of 2-6°C for the actual shear plane. Because model (4b) 

was found to agree best with the experimental data in terms of the 

heating time of the apparent band (Figure 6-34c), we can clearly 

conclude that temperature rises during shear banding are very 

moderate. These results may conclude the long-standing debate 

about the dynamics of shear banding and the resulting tempera-

ture increase. 

In summary, we have reviewed the current models of shear-step 

generation during inhomogeneous deformation and carried out 

time-resolved shear-band heating experiments on Zr–Co–Al MGs 

during compressive stable, serrated flow. We measured maximum 

temperature jumps of 1-2°C for an apparent band of 80 μm thick-

ness and were able to show clearly that each temperature rise co-

incides with the end of the slip phase in a flow serration. Account-

ing for thermal diffusion and comparing the experimental results 

with two of the reviewed deformation models, namely shear-band 

heating at time scales of elastic wave propagation (model (1): pho-

non-shear-front propagation) and shear-band heating at time 

scales of flow serrations (model (4): serration-simultaneous shear), 

we find strong evidence for the validity of model (4). Using this 

model, our results then provide evidence that shear-band heating 

in metallic glasses is less than 2-6°C during stable serrated flow. 

More pronounced shear-band temperature jumps may be expected 

for larger samples with higher stress levels and increased shear-

band dynamics, as may be concluded from an evaluation of Equa-

tion 6-12. In general, however, model (4) adequately describes 

shear-band dynamics in metallic glasses, and temperature rises 

during shear banding are very moderate. Our findings may con-

clude a long-standing debate in this area of research. 
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7. Summary and outlook 

 

“Somewhere, something incredible is waiting to be known“ 

Carl Sagan 
 

 

In the first part of this project, we learned, firstly, that Arrhenius 

behaviour of the shear-band velocity is a general feature of MGs, 

and not a peculiarity of the Zr-based glass Vit105; secondly, that 

the activation energy emerging from that behaviour shows a char-

acteristic dependence on alloy composition, which differs clearly 

among different systems, but is also resolvable within single MG 

systems; and thirdly, that this activation energy is reflected well in 

the bonding energy of atoms, which comprise alloy and constitu-

ent-specific topological configurations within the glass structure.  

In the second part, first results on time-resolved shear-band 

heating during individual flow discontinuities in a stable deform-

ing MG were obtained. These agree well with the common percep-

tion that shear is accumulated in a simultaneous mode throughout 

the duration of a discontinuity as assessed from the load signal, 

therefore providing experimental support for the fact that stable 

shear banding typically reaches maximum temperature rises of on-

ly 5°C.  

Knowing that the duration of a discontinuity in fact represents 

the shear-band velocity, the results of the two parts of this thesis 

condense naturally into the formulation of a future research direc-

tion. Is the composition-dependent shear-band velocity reflected 

in composition-dependent shear-band heating during flow? What 
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would be the consequences of that effect for models on dynamic 

embrittlement, which up to now have only considered influences 

of stiffness, elastic constants and sample sizes? 

In the context of materials design, the results of this thesis also 

motivate further research into the direction of Nb- and Rh-based 

MGs, both of which are promising base materials for plastic glasses 

due to their advantageous combination of high Poisson’s ratio and 

large self-bonding energy. 
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Five years, that’s all we’ve got!” 
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