
Ph.D. Thesis 

 

 

 
Mohammed Ezzeldien Mohammed Abas  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Budapest 2015 



Room temperature torsional 

deformation of a Vitreloy bulk metallic 

glass 

Ph.D. Thesis  

of 

Mohammed Ezzeldien Mohammed Abas 

Supervisor: Professor János Lendvai 

Doctoral School of Physics, Leader: Professor László Palla 

Materials Science and Solid State Physics Program, Leader: 

Professor János Lendvai 

 

Eötvös Loránd University 

Faculty of Science 

Department of Materials Physics 

Budapest 2015  



Table of contents 
 

Contents                                                                                             Pages  

Acknowledgements                                                                                                     1 

Introduction                                                                                                                2 

Chapter 1: Literature review                                                                                 5-33 

1.1. Short history of the development of metallic glasses                                            5 

1.2 . Why are BMGs important?                                                                                   7 

1.3. Deformation mechanisms                                                                                      10 

      1.3.1. Free volume model                                                                                       10 

      3.1.2. Shear transformation zone model                                                                 13 

     1.3.3. Deformation behavior and deformation maps                                               11 

              1.3.3.1. Homogeneous deformation                                                               15 

              1.3.3.2. Inhomogeneous deformation                                                            16 

              1.3.3.3. Serrated flow                                                                                     19 

     1.3.4. Improving the low temperature ductility of BMGs                                       22 

             1.3.4.1. Evolution and interaction of shear bands                                           22 

             1.3.4.2. Formation of nanocrystals                                                                  23 

             1.3.4.3. Residual stresses                                                                                 25 

             1.3.4.4. The effect of sample size                                                                    25 

1.4. References                                                                                                             26 

Chapter 2: Materials and experimental procedures                                          34-48 

2.3. Materials investigated                                                                                           34 

2.2. Experimental techniques                                                                                       37 

2.3. Mechanical testing                                                                                                 37 

     2.3.1. Torsional deformation                                                                                  37 

             2.3.1.1. Calculation of the stress and strain from torsional deformation         40 

     2.3.2. Acoustic emission measurements                                                                  42 

     2.1.3. Nanoindentation                                                                                            43 



Table of contents 
 

2.4. References                                                                                                            47     

Chapter 3: Stages in room temperature torsional deformation                      49-68 

3.1. Introduction                                                                                                          49 

3.2. Torsional deformation by a free end torsion machine                                          50 

3.3. Stages in room temperature torsional deformation                                               52 

      3.3.1. Stage I: elastic regime and the microplasticity                                             52 

      3.3.2. Stage II: serrations                                                                                       54 

      3.3.3. Stage III: the strain hardening                                                                      59 

      3.3.4. Stage IV: strain softening and fracture                                                         65 

3.4. Conclusion                                                                                                             66 

3.5. References                                                                                                             67 

Chapter 4: Statistical analysis of acoustic emission events                               69-96 

4.1. Introduction                                                                                                           69 

4.2. Statistical analysis                                                                                                 70 

4.3. Statistical analysis of the AE events during the stages                                          72  

4.4. Distributions of the waiting times between the subsequent AE events and the        

amplitudes of the AE events                                                                                         79  

4.5. Conclusion                                                                                                             93 

4.6. References                                                                                                             94 

Chapter 5: Summary                                                                                            97-99 

 

     



Acknowledgements 

 

 1 

 

ACKNOWLEDGMENTS 
Thanks to Allah, thou art the Mighty and the Powerful 

Allah says, “We raise in degrees whom we will, but over every possessor of 

knowledge is one [more] knowing” Yusuf 76 

.67يوسف   “ ن نََّشاء َوفَْوَق   صدق هللا العظيم" ُكّلِ ِذي ِعْلٍم َعِليم  نَْرفَُع دََرَجاٍت ّمِ  قال تعالي”

First I would like to thank my supervisor, Professor János Lendvai, for giving me 

the opportunity to come to work on this research project, for his guidance and the 

scientifically fruitful discussions during my thesis work. 

I am deeply grateful to Dr. Zsolt Kovács for his constant support and advice, for all 

the scientific and technical discussions, encouraging words and jocular chats, and for 

acting as co-author of my publications.  

I would also like to express my deepest appreciation and sincere gratitude to        

Professor István Gromafor his advices concerning the torsion tests, unforgettable 

great helpful, providing facilities and continuous encouragement. 

I am deeply grateful to Assoc. Proffessor Nguyen Quang Chinh for his kindly help 

and advices for Nanoindentation work. 

I wish also to express my cordial gratitude to Assoc. Proffessor Károly Havancsák 

for his kindly help and advices for SEM work. 

I wish also to express my cordial gratitude to Professor György Radnóczi for his 

kindly help and advices for TEM work. 

Also, I am grateful to Ö. Kovács Alajos for his help in DSC work and polishing. 

I am particularly grateful to the staff members in Materials Physics Department, 

Faculty of Science, Eötvös Lorand University for giving me the most technical 

support and best experience of life in Hungary. 

I am deeply grateful to my parents, my wife, my kids, my brothers and my friends for 

their thorough support during my life, which enabled me to get where I am now. 

I acknowledge the financial support from the Culture Affairs and Mission Sector of 

the Ministry of Higher Education, Egypt, Balassi Institute, Hungarian Scholarship 

Board (Budapest, Hungary) and Eötvös Lorand University. 

Mohammed Abas  



Introduction  
 

 2 
 

Introduction 

A glass is a special type of amorphous solid, which is prepared by continuous cooling 

from the liquid state without incurring crystallization, and a metallic glass consists of 

elements interacting mainly via metallic bonds. The atoms in bulk metallic glasses 

(BMGs) are in randomly arranged patterns in most glasses with a pronounced short-

range order and they are not coordinated to form a periodic lattice as in crystals, 

where the equilibrium position of each atom is predictable. Due to the distinguished 

structure of BMGs, they have interesting physical, mechanical, chemical and 

magnetic properties. The unique properties of these materials in comparison to other 

materials such as crystalline, polycrystalline etc make them attractive for different 

applications. BMGs are used in structural applications due to their high yield strength, 

low Young’s modulus, large elastic strain limit, and easy formability in the 

supercooled liquid region. These materials exhibit good soft magnetic properties and 

so they can be used e.g. in power distribution transformers and several other 

applications. Different metallic glass materials, such as Co-based alloys and Ti alloys 

have been used for biomedical applications. 

Depending on temperature and strain rate the plastic deformation of BMGs can be 

homogeneous or inhomogeneous. Large and homogeneous plastic deformation can 

take place at high temperatures, near or above the glass transition temperature. At low 

temperatures, the deformation of BMGs is inhomogeneous. Inhomogeneous 

deformation occurs by the formation of very narrow shear bands in which the plastic 

strain is localized to about 10-20 nm wide regions. In crystalline materials, strain 

hardening is usually observed, caused by the multiplication and interaction of 

dislocations. In contrast, the formation of a shear band in BMGs usually leads to 

strain softening (the increase in strain causes the material to be softer and so the 

material can be deformed at lower stresses and higher rates), but in some cases strain 

hardening was also observed, which was in most cases attributed to the formation or 

presence of (Nano) crystalline particles. The formation and evolution of shear bands is 

controlling the plasticity of, and in many cases, the formation of a single dominant 

shear bands quickly leads to failure. This inhomogeneous deformation limits the 

application of these materials as engineering materials so far. A significant amount of 

research is focusing on improving the low temperature plasticity of these materials. 
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Extensive efforts have been made to explore the deformation behavior of BMGs 

during the past several decades by compression and tension, however in these uniaxial 

homogeneous deformation modes BMGs show brittle behavior. Multiplication and 

interaction between the shear bands seems to be the key to get ductile BMGs. One 

way to achieve this is to apply inhomogeneous deformation, in spite of this; the 

understanding of shear banding in BMGs is still limited so far because of the limited 

plasticity. It is important to understand the initiation, propagation, interaction and 

control of shear bands. Although torsional deformation, as an inhomogeneous 

deformation mode is suitable for the investigation of large plastic deformation 

because large strains (up to 10 shear strain in crystalline materials) can be attained, it 

was rarely used.  

The main aim of this thesis is to deepen the understanding of the inhomogeneous 

deformation characteristics of BMGs and to explain the behavior of shear bands. For 

that purpose; samples from a widely used high quality BMG alloy were deformed in 

torsion. In order to investigate the formation kinetics and interaction of shear bands 

acoustic emission (AE) was detected during the torsion tests. Nanoindentation tests 

were made to investigate the effect of the torsion deformation on the hardness of the 

samples. 

In a regime of plastic deformation serrated flow is often observed on BMG materials. 

The correlation between the serrations and AE events was investigated. The large 

number of AE events detected during torsional deformation stages was analyzed 

statistically to investigate the correlations in the formation and propagation of shear 

bands.  

This thesis is divided into five chapters as follows:  

In Chapter 1 the history of metallic glasses and the first attempts to produce highly 

ductile BMGs is described. The deformation of BMGs (homogenous and 

inhomogeneous) will be presented. The main part is exploring the previous work on 

shear bands (definition, importance, formation). Finally, a few possibilities for 

improving the plasticity of BMGs will be discussed.  
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Chapter 2 introduces the investigated BMG material and describes the 

characterization techniques and the free end torsion machine, which was the main 

mechanical testing method applied.  

In Chapter 3 the results of the torsion tests are presented, which demonstrate that large 

plastic deformation could be attained. The torque (stress)-angle (strain) curves of the 

samples on which the largest strains were obtained and divided into four stages 

according to the evolution of the torque and of the AE events recorded during the 

torsion tests.  

 In Chapter 4 the distribution of the amplitudes and of the time intervals between the 

AE events in each stage will be analyzed statistically to investigate the correlations 

between the shear bands.  

Finally, Chapter 5 contains the summary and conclusions along with the most 

important original results. 
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1. Literature review  

1.1. Short history of the development of metallic glasses  

Glasses are a class of amorphous materials, which are non-crystalline solids.         

Non-crystalline materials prepared by continuous cooling from the liquid state are 

known as glasses; on the other hand amorphous materials can be obtained by many 

other processes as well, e.g. by vapor deposition or mechanical alloying.  

Metallic glasses were discovered over 50 years ago, when Duwez and coworkers 

produced the first Au75Si25 metallic glass at CalTech, USA, by applying quenching to 

room temperature at very high rates 10
5
-10

6
 Ks

-1
 [Klement W. 1960]. In 1969, Chen 

and Turnbull produced ternary alloys of Pd-Au-Si, Pd-Ag-Si and Pd-Cu-Si by rapid 

quenching to the room temperature. The alloy Pd77.5Cu6Si16.5 could be made glassy 

with a diameter of 0.5 mm and the existence of a glass transition was demonstrated 

[Chen H.S. 1969]. In some ternary Pd–Cu–Si and Pd–Ag–Si alloys, the supercooled 

liquid range           ; where    and    are the crystallization and the glass 

transition temperatures, respectively) extended to 40 K, which enabled the authors to 

perform the first detailed study on the crystallization in metallic glasses.  

Metallic glasses which have the thickness of at least a few millimeters are considered 

as Bulk Metallic Glasses (BMGs). The BMG era began when the first BMG of 1-3 

mm diameter was prepared by water quenching at cooling rate less than                             

10 Ks
-1

[Chen H.S. 1974, 1978]. In 1982, Drehman et al. prepared Pd40Ni40P (6 mm 

diameter) by cooling from liquid state with 1.4 Ks
-1

 rate [Drehman A.J. 1982]. In 

1984, Pd40Ni40P20 could be prepared by a fluxing technique with 1 cm diameter [Kui 

H. W. 1984]. In 1989, rare-earth metals with Al and ferrous metals were studied by 

Inoue and coauthors and they found high glass-forming ability in La–Al–Ni and La–

Al–Cu alloys [Inoue A. 1989]. The Inoue group continued their work in BMGs, in 

1991, they developed a family of Zr-based Zr–Al–Ni–Cu alloys with very high glass 

forming ability and thermal stability e.g. a Zr65Al7.5Ni10Cu17.5 alloy with diameter 1.5 

cm and 127 K supercooled region was introduced [Zhang T. 1991]. In 1993, 

Zr41.2Ti13.8Cu12.5Ni10Be22.5 was prepared by copper mold casting and with a critical 

casting thickness of several centimeters [Peker A. 1993]. This alloy is commonly 

referred to as Vitreloy 1 (Vit1).  
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 Fig.1.1.The critical casting thickness of metallic glasses (1960-2000) [Löffler J. F.  

2003]. 

The main target in that time was to get amorphous alloys with larger thicknesses. As 

shown in Fig.1.1 the critical casting thickness increased sharply from 1960 to 2010. In 

1997, the Inoue group prepared the Pd40Ni40P20 alloy by water quenching but they 

replaced 30% Ni by Cu, and got a critical casting thickness of 72 mm [Inoue A 1997].  

Families of Ti-based, Cu-based, Mg-bases, Fe-based and Co-based alloys were 

introduced from 2003 to 2006 as shown in the following table: 

BMG Diameter 

(mm) 

Preparation 

methods 

References  

Y36Sc20Al24Co20 25 Water quenching [Guo F. Q. 2003] 

Cu46Zr42Al7Y5 10 copper mold [Xu D. 2004] 

Fe48Cr15Mo14Er2C15B6 12 copper mold [Ponnambalam V 

2004] 

Mg54Cu26.5Ag8.5Gd11 25 copper mold [Ma H. 2005] 

Ti40Zr25Cu12Ni3Be20 14 copper mold [Guo F. Q. 2005] 

Co48Cr15Mo14Er2C15B6 10 copper mold [Men H. 2006] 

Table 1.1. Families of BMG compositions with large thicknesses [2003-2006]   



Chapter 1: Literature review  

7 
 

Currently, research in the area of bulk metallic glasses is still significantly growing. 

Many researchers are searching for highly ductile BMGs. The compression stress- 

strain curve obtained at room temperature of a high ductility monolithic 

Pt57.5Cu14.7Ni5.3P22.5 BMG is shown with a plastic strain of 20% in Fig.1.2 [Schroers 

J. 2004]. In 2005, Cu50Zr50 and Cu47.5Zr47.5Al5 alloys were prepared by arc melting 

and they exhibited a high strength of up to 2265 MPa together with a ductility of 18% 

in room temperature compression [Das J. 2005]. Exceptional ductility (strain up to 65 

%) was found on a Zr61.7Al8Ni13Cu17Sn0.3 BMG [Bae D.H. 2007].                              

Yu et al. investigated a number of (Cu50Zr50)100−xAlx BMG alloys with x = 0 and 4 to 

10, and they found that the (Cu50Zr50)95Al5 alloy exhibited the maximum plastic strain 

of 16% [Yu P. 2008]. In 2012, good ductility was obtained also in compression on the 

Zr65Cu15Al10Ni10 BMG alloy [Qiu F. 2012]. 

 

Fig.1.2. Stress-strain curve of Pt57.5Cu14.7Ni5.3P22.5 [Schroers J.  2004]. 

1.2 . Why are BMGs important? 

Metallic glasses exhibit very high yield stresses, close to the theoretical limit [Greer 

A. L. 2009], as shown in Fig.1.3 and Table 1.2. The difference in the relevant 

mechanical parameters between BMGs and crystalline alloys is as large as 60%. 

BMGs have much higher tensile strengths, much lower Young’s moduli, high elastic 

limit, corrosion and wear resistance due to the absence of crystalline defects. Fig.1.4 
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shows the position of BMGs in comparison to other materials. BMGs have high 

ductility and extreme good formability at high temperatures, in the supercooled liquid 

region. The highest Δ   value observed is 131 K in a Pd43Ni10Cu27P20 alloy [Lu I.-R 

1999]. BMGs have very low viscosity and correspondingly these materials could be 

fabricated into different and complex shapes at high temperatures. Different 

applications require different forms of materials and BMGs can be produced in many 

different forms such as rods, sheets, plates, spheres, pipes, as shown in Fig.1.5.  

 

Fig.1.3. Elastic limit as a function of Young’s modulus [Ashby M. F. 2006]. 

Elastic strain limit 2% 

Tensile yield strength 1.9 GPa 

Young’s modulus 96 GPa 

Shear modulus 34.3 GPa 

Poisson’s ratio 0.36 

Vickers hardness 534 kg/mm2 

Density 6.11 g/cm
3
 

 

Table 1.2.  Mechanical properties of Vit1 [Conner R. D. 1997]. 
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BMGs can be used e.g. in sporting goods, automobile motors, valve springs, optical 

mirror devices, structural parts for aircraft and jewelry. In spite of this, rigidity at 

normal temperatures is a major obstacle to the applications of BMGs; consequently 

there is a continuously growing amount of research on ductilization of metallic 

glasses.  

 

Fig.1.4. Comparison of properties of glassy alloys with conventional materials 

[Ramakrishna R. B. 2009]. 

 

Fig.1.5. BMGs are produced in different forms and shapes [Inoue A 1997]. 



Chapter 1: Literature review  

10 
 

1.3. Deformation mechanisms 

Crystalline materials have long-range translational symmetry and they contain 

dislocations, which allow change in atomic neighborhood at low energies or stresses. 

Metallic glasses do not have long-range translational symmetry and the local 

rearrangement of atoms in metallic glasses is a relatively high energy and/or high 

stress process. 

There are two theories for the deformation mechanisms of metallic glasses: 

1- Free volume model 

2- Shear Transformation Zone (STZ) model 

1.3.1. Free volume model  

The theory of the free volume model was developed by Turnbull and co-authors 

[Cohen M.H. 1959, Polk D.E. 1972] and it was adapted to be used in case of glass 

deformation by Spaepen [Spaepen F. 1977]. This theory considered deformation “as 

a series of discrete atomic jumps in the glass”, as shown in Fig.1.6.  

 

Fig.1.6. Illustration of an individual atomic jump [Spaepen F. 1977]. 

Like in the diffusion process, the atomic jump occurs only if an atom has a nearest 

neighbor environment vacant (the higher the free volume, the higher the possibility of 

a diffusive jump-like motion). The plastic flow then occurs as a result of a number of 

discrete atomic jumps across an activation barrier, ∆G0, as shown in Fig.1.6. 
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If there are no external forces, the thermal fluctuations are the only source of the 

activation energy; in that case, the number of jumps across the activation barrier is the 

same in both directions. The shear stress causes jumps to be biased in the direction of 

the applied stress which leads to a microscopic shear unit; the number of forward 

jumps across the activation barrier is larger than the number of backward jumps; this 

causes in a net forward flux of atoms and forms the basic mechanism for flow.   

The concentration of the free volume can be changed by diffusion, annihilation, and 

generation. The diffusion of free volume is analogous to the diffusion of vacancies in 

crystalline materials where vacancies can be annihilated at grain boundaries and 

dislocations, but in case of metallic glasses, volume can annihilate at any position 

simply by atomic rearrangement. The annihilation of free volume decreases the total 

free volume and the metallic glasses become denser after annihilation. The generation 

of free volume is induced by stresses.  

There is correlation between voids and the free volume. Because of the disordered 

structure of metallic glasses, they contain many voids in which no atoms exist and 

which form by the coalescence of excess free volume [Li J.  2002]. The excess free 

volume helps the process of diffusion for atoms to rearrange and eventually to form 

nanocrystallites thus effectively reducing the free volume. The accession of the voids 

may help to develop shear bands [Das J. 2005]. Annealing of the glasses at 

temperatures near or below the glass transition temperature (  ) can reduce the free 

volume in BMGs and the glass gets closer to equilibrium, which generally makes the 

glass more brittle at temperature below the   . 

3.1.2. Shear transformation zone model 

The other important theory, which was introduced by Argon to explain the 

deformation mechanism of metallic glasses, is the shear transformation zone model 

(STZ) [Argon A.S. 1979]. The STZ is essentially a group of atoms that undergoes an 

inelastic shear distortion from one relatively low energy configuration to a second 

such configuration, crossing an activated configuration of higher energy and volume. 

Under an applied shear stress and thermal fluctuation STZs (~100 atoms, size 

(diameter) of 1 nm) deform collectively to produce shear deformation, as shown in 

Fig.1.7. The shear transformation could introduce strain distribution [Argon A.S. 

1979], when a STZ is carved out of the matrix, sheared, and then put back into the 



Chapter 1: Literature review  

12 
 

glassy matrix, which has to elastically accommodate the changed shape of the STZ, 

resulting in an overall microscopic deformation of the sample. 

 At low temperatures, shear transformations are driven by mechanical activation, and 

they are the elementary events for plastic deformation. As the stress is increased on a 

metallic glass, more shear transformations will be activated close to the yield point; 

the shape change occurs and is followed by the initiation of a shear band. 

 

 

Fig.1.7. Shear transformation zone (STZ) before and after operation under an 

applied shear force [Argon A.S.  1979]. 

Comparison between the characteristics of the deformation by dislocations in 

crystalline material and the STZ in metallic glasses is summarized in Table 1.3.  



Chapter 1: Literature review  

13 
 

Dislocations  Shear transformation zone STZ 

Line defects  Volume defects  

Under applied stress the dislocation is 

mobile  

Immobile  

The structure is sharply defined [structure-

oriented] 

The structure is diffuse [event-

oriented] 

The structure is restored after the dislocation 

has moved by Burgers vector  

After shear transformation the 

structure in STZ is more disordered  

Activation energy ~ 10
-2

 eV Activation energy ~ 10
-1

 eV 

Dislocation core width is larger in ductile 

metals 

Larger STZ in more ductile glasses 

Table 1.3.  Comparison between deformation by dislocations vs.by shear 

transformation zones [Greer A.L. 2013]. 

1.3.3. Deformation behavior and deformation maps  

The plastic deformation of metallic glasses can be either homogenous or 

inhomogeneous [Spaepen F. 1977]. Homogenous deformation occurs at low strain 

rates and high temperatures in the supercooled liquid state near or above the glass 

transition temperature. In this state, the material exhibits high formability, which is 

comparable to that of other high plasticity materials [Argon A.S. 1983]. On the other 

hand, at low temperatures, below the glass transition temperature and at high strain 

rates, inhomogeneous deformation takes place. 

Ashby and Frost introduced the deformation maps for crystalline material [Ashby 

M.F. 1972, Frost H.J. 1982], to show the different mechanisms of plastic 

deformation of a material as a function of stress, temperature and structure, 

                                     ̇                  ) ,                                1-1 

where  ̇ is the strain rate, τ is the shear stress, and T is the temperature. The 

deformation map of metallic glasses, as shown in Fig.1.8, indicating the boundary 

between homogeneous and inhomogeneous flow regions, was introduced by Spaepen 

[Spaepen F. 1977]. 
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The map indicates that the homogeneous mode of deformation occurs at low stresses 

and high temperatures, and that the stress is strongly dependent on the strain rate, as 

indicated by the strain rate contours. On the other hand, inhomogeneous deformation 

occurs at high stress levels and low temperatures. 

 

 

Fig.1.8. Deformation map of metallic glasses showing the boundaries between 

homogenous and inhomogeneous deformation [Spaepen F. 1977]. 
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1.3.3.1. Homogeneous deformation  

Homogeneous deformation means uniform deformation of the sample at a 

macroscopic scale, i.e., shape and size of the cross-sections of the deforming 

specimen change simultaneously everywhere along the loading axis, and according to 

that no macroscopic shear localization is observed.  

As shown in Fig.1.9 on the example of the Vit1 glass the deformation behavior is 

depending on temperature and strain rate. At a given strain rate an increase in the 

temperature leads to a transition from inhomogeneous flow (shear localization) to 

homogeneous flow (non-Newtonian or Newtonian). At low strain rates < 10
−5

 s
−1

 the 

homogeneous flow can be characterized as Newtonian, but with increasing strain rate 

the flow becomes non-Newtonian. 

 

Fig.1.9. Map showing deformation mode as a function of strain rate and 

temperature for Vit1 [Lu J. 2003]. 



Chapter 1: Literature review  

16 
 

1.3.3.2. Inhomogeneous deformation 

The inhomogeneous deformation of metallic glasses could be defined as a mechanical 

instability started by coalescence of STZs, increasing the free volume and ending with 

the appearance and propagation of very thin [10 to 20 nm] shear bands [Chen H.S. 

1973] and then sudden fracture of the sample [Pampillo C.A. 1975]. Inhomogeneous 

deformation is localized in these narrow bands; accordingly the vast majority of the 

metallic glass sample volume does not contribute to plastic deformation [Schuh C. A. 

2007]. 

Shear bands are defined as a plastic region that localizes large shear strains in thin 

bands [Greer A.L. 2013]. If the dominant shear band propagates without any 

constriction, catastrophic failure will occur without any plasticity [Schuh C.A.  2007]. 

Shear bands could be seen on samples after deformation by compression, tension, 

bending, indentation or torsion, see Fig.1.10. 

          

                                                   

Fig.1.10. Shear bands after (a) bending [Conner R.D.  2003], (b) compression [Dai 

L.H. 2008], (c) nanoindentation, (d) torsion [Ezzeldien M. 2013]. 
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The results demonstrate that intersecting, branching and slipping of shear bands (as 

shown in Fig.1.11) are the main mechanisms responsible for the plasticity 

enhancement. At the end of deformation, the shear bands remain distinct from the 

bulk, being favored planes for further yielding and undergoing preferential etching. 

Such effects can be attributed to local disordering (associated with dilation, often 

describable as the generation of free volume) which can be erased by annealing 

[Greer A.L.  2013]. 

 

 

 

Fig.1.11. SEM shows the interaction between the shear bands. A shows branching 

and B the intersecting [Liu L.F. 2005]. 

 

There are different scenarios for explaining the formation of shear bands under 

applied stress in metallic glasses; however the following scenario is most widely used. 

It is assumed that the shear bands are formed due to the generation of free volume 

during the shearing of STZs in which the atoms spontaneously and cooperatively 

rearrange to accommodate the applied shear strain. As the shear is increasing, the STZ 

induce localized distortion in the surrounding material and free volume is produced 

[Donovan P. 1989, Li J. 2003, Liu L. 2005, Trexler M.M. 2010]. The excess free 

volume causes a decrease in the viscosity of the glass [Spaepen F. 1977, Donovan P. 

1989, Conner R. 1999, Wright W. 2001], correspondingly the formation of free 

volume leads to weakening of the specimen locally in the shear bands. With 
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increasing localized shearing the cross-sectional area decreases leading to further 

local softening of the material until fracture occurs along the plane of the shear band 

[Conner R. 1999]. Plastic softening was found in different deformation processes 

such as compression, rolling, milling and nanoindentation in different BMGs. Shear 

band formation has been considered a direct consequence of strain softening. The load 

is continuously decreasing with the increasing plastic strain, which is the sign of shear 

band formation and leads to strain softening (as shown in Fig1.12). During 

nanoindentation tests, the decreasing of the hardness, with increasing the plastic strain 

could be related to the existence of shear bands around the indenter [Xie S.  2008] or 

because of the excess of the free volume [Jiang W.H. 2005, Gu J. S. 2010, Pan J. 

2011]. Jiang W.H. mentioned that the excess of the free volume is due to the 

formation of voids; these voids are favorable sites for shear band nucleation for 

subsequent nanoindentation [Jiang W.H. 200].  

 

 

Fig.1.12. Stress- strain curves of a Zr69.5Cu12Ni11Al7.5 BMG, strain softening 

attributed to the excess free volume [Pan J.  2011]. 

 

Fig.1.13 demonstrates the evolution of interaction of the shear bands with 

deformation, the morphology of shear bands correlates with the stress levels. At the 

yielding, the applied stresses are relatively low and shear bands propagate along a 

zigzag path. With increasing the applied stress, the stress reaches the level sufficient 

to activate both the nucleation and propagation of shear bands, the higher the density 

of shear bands, the stronger the interactions  [Liu Y.H.  2010]. 
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Fig.1.13. Development of shear bands under applied stress [Liu Y.H. 2010]. 

1.3.3.3. Serrated flow  

During the inhomogeneous deformation of BMGs, serrated flow is often observed at 

low strain rates and low temperatures [Chen H.S. 1973, Dalla F.H. 2010] as shown in 

Figs. 1.14 and 1.15. In strain controlled (constant strain rate) measurements it appears 

as repeating cycles of a sudden stress drop and subsequent elastic reloading [Chen 

H.S. 1973]. The serrations are accompanied by large and sudden shear displacements 

either in newly forming bands or by the reactivation of already existing shear bands 

[Chen H.S. 1973].  

Song et al. reported that serrations resulted from intermittent specimen sliding along 

the principal shear plane [Song S.X. 2008]. At each serration the following process 

occurs: formation of a shear band, (ii) then fast increase of the inelastic shear strain 

within the shear band, and (iii) finally the unloading outside the shear bands [Ruan 

H.H. 2011]. Serrations during nanoindentation are also observed at slow loading rates 

as “pop-in” events. Activation of each individual shear band is associated with the 

occurrence of a discrete “pop-in” event. A single shear band can readily accommodate 

the deformation at slow loading rates. On the other hand, when the loading rate is 

high, there is not enough time to accommodate the strain in one shear band and, 

consequently, multiple shear bands have to operate simultaneously, resulting in a 

smooth load-displacement curve. 
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Fig.1.14. Stress–strain curves of Zr39.6Ti33.9Nb7.6Cu6.4Be12.5   BMG under 

compression at different temperatures a = 300 K, b= 550 K, c = 600 K and d = 650 K 

and different strain rates [Singha P.S. 2012]. 

 

Fig.1.15. Typical true stress–true strain curves of the Zr65Al7.5Ni10Cu17.5 BMG 

under room temperature compression at different strain rates [Xue Y.  2012]. 
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Therefore, the “pop-in” events are more pronounced at low rates of loading and their 

occurrence reduces with increasing loading rates. Golovin et al. observed serrations 

during the nanoindentation of Pd40Cu30Ni10P20 and the correlation of shear band 

nucleation and serration was noticed [Golovin V. 2001]. Serrations at different 

temperatures have been studied by Schuh and Nieh using nanoindentation (Fig.1.16). 

They suggested that the serrated flow phenomenon could be related to the change of 

free volume [Schuh C.A. 2003]. 

 

 

Fig.1.16. Nanoindentation load displacement (P–h) curves after for (a) Pd40Ni40P20, 

(b) Pd40Cu30Ni10P20, (c) Zr65Al10Ni10Cu15, and (d) Zr52.5Al10Ni14.6Cu17.9Ti5 [Schuh 

C.A. 2003]. 
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1.3.4. Improving the low temperature ductility of BMGs  

1.3.4.1. Evolution and interaction of shear bands  

During uniaxial tension or compression, the BMGs materials brittleness because 

formation of cracks occurs immediately after the appearance of the first shear band 

and this crack leads to catastrophic failure of the sample [Mukai T. 2002, Zhang Z.F. 

2006]. The deformation is localized to one or a few thin shear bands, which represent 

a very small volume fraction of the material. Slightly off-aligned samples BMG 

samples loaded under compression, however, show plasticity before failure [Mukai 

T. 2002, Zhang Z.F. 2006]. In these tests, several shear bands are generated because 

the stress in the sample is inhomogeneous and the propagation of each band is stopped 

by the regions where the stress is below the yield point. Macroscopic plasticity of a 

few percent has also been observed in BMGs by torsional deformation. Recently, 

large plastic deformation has also been reached in free-end torsional tests of a 

Vitreleoy BMG [Ezzeldien M. 2013]. In these tests, the distribution of the stress is 

inhomogeneous in the sample; large stresses can be reached near the surface of the 

sample while the stress remains low in the vicinity of the torsional axis. Increasing the 

numbers of shear bands in BMGs leads to more uniform distribution of the 

deformation within the sample, ductilizing thereby the material. Thus the possible 

way to improve the plasticity of a BMG is controlling and enhances the multiplication 

of shear bands [Mukai T. 2002, Cao Q.P 2010]. The interaction between shear bands 

may prevent catastrophic shear band propagation. Shear band propagation can be also 

hindered and/or delayed via branching [Xing L.Q. 2001, Liu L.F. 2005] and 

deflection [Hufnagel T.C.  2002].  

Das et al. reported significant increase in the flow stress during compression 

(Fig.1.17) due to extensive multiplication of shear bands [Das J. 2005].  
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Fig.1.17. Stress-strain curves of (a) Cu50Zr50 and (b) Cu47.5Zr47.5Al5 under 

compression [Das J.  2005]. 

1.3.4.2. Formation of nanocrystals 

Deformation induced nanocrystal formation is well known since 1980 [Greer A.L. 

2002], it was observed in different modes of deformation such as nanoindentation 

[Jiang W.H.  2003] uniaxial compression [Zhang T. 2007, Fornell J. 2010, Gu J. 

2014], high pressure torsion [Boucharat N.  2007], and cold rolling [Hebert R.J. 

2008]. 

The nanocrystals could be formed either by annealing or by deformation. In metallic 

glasses, the atomic movements and rearrangement is accelerated by the imposition of 

shear which is related to the free volume. Several studies presented consistent findings 

that the free volume is more important than the local temperature rise in deformation 

induced crystallization [Greer A.L. 2013]. 

The formation of nanocrystals during the deformation can be important to produce 

strain hardening in BMGs. The nanocrystals prevent the propagation of shear bands 

and force new shear bands to be initiated at favorable sites. The formation of new 

shear bands occurs at higher stresses and this leads to strain hardening. 
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High-resolution electron microscopy study of the shear bands in a Cu50Zr50 glass 

revealed nanocrystallization in bending and cold-rolling [Chen H. 1994]. Direct 

evidence was found that the nanocrystals affect the propagation of shear bands, which 

become thicker when a nanocrystal is approached. Furthermore, the nanocrystals 

show dislocations, stacking faults and deformation twins. This is in contrast to 

nanocrystals formed on annealing, which are typically defect-free. Thus there is 

evidence that the newly produced nanocrystals are forming in the core of deformation. 

The appearance of the nanocrystals in the glassy matrix under compression was 

observed also by Qiu F.  [Qie F. 2012]. Improvement of plasticity was introduced due 

to the formation of nanocrystals, which interacted with the shear bands as shown in 

the Fig.1.18.  

 

Fig1.18. TEM image shows the interactions between the shear bands and the 

nanocrystals, the blue arrows refer to the shear bands branching [Qie F. 2012].  

Pre-compression of Zr- based BMG was found to improve the plasticity due to 

structure changes increasing the free volume and producing nanocrystals in the matrix 

[Gu J.  2014].  
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1.3.4.3. Residual stresses  

Residual stresses are a system of stresses, which can exist in a specimen when it is 

free from external forces, and generally considered to be generated by non-uniform 

cooling and/or plastic deformation. The enhancement of ductility due to surface 

residual stresses was recognized under bending [Zhang Y. 2006], and under 

compression [Chen W. 2011]. Micro-stress concentrations influence and can help the 

multiplication of shear bands hindering thereby strain localization and plastic 

deformation [Chen W. 2011, Qu R.T.2012]. Inhomogeneous distribution of stress 

can also enhance the initiation of more shear bands. Stress gradients induced by the 

inhomogeneous deformation processes, may change the tensile deformation behavior 

of BMGs from brittle to ductile [Chen S.H.  2013]. Compressive residual stresses 

introduced by shot-peening increased the hardness of the shot-peened layer 

significantly [Zhang Y. 2006, Raghavan R. 2008]. Equal channel angular pressing 

(ECAP) produces also inhomogeneous deformation with a network of shear bands 

inducing long range internal stresses.  

1.3.4.4. The effect of sample size  

Contrary to crystalline materials, “smaller is softer” could be a trend in metallic 

glasses and a solution for the rigidity problem of BMGs. Y. J. Huang et al. 

investigated samples with the same chemical composition with different diameters (1, 

3, and 6) mm as shown in Fig.1.19. It is clear that the smaller samples exhibit 

significantly enhanced plasticity [Huang Y. J.  2007]. The phenomenon is attributed 

to the fact that the smaller size specimen, which experienced a faster cooling rate 

during solidification, contains a larger amount of heat of relaxation and 

crystallization, favoring the nucleation of shear bands and thus allowing enhanced 

plasticity upon compressive loading. Xie et al. also observed the effect of sample size 

on shear band propagation [Xie S. 2008]. They investigated two samples, one of 1.35 

mm diameter, the other of 6.5 mm and found that the sample with 6.5 mm diameter 

failed catastrophically with one shear band, while in the smaller sample shear band 

extension occurred without rapid propagation. The smaller BMG samples are 

characterized by stable shear band propagation, high plastic deformation and a smooth 

fracture surface.  
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Fig.1.19. The effect of sample size [Huang Y. J. 2007]. 

The dependence of the shear stability on sample size was explained from the 

perspective of elastic energy. It was suggested that the density of elastic energy 

dissipated in a shear band is strongly dependent on the sample size: decreasing sample 

size could significantly improve the shear stability [Wu F.F.  2011].  
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2. Materials and experimental procedures 

2.1. Materials investigated 

Vit1 type samples with Zr44Ti11Cu10Ni10Be25 compositions were used in the present 

investigations. The samples were purchased from Liquid Metal Technologies, Inc, 

who owns the Vit1 trademark (
TM

). The form of as casted samples is shown in Fig.2.1. 

 

Fig.2.1. As cast BMG Zr44Ti11Cu10Ni10Be25. 

The samples were investigated by X-ray diffraction (XRD) using a Philips 

diffractometer with Cu K radiation to check the amorphous structure. The samples 

were cut to two rods by a low speed diamond saw and the X-ray measurements were 

done at different positions of the samples. 

 The X-ray diffraction spectra in Fig.2.2 show that the samples are fully amorphous 

and no peaks indicating nanocrystal formation were detected. The absence of voids 

and other casting faults, which exceed 0.1 mm in size, was verified by high-energy X-

ray images in transmission mode as shown in Fig.2.3. 

 

. 

 



Chapter 2: Materials and experimental procedures  
 

 35 
 

 

 

 

 

 

 

 

 

Fig.2.2. X-ray diffraction of Zr44Ti11Cu10Ni10Be25. 

 

Fig.2.3. X-ray imaging in transmission mode. 
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A Perkin Elmer power compensated differential scanning calorimeter (DSC) was used 

to investigate the thermal behavior and crystallization by applying continuous heating 

experiments at 40 K/min heating rate. The measurements were carried out under 

argon atmosphere. 

 

 

 

 

 

               

 

 

Fig.2.4. DSC thermoform of Zr44Ti11Cu10Ni10Be25 (heating rate 40K/min). 

The thermal properties of the Vit1 BMG (obtained from Fig 2. 4) are summarized in 

Table 2.1. 

 

Table 2.1. Thermal properties of Vit1. 
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2.2. Experimental techniques 

A FEI 3 FEG dual beam scanning electron microscope (SEM) with a field emission 

gun and Ga+ ion source was used. The microscope has a Focused Ion Beam (FIB), 

with 6 nm spot size at 1pA. 

The FIB was used to cut samples for the TEM investigations and to prepare marker 

lines on the gauge surface of the specimens to study the displacements carried by 

individual of shear bands. 

Samples after deformation were investigated by transmission electron microscopy 

(TEM) using a Philips CM20 microscope.  

2.3. Mechanical testing  

2.3.1. Torsional deformation  

The mechanical properties of the samples were investigated by a custom made general 

purpose free end torsion machine (Fig.2.5). The system is fully computer controlled. 

The rotation is driven by a precision 3 phase Berger Lahr stepping motor. The 

stepping pulses are provided by a computer. The time variation of the rotation angle 

can be programmed by the user between wide limits. The torque, the rotation angle 

and the sample elongation are recorded during the test with a high performance 16 bit 

analog to digital converter. The torque is measured by a 200N load cell (HBM S2) 

positioned between two bars. One of the bars is fixed to the frame of the instrument; 

the other one to the stepping motor which can rotate freely. The torque developed 

within the sample would rotate the whole stepping motor but it is balanced by the load 

cell. The change of the sample length is detected by an inductive transducer (HBM 

WI).  

The important parameters of the torsion machine are shown in Table 2.2. 
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Maximal rotation rate  2 rad/ s 

Angle resolution  0.36 

Maximal torque range  50 Nm 

Torque resolution  0.02 Nm 

Maximal sample length 110 mm 

Maximal sample diameter 8 mm 

Maximal data sampling rate  500 s
-1 

 

Table 2.2. The parameters of the torsion machine. 

Torsional deformation is mainly used for the investigation of large plastic deformation 

because large strains (up to 10 shear strain) can be attained while there are only slight 

changes in the sample dimensions during the deformation. In torsional deformation, 

the distribution of strain in the sample is inhomogeneous. Large strains are reached 

near the surface of the sample while the strain remains low in the vicinity of the 

torsional axis.  

The Vit1 samples were prepared in the shape as shown in Fig.2.6 with 10 mm gauge        

length and 2 mm diameter (diameter could slightly vary because of the polishing of 

the samples). The samples were fixed in the free-end torsion machine as shown in 

Fig.2.7.  
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Fig.2.5. Free end torsion machine 

 

 

Fig.2.6. Sample shape for the free end torsion test, the red line refers to the length 

of the sample. 
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Fig.2.7. Schematic drawing of the experimental setup. 

 

2.3.1.1. Calculation of the stress and strain from torsional deformation 

 

The most widely used method to evaluate the stress-strain curves from the torque-

angle functions was developed by Nadai [Nadai A. 1963]. It is depending on the 

following: 

During torsional deformation the shear stress (γ) is proportional to the distance from 

the torsional axes ( ), this was proved experimentally [Grewe H. 1964]. The shear 

strain is given by the following equation: 

                                            ( )   
  

 
                                                             2-1 

where   is the length of the sample,   is the torsional angle and   
 

 
 is the torsional 

angle per unit length. The pervious equation is in agreement with Nadai’s assumption.  

In torsional deformation the shear stress is also r dependent: 

                                                   ( )   ( )                                                          2-2 

From the two assumptions of Nadai, the stress-strain curves of the torsionally 

deformed samples can be calculated. 
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The applied torque   on the surface of the sample can be given:  

              ( )    ∫  ( )
 

 
                                                                         2-3 

where R is the radius of the sample. 

With Eq. 2-1 and 2-2 from Eq. 2-3 we get the following equation: 

           ( )  
  

  
∫  ( )    
  
 

.                                                   2-4 

The shear strain   on the sample surface is given by      , after differentiating 

Eq. 2-4 with respect to  : 

         
 

  
(  ( )  )       (  ).                                                2-5 

The shear stress on the sample surface is given by:  

           
 

    
( 

  

  
   )                                                         2-6 

Fig.2.8 shows a stress-strain curve as an example of the evaluation. The large 

fluctuations are due to  
  

  
, without smoothing. Nevertheless, the transition between 

the elastic and plastic regime as well as the yield stress can be determined with 

significant accuracy, and since the  
  

  
 of the smoothed M ( ) curves in the later 

stages of deformation is always negligible. The M ( ) curves will be shown in most 

cases in the present work. 
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Fig.2.8. Stress – strain curve by torsion deformation 

 

2.3.2. Acoustic emission measurements  

 

Acoustic Emission (AE) measurements were carried out simultaneously with torsional 

deformation, since AE has high time resolution and sensitivity; it can be applied for 

the investigation of the real time kinetics of shear band formation and is suitable for 

global monitoring of the entire sample volume.  

Characteristic parameters of the AE events are threshold, amplitude), rise time, 

duration, and counts (Fig.2.9). From the signal the energy and count rate can also be 

determined. The threshold magnitude must be chosen to differentiate between 

electronic noise and an actual event.   
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Fig.2.9. Characteristic parameters of a typical AE event 

AE was monitored during the tests using a computer-controlled PCI-2 device 

(Physical Acoustic Corporation) with a piezoelectric transducer with flat response 

between 50 and 650 kHz and a preamplifier giving a gain of ~40 dB. The threshold 

level of the detection was set to A0 = 31 dB (above the peak noise level). The hit 

definition time was set to 200 μs and the hit lockout time to 300 μs, leading to a dead 

time of td = 500 μs, which is the minimum time difference between successive events. 

The AE events and the torque values were recorded with 0.1 μs time resolution using 

the same PCI-2 acquisition board, where the synchronization of the measured values 

was based on the internal clock of the board.  

2.3.3. Nanoindentation  

 

To characterize the response of bulk metallic glasses (BMG) to plastic deformation, 

Instrumented nanoindentation was also used. Nanoindentation was applied from the 

early 1970s [Ternovskii 1974, Bulychev S. I. 1975, Newey D. 1982, Pethica J.B. 

1983, Loubet J.L. 1984]. During a typical nanoindentation test, force and 

displacement are recorded as the indenter tip is penetrating the surface of the material 

under a prescribed loading and unloading profile. The response of interest is the load-

displacement curve (often called the P-h curve). In nanoindentation tests, plastic 

deformation is confined by the indenter tip and the surrounding elastic material, and 
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therefore metallic glasses can be deformed locally without fracture. The most 

common use of nanoindentation is the measurement of hardness and elastic modulus. 

The most widely used method developed to measure the hardness and the reduced 

modulus of a material from the load-displacement (P-h) data obtained with Berkovich 

type indenter was proposed by Oliver and Pharr [Oliver W. C. 1992]. During the 

indentation process, there is interaction between the sample and the indenter. When 

the indenter touches and penetrates the sample, there will be both elastic and plastic 

deformation near the surface; the result of the process is a trace in the specimen that 

has more or less the same geometric shape as the indenter and a material pile up 

around the indenter as shown in Fig.2.10. 

 

 

Fig.2.10. SEM image of a Berkovich indent on the surface of  Zr44Ti11Cu10Ni10Be25 

BMG. 

The condition of the surface of the sample has a great influence on the quality of the 

nanoindentation test. Cleaning and polishing will of course influence the final value of 

the surface roughness of the specimen. The contact surface should be perfectly flat, 

because any irregularity in the surface profile will cause scatter in the readings. 

Specimens for nanoindentation tests were cut from the cross-section of the gauge 

section of the torsion samples. The samples were polished to a mirror finish before the 

nanoindentation processes. The nanoindentation measurements were carried out by 
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using a UMIS (Ultra Micro-Indentation System) nanoindentation device with a 

Berkovich indenter.  

The maximum load was 50 mN, the applied loading rate 0.5 mN/s unloading rate was 

the same (in case of the investigation of the serrated flow different loading rates were 

used).   

Fig.2.11 shows a typical P- h curve. In order to calculate the hardness of a material 

from the nanoindentation data, some important quantities must be recorded by the test 

system, such as the maximum load (Pmax), maximum depth (hmax), and the final depth 

of the residual hardness impression (hf). The equation used to extract the hardness, H, 

is [Oliver W. C. 1992]: 

 

                                         
    

 
 ,                                                   2-7 

where Pmax is the peak indentation load as shown in Fig 2-11, A is the projected 

contact area at peak load.  A can be calculated from the following equation: 

                                              
                                            2-8 

The contact depth    is given by the following equation [Fisher-Cripps A. 2009]:        

                             

                                          
    

 
                                     2-9 

where S is the experimentally measured stiffness of the upper portion of the unloading 

curve [Oliver W. C. 1992, 2004]: 

                          
  

  
                                                             2-10 

 

The reduced modulus, Er, is given by: 

                  
 

   
 
(    )
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where E and   are the Young's modulus and Poisson's ratio of the specimen and Ei 

and  i are the same parameters of the indenter tip [Oliver W. C. 1992]. 
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Fig.2.11. Load – displacement curve for as-cast Zr44Ti11Cu10Ni10Be25  BMG 

To determine the hardness statistics a series of 289 indentations were recorded with 

the indents arranged in a 16×16 matrix in 20 μm distance from each other (Fig.2.12). 
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Fig.2.12. SEM image showing a part of the indenter matrix 
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3. Stages in room temperature torsional deformation
1
 
 

 

3.1. Introduction  

The inhomogeneous deformation in BMGs occurs by the formation of about 2–20 nm 

wide shear bands [Pampillo C.A.1972], in which plastic strain is localized [Chen 

M.W. 2006] by lowering the total elastic energy [Wei Y. 2013]. Generally, the 

strength of the material is smaller in these shear bands than in the neighboring 

material [Bei H. 2006], consequently, if the shear displacement can increase in an 

uncontrolled way and fracture occurs at large shear displacements along the first 

macroscopic shear band. Thus, a controlling mechanism is required to limit the shear 

displacements in the bands and to avoid low plasticity and brittleness [Bei H. 2006, 

Kovacs Zs. 2012]. During the inhomogeneous deformation of BMGs, serrated flow is 

often observed at low strain rates [Chen H.S. 1973]. The serrations are accompanied 

by large and sudden shear displacements either in newly forming or by the 

reactivation of already existing shear bands [Mukai T. 2002]. Acoustic emission (AE) 

is a multiscale phenomenon, which stems from transient elastic waves generated 

within the material as a result of e.g. localized irreversible structural changes. 

Accordingly, shear bands can act as strong AE sources during inhomogeneous plastic 

flow [Lazarev A. 2010, Vinogradov A. 2010]. Indeed, strong AE events were 

detected in BMGs in the absence of grain boundaries and other defects which might 

reduce the AE source activity [Vinogradov A. 2004]. Moreover, the high time 

resolution in the detection of AE events gives precise real-time information on the 

kinetics of the formation and propagation of shear bands in BMGs [Vinogradov A 

2004].  

 

 

 

                                                           
1
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3.2. Torsional deformation by a free end torsion machine 

Fig.3.1 shows the torque - angle curves obtained on three Vit1 samples. High 

plasticity was attained on each sample; the surface shear strains at fracture obtained 

according to Eq.2-1 are given in Table 3.1. S3 showed somewhat lower plasticity than 

samples S1 and S2 but the rotation rate in sample S3 was 0.015 rad/sec, 3 times 

higher than that applied on samples S1 and S2.  
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Fig.3.1. Torque vs. rotation angle curves of S1, S2 and S3 BMG samples. 
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Sample Surface strain at fracture  Rotation  rate (rad/sec) 

S1 1.2 0.005 

S2 0.98 0.005 

S3 0.7 0.015 

 

Table 3.1. Maximum strain and rotation rates for samples S1, S2 and S3. 

 

Fig.3.2. SEM images for S2 and S3 after torsional deformation. 

As mentioned earlier, shear bands play the vital role in the plastic deformation of 

BMGs. Fig.3.2 shows shear bands on the surfaces of two samples deformed to failure. 

The shear band densities differ on the surfaces of the samples. Higher density of shear 

bands was observed on samples S1 and S2 attaining higher plasticity. It is evident that 

there are intersections between the shear bands on each sample in accordance with the 

large plastic strain up to fracture.  
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3.3. Stages in room temperature torsional deformation 
 

Samples S1 and S2 were deformed in torsion in the presence of AE sensor on the 

cylinder surface as shown in Fig.2.7. Fig.3.3 shows the evolution of the torque (M) 

with the number and amplitudes of the AE events as a function of the rotation angle 

(θ) for samples (S1 and S2). According to the evolution of the torque and to the 

characteristics of the AE signal, plastic deformation could be divided into four stages. 

Stage I is the elastic part up to the yield point, serrations appear on the curve in stage 

II. In stage III a slight strain hardening is observed and the highest amplitude AE 

signals appear and strain softening sets in stage IV. 

3.3.1. Stage I: elastic regime and the microplasticity  

Stage I starts with the elastic deformation with monotonously increasing linear M (θ) 

relation. As evident in Fig.3.4 the plastic deformation starts with gradual decrease of 

the slope of the M (θ) curve while AE shows continuous increase both in the number 

and in the amplitude of the events. The yield point could not be assigned from the 

torque - angle curve. The surface shear stress has been calculated from the measured 

M (θ) curves by Eq.2.6. Fig.3.4 shows the evolution of the shear stress (τ) at the 

surface of the sample as a function of θ. The surface stress levels off after a sharp 

transition at approximately θyield = 0.4 rad (corresponding to γ = 0.04) and τyield = 1 

GPa. The yield point is assigned to this transition point. Between the macro-elastic 

part and the yield point sporadic AE events and very small plastic deformation can be 

measured indicating microplasticity in the BMG sample. Liu et al. [Liu Y.H.  2010] 

have observed that during microplasticity small shear bands form, the propagation of 

which is controlled by fluctuations in the internal stress. Following the yield point, the 

length of the shear bands increases and it becomes comparable to the sample 

dimensions. 
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Fig.3.3. (a) S1 and (b) S2, Changes of the torque, the amplitude and the number of AE 

events during torsion. Different deformation stages are indicated by the stage number. 
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Fig.3.4. The stress-strain curve shows the yield point stage I. 

3.3.2. Stage II: serrations  

As the increase of the torque becomes slower, the deformation behavior changes 

significantly (the onset of stage II). Fig.3.5 shows that in stage II serrations 

accompanied by strong AE events appear on the M (θ) curve. The serrations on the    

M (θ) curve coincide with strong AE pulses (Fig.3.6) with amplitudes over 50 dB. In 

this stage, the stabilizing effect of the elastic core becomes smaller as the slope of     

M (θ) decreases approximately with (θyield/θ)
4
 [Kovacs Zs. 2012] and shear 

displacement in the bands can proceed in an avalanche like manner. Similar serrations 

were observed in uniaxial compression tests immediately after the yield point if the 

fast deformation resulting from the uncontrolled shear displacements is stopped by the 

simultaneous stress drop [Cheng Y.Q. 2009]. As deformation proceeds, the serrations 

appear irregularly and longer smooth parts with small fluctuations appear between the 

torque drops. 
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Fig.3.5. Stage II - large number of AE events and serrations. 

Serrations generally appear in BMGs at high stresses indicating that shear 

displacements in the bands become uncontrolled and unstable. In torsion, the 

instability of the plastic flow is accompanied by a sharp torque drop as a response to 

the sudden increase of the shear rate in the activated band in consequence of which 

the rotation rate exceeds the programmed rotation rate (see point B in Fig.3.6). Prior 

to large torque drops there are periods with randomly varying length free of large AE 

events, and with only small fluctuations at nearly constant torque, which indicates that 

during these periods shear deformation in the active bands is controlled by the 

interaction of the shear bands with the stress fields in the sample (the surrounding of 

point A in Fig.3.6). The termination of shear displacement in an event is mainly 

determined by the stiffness and the response of the machine and by the extent of 

softening in the shear band concerned. 
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Fig.3.6. Torque and AE amplitude as a function of the angle at a typical serration 

in stage II, at point A                  , at point B                                 

  

  
  , and at point C    

  

  
 (

  

  
)elastic. 

The difference between the rotation rates, θsample - θmachine, is balanced by the fast 

reversal of the elastic deformation resulting in an abrupt stress drop (point B in 

Fig.3.6.). During the stress drop, when the decreasing stress becomes smaller than the 

yield stress in the active shear band, the displacement in the shear band is terminated 

and plastic deformation stops. Subsequently, the specimen is loaded elastically until 

the stress reaches again the level necessary to reactivate plastic flow. Accordingly, the 

linear sections following the torque drops have the same slope as the initial elastic 

regime; (see region around point C in Fig.3.6).  
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Fig.3.7. (a and c) Smooth periods and serrations vary in stage II. Each serration is 

in coincidence with a large AE burst and is preceded by several smaller AE events. 

(b and d) The variation in the cumulative number of AE events indicates the span 

of the pre-events in the smooth periods. 

As shown in Fig.3.7 the AE signal varies strongly also in the different stages of the 

repeating serrations. During the periods with small fluctuations (in the regime of point 

A), AE events with lower amplitude ranging from 33 to 40 dB are detected. Typically, 

larger number of AE events can be observed immediately before the strong AE bursts 

(Fig.3.7 a and c). Towards the end of stage II these small AE events are sometimes 

already visible a second before the stress drop appears as shown in Fig.3.7c. This 

behavior is clearly shown by the upward deviation from the baseline in the cumulative 

number of AE events before each serration in Fig.3.7 b and d. There is a clear 

tendency that both the AE amplitudes and the AE event rate increase toward the 

largest AE burst in a serration. 

Fig.3.8 shows the AE signal as detected in the last 6 ms before the large AE event that 

corresponding to a serration. It is seen that the tendency of increasing event rate 
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appears also on the millisecond time scale leading finally to about three orders of 

magnitude higher event rates than that observed during the continuous serration free 

periods. The inspection of correlation between the AE and the serrations shows that 

the strong AE bursts appear always immediately before the torque starts to drop in the 

serration. Following the main AE burst, smaller AE events are occasionally present 

during the fast deformation regime, i.e. during the torque drop in the serration.  

 

Fig.3.8. Recorded AE signal (in mV) vs. time (in ms) near an AE burst which 

corresponds to a serration event. Pre-events with increasing amplitude and 

frequency are indicated before the main AE peak in the signal. 

Subsequently, after the termination of the plastic deformation in the serration, 

practically no AE events were observed in the period of elastic reloading. 

It is noteworthy that the described correlation between the serrations and the AE event 

rate during the torsional deformation resembles the correlation between the jumping 

deformation band and the AE activity during the B or C type of the Portevin – Le 

Chatelier (PLC) effect in polycrystalline Al–Mg alloys [Chmelik F. 2002, 

Lebyodkin M.A. 2009]. Chmelik et al. [Chmelik F.  2002] and Lebyodkin et al. 

[Lebyodkin 2009 M.A.] observed also an increasing AE count rate before a PLC 

serration, a cascade of strong AE events during the serration and almost no AE 

activity during elastic reloading of the sample. This indicates that the dynamics of 

shear bands in BMGs is similar to the dynamics of the PLC bands. This suggests that 
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in this stage, plastic deformation in the BMG specimen propagates by the activation 

of new shear bands. 

3.3.3. Stage III: the strain hardening  

With increasing the rotation angle after θ   4 (γ   0.4) the serrations disappear and 

stage III starts. As demonstrated in Fig.3.3 and Fig.3.9 the number and the amplitudes 

of the AE events decrease and become smaller than in stage II. 

 

Fig.3.9. Stage III with less AE events. The line shows the torque increase with 

angle (strain hardening). 

Stabilization of the plastic deformation is an unexpected phenomenon at this stage of 

the deformation, because the stabilizing effect of the elastic core is already negligible, 

(
      

 
)4

< 10
-4

 for θ>4. Stage III is characterized by a slight increase of the torque 

(stress), which means strain hardening (Fig.3.3 and Fig.3.9). These effects indicate 

that shear displacement becomes smaller and more continuous in an individual band 

and several bands get involved in the deformation process simultaneously. This is in 

agreement with the reduction in the size of the AE events and with the presence of the 
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large number of bands. The strain hardening was observed in samples S1, S2, S4 and 

S5 (Fig.3.10). In crystalline materials the strain hardening is usually expected as a 

consequence of the interaction between dislocations and of the increasing dislocation 

density. In BMGs strain hardening was rarely observed. In these cases the strain 

hardening in BMGs was attributed to the formation of nanocrystals [Qiu F.  2012, 

Greer A.L. 2013, Gu J.  2014] or the extensive interaction of shear bands 

[Takayama S .1979, Das J.  2005].  
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Fig.3.10. The torque-strain curve for different BMGs samples. 

 

Nanocrystals prevent the propagation of shear bands and force new shear bands to be 

initiated at favorable sites. The formation of new shear bands occurs at higher stresses 

and this is resulting in strain hardening. Shear bands branching due to the interaction 

between the shear bands and the nanocrystals were observed by Qiu F. et al. 

(Fig.1.18) [Qie F.  2012].  

The X-ray diffraction spectra for the as-cast sample S0 and for sample S1 after failure 

are almost identical, confirming that both samples are fully amorphous and no 

nanocrystals peaks could be detected (Fig.3.11). Taking into account this, it can be 
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established that the observed strain hardening is mainly caused by the interaction and 

intersection of shear bands. 

 

Fig.3.11. XRD of an as-cast sample S0 and sample S1after failure. 

 

Interactions and intersections of shear bands were found on the surfaces of deformed 

samples (Fig.3.2). The intersection of shear bands results in: 1- decreases the 

sharpness 2- delays the rapid propagation of the shear bands 3- delocalized the shear 

band and 4- increases the flow stress of the material.  

To investigate the hardness of the as-cast sample and the deformed samples, 

nanoindentation tests were done. Before indentation, samples are polished to mirror 

finish. To determine the hardness distribution – as mentioned in section 2.3.3- series 

of 289 indenters arranged in a 16X16 matrix were recorded. The indents can be seen 

in Fig.3.12 for the as-cast sample S0 and for sample S1.  

Hardness distribution measurements were carried out on samples S0, S1, S4 and S5, 

to characterize the strength of the BMG after pre-deformation. Fig.3.13 shows the 

distribution of the hardness values which can be fitted well by Gaussian curves. The 

distribution curves are widened and shifted to higher values with the applied pre-

deformation. The inset shows these trends, i.e. the average and the scatter of the 

hardness with increasing shear strain. This indicates clear evidence on strain 

hardening. 
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Fig.3.12. SEM image show series of indents (a) for S0 (b) for S1.  
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Fig.3.13. Distributions of the hardness of S0, S1, S4 and S5. The inset shows the 

average of Hv and ∆ Hv vs the strain, attained in pre-deformation. 
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The application of hardness mapping is advantageous as it combines the local probing 

with a large investigated area (320 μm x 320 μm). Contour graphs were compiled 

from the hardness values of the grids of nanoindentation tests (Fig.3.12).       

Comparing the hardness contour graph of as-cast S0 (Fig.3.14a) to hardness contour 

graphs of the pre-deformed samples (Fig 3.14 (b, c and d)), the background hardness 

is increasing from (8.6 GPa versus 9.2, 9.98 and10.2 GPa) and the positions which 

deviate more than ±0.8 GPa from the average value are much larger number in the 

deformed samples. As shown in Fig.3.14c and d, the hardness contour graphs of 

sample S5 and S1 are different. At S1, there are alternative harder regions and softer 

regions showing that it is more inhomogeneous due to the high density of shear bands 

and cracks, which also caused the large broadening in ∆Hv. For S5, the hardness 

contour is more homogeneous than at S1, and there are only regions harder then so. 

 

(a)                                                                    (b) 

              

                               (c)                                                                    (d) 

Fig.3.14. Contour maps of hardness for (a) S0, (b) S4, (c) S5 and (d) S1. 

0 2 4 6 8 10 12 14 16
0

2

4

6

8

10

12

14

16

y

X 

6.850
7.650
8.450
9.250
10.05
10.85
11.65
12.45
13.25

0 2 4 6 8 10 12 14 16
0

2

4

6

8

10

12

14

16

y

x

0 2 4 6 8 10 12 14 16
0

2

4

6

8

10

12

14

16

y

x

0 2 4 6 8 10 12 14 16
0

2

4

6

8

10

12

14

16

y

x



Chapter 3: Stages in room temperature torsional 
deformation 

 64 
 

TEM image for the S1 under an indenter (Fig.3.15) demonstrates that the sample still 

fully amorphous and there is no crystalline material even in this highly deformed 

region and this in accordance with the XRD results.  

 

 

Fig.3.15. TEM and SAED image for the area under an indent showing amorphous 

structure with no nanocrystals. 

 

The increase of the hardness after the torsional deformation for BMG samples could 

be due to the effect of the residual stresses [Zhang Y. 2006, Raghavan R. 2008]. The 

high density of shear bands and their interaction (Fig.3.2) can provide long range of 

residual stresses [Tong Y. 2013]. The calculation of the residual internal stresses is 

not easy to do precisely by analytical methods. The change of the hardness can be a 

useful indicator for characterizing residual internal stresses in materials [Sines G. 

1952, Gu J. S. 2010]. As evident in Fig.3.13 the hardness increases strongly with the 

strain. The hardness contour graph for S0 (Fig.3.14a) indicates that the hardness 

values are nearly the same and do not change with the location of the indenter. But in 

case of the hardness contour graph for the highly deformed samples S1 and S5 (3.14c 

and d) the hardness values are fluctuating with the location of the indenter and with 

increasing the deformation the average hardness values increases. The fluctuations of 

the hardness values with the location of the indenter are due to the local changes of 

the residual stress in the deformed sample. 
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3.3.4. Stage IV: strain softening and fracture  

 

Finally, in stage IV, a slight decrease of the torque can be observed with large and 

uniform AE events at θ > 10 (γ > 1) before fracture (Fig.3.16). The macroscopic 

softening behavior is a consequence of the occurrence of cracks which are visible on 

the surface of the samples (Fig.3.2). The strong acoustic events are related to the 

formation and intermittent propagation of these cracks. 
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Fig.3.16. Torque and AE amplitude in Stage IV, the line refers to the decreasing in 

the torque (strain softening). 
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3.4. Conclusion 

 

Large plastic deformation could be attained in Vit1 BMG by torsional deformation at 

room temperature.  

The deformation proceeds in four different stages accompanied by characteristic AE 

responses. In stage I, the stability of the deformation is controlled by the elastic core 

of the torsion sample and only small fluctuations are visible on the M (θ) curve while 

a few shear bands appear on the sample surface. As the slope of the M (θ) curve 

declines from linear, the effect of the elastic core vanishes gradually and a transition is 

observed into the stage, in which the uncontrolled deformation manifests itself by the 

appearance of serrations. Preceding each serration, following a series of smaller AE 

events with increasing event rate, a large AE burst is detected immediately before the 

stress drop. In the subsequent stage III, the serrations and the strong AE bursts 

disappear completely, which indicates that the deformation becomes controlled. In 

this stage the BMG shows a slight strain hardening behavior, which is most probably 

a consequence of interaction between the strain fields around the shear bands in the 

specimen.  

The changes of the glass state in this stage of deformation were studied by the 

distribution of hardness calculated from large number of nanoindentation tests. The 

increase of the hardness with increasing torsional deformation was confirmed. 

Changes in the hardness maps clearly indicate fluctuation in the residual internal 

stresses. The torsional deformation induced residual stresses result in hardening and 

increase the plasticity of the BMG.  

Finally, in stage IV, the AE response and the observed strain softening is attributed to 

the formation and propagation of cracks.  
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4. Statistical analysis of acoustic emission events
1
  

4.1. Introduction 

The characteristics of shear band formation in BMGs vary strongly depending on the 

deformation process. Uniaxial tension and compression tests of BMG samples often 

lead to the appearance of a single shear band which intersects the whole cross-section 

of the loaded sample. Depending on the elastic stiffness of the mechanical system, the 

deformation in the large sudden shear displacements can be either controlled or 

uncontrolled [Xie S. 2008]. In the uncontrolled case, the band softens faster than the 

load decreases, which leads to an instability of the deformation and fracture along the 

band. In case of controlled deformation, however, the load drop terminates, the 

dynamic softening recovers and the sample reloads, subsequently showing successive 

serrations [Mukai T. 2002]. On the other hand, BMGs can show multiple shear bands 

if the size of the shear displacement is limited in the bands. Multiple shear bands can 

be produced in a wider range of BMGs by incorporating stress inhomogeneities 

caused by inclusions of a second phase [Eckert J. 2007] or by forming less stressed 

zones which stop the shear bands in the material. Extended zones with practically zero 

stress exist in specific deformation tests, e.g. the neutral zone in bending or the near-

axis zone in torsion. Generally, multiple shear bands appear in these tests and, as a 

consequence of the large number of densely placed bands, BMGs often show a degree 

of macroscopic plasticity in both bending [Mukai T. 2002, Zhang Z.F. 2003] and in 

torsion tests [Bruck H.A. 1994-Kovacs Zs. 2012]. Statistical analysis of 

characteristic events, such as stress drops or AE events, gives further insight into the 

mechanism of the plasticity of BMGs. Analysis of the time intervals between the 

subsequent AE events indicates that the AE events for multiple shear bands appear 

independently as a Poisson process with an exponential distribution of the time 

intervals in the microplastic stage of the deformation, while the shear bands are 

localized and deviation can be observed from the exponential distribution only after 

                                                           
1
 Statistical analysis of acoustic emission events in torsional deformation of a Vitreloy bulk metallic 

glass 
Zsolt Kovács, Mohammed Ezzeldien, Kristián Máthis, Péter Ispánovity, František Chmelík, János 
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the yield point with the appearance of large plastic events [Vinogradov A. 2010]. 

Similarly, Sarmah et al. observed different dynamics of the stress variation in 

deformation tests with single and multiple shear bands [Sarmah R. 2011]. In the case 

of a single shear band, the size of the subsequent serrations changes in a chaotic way, 

but shows a nearly uniform distribution with only slight deviation from the average 

serration size [Sarmah R. 2011]. Tests with multiple shear bands show more diverse 

serrations with wide, power-law distribution [Sarmah R. 2011], similar to many 

complex systems that are in the state of self-organized criticality such as earthquakes 

or avalanches in sand piles [Bak P.1987]. In BMGs, localized shear bands have 

extended stress fields [Tanguy A. 2006] and thus the interaction between multiple 

shear events can simply arise from elastic interaction. The importance of such 

interaction is also supported by the results of multiple unit tests, in which interaction 

was generated artificially between single shear bands in separate samples and a 

power-law distribution of the load drops was obtained [Sun BA. 2012]. 

4.2. Statistical analysis  

Detection of events in the AE signal requires the setting of a threshold level. By 

changing the threshold, the number of detected events varies strongly. The threshold 

level has to be set close to the level of the background noise; still it is impossible to 

eliminate fully the false events which originate from the noise. Therefore the iterative 

k-means clustering algorithm [Sibil A. 2012] was applied, which categorizes the 

events on the basis of their spectrum-based (e.g. average or peak frequency) and time-

dependent (peak amplitude, duration, etc.) characteristic features. The majority of the 

events which were filtered out by this method had AE amplitude in the range of 31-32 

dB indicating that this is the threshold level below which most of the events originate 

from noise. The remaining filtered set of data was used in the statistical analysis of the 

AE events. 

The AE events which are detected due to the formation and propagation of shear 

bands were categorized into bins with either constant or logarithmically changing bin 

sizes to compare them with theoretical distributions in order to check if there are 

correlations among the events. 
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Probability density distributions were calculated from the filtered data set as: 

                                     ( )  
 ( )

(        ( ))
 ,                                            4-1 

where N (X) is the number of data in the bin, Ntotal is the total number of the data, w 

(X) is the bin size and X denotes the given parameter for which the probability density 

was calculated. 

As the typical time interval between the recorded AE events is several orders of 

magnitude longer than the characteristic time ( 
 

 
       ) of the elastic wave 

propagation (with velocity c  10
+3

 ms
-1

) between the most distant parts of the sample 

gauge. According to that, the AE events could be considered as independent events. 

Assuming Poisson process, the probability distribution of the waiting time (the time 

interval between the subsequent AE events) (Δt) can be given as: 

                                     
 

  ̅̅ ̅
   ( 

  

  ̅̅ ̅
)  ,                                           4-2 

where   ̅ is the average waiting time of the independent events in the process and           

Δt = ti+1 - ti, where ti is the timing of the ith AE event. The correlation between the 

subsequent AE events detected during the torsion tests were analyzed by the 

distribution of Δt based on Eq.4-1. Namely, if interaction exists between the AE 

sources (which are the abrupt shear events in shear bands) deviation from the Poisson 

process will be expected, while an exponential distribution of the time intervals 

reflects independent shear events. A quantitative check of the exponential distribution 

hypothesis was performed by means of the chi-square goodness-of-fit test [Bendat 

J.S. 1966, Kovacs Zs. 2012] at the level of significance 0.95 to prove whether the 

recorded data show real deviations from the Poisson process or whether the deviation 

is only statistical in origin. Sequences of discrete events in many complex phenomena 

exhibit periods in which events follow each other within short time intervals,      

     ̅̅ ̅ [Karsai M. 2012]. These sequences, called bursts, lead to statistical 

correlations in the time series of events. Temporal correlations can be adequately 

captured in large data sets by the calculation of P (n, τ), the probability distribution of 

a sequence of n successive events which belong to the same burst, where s is the 
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maximum time difference between the subsequent events in the burst [Karsai M. 

2012]. Here we note that the term “burst” is used in this analysis as a statistical 

feature, i.e. it is used in a slightly different context and for substantially longer time (s 

= 0.5 s) than in reports of other AE studies. Using the term “burst” for a long 

sequence of AE events (statistical burst) and for a single AE event with event length 

in the 0.1–10 ms range (AE burst) is justified by the multiscale phenomenon of the 

AE signal presented in the results below. 

In case of correlated events, the P (n, τ) probability distribution of a sequence of n 

events which relates to the same burst period with T time length can capture the 

temporal correlations adequately in large data sets [Karsai M. 2012].  

To compare the calculated P (n, τ) distribution of the experimental data to a Pind (n, τ) 

reference distribution of independent events, the same calculation was performed on 

randomized data sets after shuffling the sequence of inter-event times. This procedure 

preserves the P (∆t) distribution but destroys time correlations between the events in 

the data set [Karsai M. 2012]. As Pind (n, τ) is calculated from a set of independent 

events, it can be expressed as: 

                            (   )    
   (   ) ,                                             4-3 

where  ( )  ∫  (  )  (  )
 

 
 is the probability of two successive events having ∆t < 

τ time difference. For independent events, a
n-1 

is the probability that n - 1 events 

follow the first event with ∆t < τ and (1 - a) is the probability that for the subsequent 

event ∆t > τ  [Karsai M. 2012]. Deviation of P (n, τ) from Pind (n, τ) indicates a 

correlation in the timing of the events. 

4.3. Statistical analysis of the AE events during the stages 

It was seen in chapter 3, that the torque – angle curve was divided in four stages 

according to the evolution of the torque and the AE events. In the following the AE 

events in each stage will be analyzed statistically. The aim is to investigate if there is 

correlation between the formation and or propagation of shear bands, which are the 

sources of AE. 
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During stage I as mentioned before, there are only a few shear bands formed and 

accordingly a few AE events detected. To compare the filtered data set of the AE 

events during this stage to a Poisson process of independent events, the P (∆t) 

distribution of the time intervals between subsequent AE events was determined 

(Fig.4.1). The solid curve is the fitted exponential distribution of         (∆t). 

Vinogradov reported that the plastic deformation and fracture, which is caused by 

non-interacting shear bands and the resultant AE, can be described as a random 

discrete Poisson process [Vinogradov A.Y. 2004]. The chi-squared goodness-of-fit 

test proves that the distribution in this stage corresponds to Poisson process. The 

values of experimental χ
2
 and the criterion χ

2
24, 0.95 are shown on the inset and 

according to that we accept that the experimental distribution of time intervals 

between AE events in stage I corresponds to the Poisson process in agreement with 

Vinogradov [Vinogradov A.Y. 2010]. From this it can be concluded that in stage I 

there is no interaction between shear bands.  
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Fig.4.1. Distribution of the time intervals between AE events in stage I (bar chart). 

The black curve corresponds to the Poisson distribution. 
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Stage II is characterized by the occurrence of serrations. Fig.4.2 shows the calculated      

P (∆t) distribution of the time intervals for the AE events detected in this stage. It can 

be seen that there is a deviation between the experimental data and the PPoisson(∆t) 

distribution which is evident in the regime of  small ∆ts and in the long tail. The 

deviation is confirmed by the quantitative analysis yielding a value for χ
2
 which is 

larger than the criterion χ
2

24, 0.95. According to this, we accept that there is a difference 

between the theoretical and the experimental distribution of time intervals in stage II. 

This suggests that there is correlation between AE events which points to the 

interaction between the shear bands.  

As shown in Fig.4.3, distribution of the time intervals between the AE events follows 

a power-low in stage II. Power-law distributions are commonly observed in diverse 

systems composed of multiple units that interact and are slowly driven far from 

equilibrium by an external force [Carlson J.M. 1989, Weiss J. 2003]. Tests with 

multiple shear bands show more diverse serrations than in the case of a single shear 

band with wide, power-law distribution [Sarmah R. 2011], similar to many complex 

systems that are in the state of self-organized criticality [Bak P. 1987]. In BMGs, 

localized shear bands have extended stress fields [Tanguy A. 2006] and thus the 

interaction between multiple shear events can simply arise from elastic interaction. 

The importance of such interaction is also supported by the results of multiple unit 

tests, in which interaction was generated artificially between single shear bands in 

separate samples and a power-law distribution of the load drops was obtained [Sun 

B.A. 2012].  

SEM picture of a sample surface taken at the beginning of stage II is shown in Fig.4.4. 

The FIB marker shows the shear displacements and there are shear band intersections. 

In stage II the density of shear bands increases and it is known that large density of 

shear bands leads to the increase of the ductility [Mukai T. 2002, Cao Q.P. 2010]. 

The correlation between the density of shear bands and increase plasticity is due to 

that the shear band propagation can be hindered and/or delayed via branching [Xing 

L.Q. 2001, Liu L.F. 2005] and deflection [Hufnagel T.C. 2002].  
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Fig.4.2. Distribution of time intervals between subsequent AE events in stage II 
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Fig.4.3. Power-law distribution of the probability of the time intervals in stage II. 
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Fig.4.4. SEM image of shear bands with FIB markers at the end of stage I and 

beginning of stage II. 

Fig.4.5 shows the distribution of time intervals in stage III. It is clear that the 

distribution deviates from the Poisson process. During stage III we observed strain 

hardening and from Fig.4.5 and on the basis of the statistical analysis it is clear that 

there is interaction between the shear bands.  

As shown in Fig.4.6, a large number of shear bands is nearly parallel to the torsion 

axis and there are shear bands intersecting the parallel bands. The large strains are 

attained due to interacting shear bands similarly as in stage II.  
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Fig.4.5. Distribution of time interval between subsequent AE events in stage III 

 

 

Fig.4.6. Large deformation in shear bands nearly parallel to the torsion axis 
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Stage IV is characterized by the occurrence of strain softening due to the formation of 

cracks as shown in Fig.4.7. The number of AE events decreases and the amplitude is 

the largest due to the formation of cracks before fracture. The cracks are clear by 

visible on the sample surface after the deformation. The surface morphology of the 

samples subjected to torsional deformation showed a dense mosaic structure of 

intersecting shear bands. As demonstrated in Fig.4.8 and the inset, the statistical 

analysis indicates that during this stage the AE signals are not correlated.  

 

 

Fig.4.7. SEM image of the sample surface after fracture. 
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Fig.4.8. Distribution of time interval between subsequent AE events in stage IV. 

 

4.4. Distributions of the waiting times between the subsequent AE 

events and the amplitudes of the AE events 

In this section we analyze the temporal correlations in the time sequence of successive 

AE events belonging to the same burst of the events. Although the deformation 

process shows different characteristics in the separate stages, the small and abrupt 

shear displacements are typical events which carry the plastic deformation in BMGs 

below Tg. Accordingly, AE events signaling these abrupt plastic events can be 

observed throughout the whole deformation process (Fig.3.3). Based on this general 

feature of the plastic deformation of BMGs at low temperatures, statistical analysis of 

complete torsional tests without separation between the different stages is presented 

hereinafter. 

Fig.4.9 shows the distributions of the time intervals between subsequent AE events 

for all the events measured on samples S1 and S2. Although Eq.4-1 fits well to the 

core of the experimental distribution curve, the salient feature at small ∆t and the 

apparently longer tail indicate deviation from the PPoisson(∆t) distributions.  
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Fig.4.9. Distribution of the time interval between subsequent AE events on a linear 

time scale with a fitted PPoisson(∆t) distribution. (a) S1 and (b) S2. 
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According to the quantitative check the value of the experimental χ
2
 is much larger 

than the criterion χ
2

24, 0.95, which proves that the experimental distribution of time 

intervals between AE events does not correspond to a Poisson process.  

The deviation of the experimental from the Poisson distribution is clearly presented 

by the log–log plot of the P (∆t) distribution in Fig.4.9, where the binning of the 

experimental data has been performed on a logarithmic scale. The differences 

between PPoisson(∆t) (dashed line) and the experimental distributions are statistically 

significant for both short and long ∆t waiting times. The beginning of the P (∆t) curve 

follows a decaying power-law distribution along three orders of magnitude of waiting 

times with an exponent γ1 = 0.6 while the tail of the curve can also be fitted by a 

power-law distribution with γ2 = 2.5 exponent. Fig.4.10 shows a single function, 

which incorporates the two power laws,  

                       (  )  
  

     ((
  
    
⁄ )

  
 (      

⁄ )
  
)

-1                                4-4 

where    is a dimensionless normalization parameter and     = 1.15 s is a time scale 

which determines the transition between the power law regimes. 

Turning now to the amplitudes of the AE signals, Fig.4.11 shows the N(A) 

distribution of the amplitudes of the AE events with w (A) = 1 dB bin size. Excluding 

the initial part of the curve, N (A) decreases monotonically toward large events. This 

tendency fails for the smallest amplitudes, a finding that can be explained by the 

effect of the data filtering which removes some of the real AE events when it filters 

approximately 99%, 60% and 20% of the events as noise for the amplitudes of 31, 32 

and 33 dB, respectively. Between 33 and 46 dB, the monotonous trend of N (A) 

follows approximately:  

                                       ( )           ⁄                                                              4-5 

 where a = 2.4 is the exponent of the distribution 
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Fig.4.10. Probability distribution of the time interval on a logarithmic scale 

(indicated by ▲ for S1 and ▼sample S2) with the fitted PPoisson(∆t) distribution 

(dashed line) and with a fitted composite functions of two power-law distributions 

(solid line). 

Compared to this trend, the probability distribution of large events deviates upwards 

above 46 dB. This indicates a change in the mechanism responsible for the formation 

of large events. Applying a threshold in the evaluation procedure is crucial because of 

the effect of the noise from the environment; however, the variation of this artificial 

parameter may affect the evaluation and the obtained distributions [Shashkov I.V. 

2012]. In the case of N (A), the variation of the threshold Ath simply shifts the starting 

point of the distribution. In contrast, the variation of the threshold strongly changes 

the number of recorded AE events in the test, leading to a change in the P (∆t) 

probability density distribution. In particular, the average time interval increases as  

                                           ̅̅ ̅(   )    ̅̅ ̅(  ) 
       (  )

       (   )
                                         4-6 
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Fig.4.11. Distribution of the amplitudes of AE events ((▲S1 and ▼S2) on a 

logarithmic, dB scale. 

As mentioned before in stage II, the power-law distributions are used to be excited in 

the systems which contain the interacted multiple bands [Carlson J.M. 1989, Weiss 

J. 2003] such as earthquakes [Bak P. 2002] and more recently for the deformation of 

porous materials [Baro J. 2013]. The scaling of the P (∆t) distribution suggests an 

underlying self-organized mechanism driving the system into a critical state 

characterized by scale-free temporal correlations [Bak P. 2002]. 

However, according to Fig.4.12, the change of P (∆t) follows a simple scaling 

relation: the P (∆t) curves at different Ath collapse on the master curve f (∆t) if plotted 

as a function of scaled time parameters. The asymptotic exponents γ1 and γ2 of the P 

(∆t) probability distribution are unaffected by the Ath threshold level. Therefore, they 

are characteristic for the system, and do not originate from the thresholding procedure 

[Bak P. 2002]. The scale-free tail hints at long-range temporal correlations between 

the subsequent events. The scaling relation holds for thresholds Ath in the 32–44 dB 

range; above this level the dataset becomes too small. In this range, the scaling 
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parameter of ∆t and ∆ttr can be determined by the amplitude distribution of the AE 

events as approximately: 

                                              
      (   )

      (  )
     (      )     ⁄                                   4-7 

 

 

Fig.4.12. Overlapping probability distributions of scaled time difference with 

different amplitude thresholds Ath  

As shown at the insets in Fig.3.3, the slope of the event number curve varies strongly 

with time along a test and this strong variation is present at different time scales. 

Accordingly, the AE signal shows high-activity intervals, i.e. statistical bursts, 

characterized by large number of AE events, and quieter periods alternately in an 

irregular way. This behavior indicates that the deformation of the BMG sample is not 

a totally random process and correlations may occur similarly to other phenomena. 

However, the fact that the time differences follow the scale free distribution P (∆t) in 

itself does not guarantee the existence of correlations between subsequent events 

[Karsai M. 2012]. Indications for the presence of correlated events, i.e. trails of AE 
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events preceding serrations of the deformation in BMGs, were observed and presented 

in previous works [Vinogradov A.Y. 2004,] and also in chapter 3. To investigate 

these time correlations among the AE events in detail, the P ( , τ), probability 

distribution (probability distribution of a sequence of n events which belong to the 

same burst with ∆t < τ time length) was calculated. 

Fig.4.13 shows the P ( , τ) distributions of the two original measured data sets and the 

corresponding two shuffled data sets calculated for τ = 0.5 s time periods.  

To reduce the noise of Pind ( , τ) the shuffling was performed with different random 

sequences and the average of 10 Pind ( , τ) curves was plotted for each data set in the 

figure. As is clear from Fig.4.13, Pind ( , τ) the burst size distributions of the data sets 

of independent events, follows Eq.4.3 with a = 0.6 and a = 0.65 values (dashed lines). 

Commonly, the P ( , τ) curves have wider tails than that of the independent events 

and the shape of the P ( , τ) distributions can be approximated by the same linear 

behavior on the log–log plots, which indicates a power law with β = 2 exponent. This 

indicates that statistical bursts with a high number of AE events are more frequent 

than would be expected for independent events. This demonstrates that correlation 

exists between the abrupt plastic shear events in the BMG. 
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Fig.4.13. P ( ,τ) probability distribution of a sequence of n events which relate to 

the same burst with ∆t < τ. The maximum of the inter-event time was selected to τ = 

0.5 s. P ( , τ) is determined for the two experimental data sets (original data) and, 

for reference, the Pind( ,τ) distribution of randomized data sets (shuffled data) with 

destroyed inter-event time correlations are also indicated. Dashed lines show Eq.4.3 

with a = 0.60 and 0.65 parameters and the solid line shows the power law with β = 2 

exponent. 

To make a connection between the observed fluctuations of the       ⁄  event rate 

(i.e. the slope of the  ( ) curve in Fig.3.3) and the results of the statistical analyses on 

the waiting time (Figs.4.10 and 4.13), the following approximation can be used 

                                     ⁄    ( )⁄                                                                 4-8 

Fig.4.14 shows a segment of the   ( ) curve indicating strong correlation between the 

subsequent waiting times. Although the curve is noisy, extended periods with a clear 

tendency of monotonically decreasing waiting time can be observed for sequences of 

AE events in Fig.4.14a. Within such an AE sequence the waiting time decreases 
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several orders of magnitude from the average of    ̅̅ ̅    ⁄ (     ) down to near the 

          limit of the detection. The series of events with shortening time 

difference make up bursts which can be observed as the highly sloping parts of the 

event number vs. time curve in Fig.3.3. When the time difference drops below the 

dead time (     ), the subsequent AE events cannot be separated and they are 

treated as a single event. Accordingly, the last event  of such a burst is usually several 

times longer than the previous events (Fig.4.14b) and it incorporates a series of 

unresolved events as consecutive maxima in the AE signals (see e.g. Fig.3.8). 

 

Fig.4.14. (a) Segment of the waiting time vs. the event number curve showing 

sequences of correlated events with decreasing waiting time. Longer sequences are 

marked by a horizontal line above the curve. Variation of the average waiting time 

is indicated by continuous red line where the averaging was done for five data 

points. The average of the waiting times for the full data set (  ̅̅ ̅) and the minimum 

time difference between the successive events (  ) are also indicated. (b) Length of 

the AE events vs. the event number curve show unusually long events correlated 

with extremely short waiting times (      ) as indicated by arrows. (For 

interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article.) 
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This phenomenon, i.e. an unusually long event with a strong signal, is often referred 

to as a burst in the AE literature (AE burst). In the present analysis, these AE bursts 

can be traced back in time (to approximately   ̅̅ ̅      time) by the sequences of 

events which precede the AE burst. It should be noted, however, that several long 

events and accompanying serrations in the torque vs. time curve were observed in our 

experiments without or with only a few preceding AE events (see e.g. the serration at 

the long events at       in Fig.4.14) 

The serrations preceded by several AE events appear preferentially at larger torsional 

deformations in stage II where a mosaic structure due to dense and intersecting shear 

bands is observed on the surface of the specimens (see Fig.4.15). This indicates that 

the appearance of a burst, i.e. a sequence of events, is correlated with the stress 

inhomogeneities within the BMG specimen. In accordance with this, no preceding 

events were observed in single shear band compression tests in which a shear band 

forms through the full cross-section immediately in the absence of the impeding effect 

of low-stress regions [Vinogradov A 2010].  

Since BMGs are very hard materials, shear band formation is difficult and depends 

strongly on the stress level in the glass. The impeding effect of regions with low stress 

on shear banding can be taken into account in a semiquantitative way in the frame of 

the following simple model that focuses on the formation of shear bands, as shear 

displacements in bands occur relatively more easily. 
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Fig.4.15. SEM image of the sample surface after fracture with a dense structure of 

intersecting shear bands breaking up the homogeneous structure of the BMG. 

If a short shear band exists in the glass, the extension of this band and the formation 

of a larger band are determined by the stress concentration of the band at its ends. As 

shear bands are in many respects similar to cracks in an elastic medium, the stress 

field,    , near the ends of a band scales approximately with the square root of the ξ 

band length [Riedel H. 1993]: 

                                                        √                                                                  4-9 

where     describes the details of the stress field. The approximation of Eq.4-9, 

however, fails within a distance near the tip of the band where anelastic deformation 

blunts the stress field and induces atomic mobility in this core region. This induced 

mobility and the corresponding atomic redistributions are essential for shear band 

propagation, as the formation of the shear band trajectory is an energetically favorable 

process at high stresses, but it is a difficult process if atomic mobility is poor. Based 

on the simulations of Guan et al. [Guan P.F. 2010], the appearance of inelastic 

displacements in a small BMG volume is the synergistic effect of the available 

thermal and elastic energy over the whole stress and temperature range. Consequently, 

as the atomic mobility is promoted by the stored and available local elastic energy 
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density, this is equal to  
 

 
       the rate of the band length increase can be estimated 

using Hooke’s law and Eq.4-9: 

                                           ̇       ( 
       

   
)

̇
                                               4-10 

where c is approximately the sound velocity in the material, Eact is the activation 

energy of shear band formation and B is a constant which depends on the Poisson’s 

ratio and the Young’s modulus of the material and involves the geometry of the stress 

field and the details of the band formation process. By simplifying Eq.4-10, the rate 

of the band length change can be expressed as:  

                                                ̇     ̇    (  )                                                    4-11 

where  ̇  is the thermally assisted rate of band length change for small, embryonic 

bands and    is equal to the ratio of the elastic and thermal energy in the system. 

The solution of Eq.4-11,  ( )        (    ̇  ), indicates that shear band 

formation is a self-exciting process which speeds up enormously with increasing band 

length and saturates only at the sound velocity (as Eq.4-10 is valid if Eact>   ) for 

long bands. This explains the observations that long shear bands in macroscopic 

homogeneous samples appear often instantly at full length [Song SX. 2010], because 

the stress concentration at the ends of the band is already very high when they emerge 

as shear bands. On the other hand, the lack of larger stress concentrations at shorter 

bands causes slow shear band evolution and homogeneous plastic deformation in tiny, 

nanometer-sized samples [Guo H. 2007]. In inhomogeneous BMGs or in samples 

with stress inhomogeneities, the zones with relaxed stress states can impede the 

extension/formation of shear bands. Thus, shear band formation proceeds in these 

samples stepwise. The waiting time between the consecutive steps of intense band 

extension can be estimated from Eq.4-10 by using an adequate B
*
< B parameter, 

which incorporates the effect of local stress relaxation on the stress field of the 

propagating band tip ξ: 

                                                
 

  ̇
    ( 

   

   
)                                                   4-12 



Chapter 4: Statistical analysis of acoustic emission 
events 

 

91 
 

where z is the size of the zone with a relaxed stress state. Accordingly, during shear 

band elongation the subsequent segments of the same shear band follow each other 

with rapidly shortening time steps. Further, since AE events occur at the formation of 

each shear band segment, the intermittent and accelerating behavior of the shear band 

formation is responsible for the appearance of correlated AE events. This 

phenomenon was already observed experimentally by Vinogradov et al. [Vinogradov 

A. 2004] and, accordingly, the deformation process in BMGs was described as a self-

exciting Poisson process. If the distance between the relaxed zones in the BMG 

specimen is approximately uniform, the subsequent waiting times show a series with 

exponentially decreasing time according to Eq.4-12. This behavior is apparent for the 

long bursts with dozens of events shown in Fig.4.14. Smaller bursts which contain 

only 4–5 AE events can also be observed in Fig.4.14, and these bursts evolve 

similarly to the large ones and reach the detection limit, td in the waiting time as well. 

Presumably, these bursts either produce weaker AE signals and therefore only the 

larger AE events reach the threshold level A0; or alternatively, the shear band which is 

the source of the event series intersects fewer zones with relaxed stress state. The 

similar behavior for bursts with different sizes and the simple mechanical model 

which explains this behavior indicate that there is an inherent statistical mechanism in 

the formation of AE events. This mechanism relies on the stress inhomogeneities of 

the material and the formation/extension of shear bands. There are some important 

implications of the burst-like correlated deformation mechanism in BMGs. First, the 

waiting times in a burst of events can be described by a monotonous curve which can 

be approximated by a linear behavior on the log (  ) vs.   curve If the bursts were 

separated in time, the linear log (  ) behavior would be equivalent to a constant 

 (   (  )) distribution which gives γ1 = 1 to the exponent of the P (  ) probability 

distribution for small    values based on the approximation. In fact, γ1 < 1, which 

indicates that either the linear approximation is not valid in the full range, i.e. the 

slope log (  ) vs.   curve is smaller at longer   , or some of the bursts do not reach 

the    =    limit and they are stopped at longer    waiting times. Remarkably, the 

prediction γ1 = 1 is very close to the observed values of γ1for the waiting times 

between subsequent earthquakes [Bak P. 2002] and plastic events in porous media 

[Baro J 2013]. Second, as the last observed event of a burst consists of several 



Chapter 4: Statistical analysis of acoustic emission 
events 

 

92 
 

smaller AE events, it apparently increases the number of large events (see events for 

A > 46 dB in Fig.4.11) due to the finite time resolution of the AE detection. 

Following each burst and its final large AE event, the sample is abruptly unloaded due 

to intense plastic deformation and subsequently slowly reloaded elastically with no 

AE during the serration. These results in a quiet regime, the length of which is 

proportional to the size of the load drop, i.e. it leads to a waiting time of above 

average duration. The durations,   , of the quiet periods are, however, shorter than 4 s 

which indicates that the contribution of these events to the power-law tail of the P(  ) 

distribution with exponent γ2 = 2.5 is negligible. 

Additionally, presuming that initialization of each burst were a Poisson process 

with    ̅̅ ̅⁄  rate, P (  ) should show an exponential cutoff which would have a 

negligible effect for        ̅̅ ̅. The extended tail of the P (  ) distribution over 

       ̅̅ ̅ (see Fig. 4.10) can be explained by the variation of the    ̅̅ ̅⁄  process rate 

[Baro J 2013] with the slow but continuous change of the sample state. This change 

is apparent in the gradual decrease of the slope of the event number curve and results 

in a continuous increase of the average waiting time (Fig.3.3). Third, the existence of 

the scaling relation for P ( t) suggests that events with different succeeding  t are 

filtered out with equal probability when the Ath threshold is increased. This implies 

that there is no cross-correlation between the amplitude A and the time interval  t. 

The absence of correlation can be explained by different characteristics of the shear 

band formation process which determine the amplitude and the waiting time. In other 

words,  t is determined by the characteristics of the zones with local stress relaxation 

as detailed in Eq.4-12, but A mainly depends on the distances between these zones. 

The similar scaling relation for earthquakes [Bak P. 2002] and other systems [Baro J 

2013] indicates that some aspects of the present discussion may be valid for a broader 

class of systems. 
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4.5. Conclusion  

 

Statistical analyses of the time differences between the AE events during each stage 

and for all data have been done, to investigate the interaction between the shear bands 

during torsional deformation. Shear bands interaction differ from stage to stage. In 

stage I there are a few independent shear bands. Increasing the strain the density of 

shear bands increases during stage II, the statistical analysis of the time intervals 

during stage II shows power-law distribution. At stage III the shear bands interact and 

there is strain hardening, during stage IV the shear bands transform into cracks and 

there is no interaction between cracks. Statistical analyses of amplitudes and time 

differences between AE events for all events show power-law distributions. The 

correlation between the shear bands was demonstrated statistically.   

The presence of power-law distributions in the event characteristics and the 

significant difference between distributions of burst lengths determined for the 

experimental and shuffled event series provide evidence of the statistical correlations 

within groups of the acoustic events. In agreement with these temporal correlations, 

direct inspection of the successive time intervals between subsequent events shows 

sequences of events with exponentially shortening waiting times. The appearance of 

these event sequences was explained by the intermittent formation of shear bands. 

Based on the similarity of the stress fields of cracks and plastic-deformation- induced 

shear bands, the band length dependence of stored elastic energy near a band tip was 

estimated. The rate of shear band formation/extension was determined as an elastic-

energy-assisted thermal process. The surface morphology of the samples subjected to 

torsional deformation showed a dense mosaic structure of intersecting shear bands. 

Periodic and local relaxation of the stress field in this mosaic structure leads to time 

periods with reduced shear band formation rate. These quiescent periods were 

interpreted as the waiting times of shear bands showing intermittent propagation. The 

sequence of shortening time intervals between events was reproduced by the 

exponential dependence of the waiting time on the band length. 
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Summary 

 

In this work, room temperature torsional deformation of Zr44Ti11Cu10Ni10Be25 

(Vitreloy 1/Vit 1) BMG samples were investigated. Torsional deformation was chosen 

because in contrast to homogeneous uniaxial deformation modes where BMG 

materials show brittle behavior, large surface strains can be attained in torsion, where 

the distribution of strain in the sample is inhomogeneous. Small and abrupt shear 

displacements in consequence of formation and extension of extremely localized 

shear bands are typical events which carry the plastic deformation in BMGs below the 

glass transition temperature, Tg. AE events signaling these abrupt plastic events can 

be observed throughout the whole plastic deformation process. Accordingly, acoustic 

emission (AE) measurements were carried out during the torsion tests. The 

mechanical investigations were supplemented further with nanoindentation tests to 

study the changes and local fluctuations in hardness of samples pre-deformed in 

torsion to different plastic strains. Microstructure changes and crystallization were 

studied by SEM, TEM, XRD and DSC investigations. The results can be summarized 

as follows: 

 

1.Surface shear strain at fracture exceeding γ=1 was attained in torsion on Vit 1 

samples, which shows that uncontrolled extension of a single shear band through the 

entire cross-section, leading to catastrophic failure, is not allowed in this deformation 

mode.  

 

2. The deformation was divided in four stages according to the evolution of the stress-

strain (torque-angle) curves and the AE events. Stage I begins after the elastic 

deformation with the regime of (micro)plasticity in which AE events with small 

amplitudes and low event rate appear. During this stage the stability of deformation is 

ensured by the elastic core near the axis of the torsion sample and only small 

fluctuations are visible on the M(θ) curve, while a few shear bands appear on the 

sample surface. As the torque increases, the event rate of AE increases sharply and the 

amplitude of the events increases gradually. The slope of the M(θ) curve declines 

from linear, the effect of the elastic core vanishes gradually and a transition is 

observed into stage II, in which the uncontrolled deformation manifests itself by the 
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appearance of serrations. The serrations coincide with strong AE pulses (bursts) with 

amplitudes over 50 dB. Some of these bursts are preceded by a series of smaller AE 

events with increasing event rate. With the progress of deformation, the serrations 

appear irregularly and longer smooth parts with small fluctuations are observed 

between the torque drops. In the subsequent Stage III the serrations and the strong AE 

bursts disappear completely, which indicates that the deformation becomes controlled. 

In this stage the BMG shows a slight strain hardening, which was also detected in the 

nanohardness distribution, and is attributed to the interaction of shear bands through 

their internal stress fields. Finally, in stage IV, the deformation and the AE signals are 

mainly determined by the formation and propagation of cracks. 

 

3. Statistical analyses of AE amplitudes and waiting times between the events provide 

evidence of the statistical correlations within groups of the acoustic events. In 

agreement with these temporal correlations, direct inspection of the successive time 

intervals between subsequent events shows sequences of events with exponentially 

shortening waiting times. The appearance of these event sequences was explained by 

the intermittent formation of shear bands. 

 

4. The probability distribution of the waiting times between subsequent AE events 

shows transitions while the deformation goes through different stages. Comparison of 

the experimental distributions with the theoretical distribution of uncorrelated random 

events indicates that the nucleation and/or propagation of shear bands are correlated in 

stage II and stage III, while the nucleation of shear bands in stage I, as well as the 

crack formation in stage IV is consistent with statistics of uncorrelated events.  

 

5. The surface morphology of the samples subjected to torsional deformation showed 

a dense mosaic structure of intersecting shear bands. Periodic and local relaxation of 

the stress field in this mosaic structure leads to time periods with reduced shear band 

formation rate. These quiescent periods were interpreted as the waiting times of shear 

bands showing intermittent propagation. The sequence of shortening time intervals 

between events was reproduced by the exponential dependence of the waiting times 

on the band length. 
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6. Independently from the various dynamic phenomena observed at the different 

deformation stages, gradual increase of the average hardness was observed with 

increasing surface shear strains. This trend was found using large number of 

nanoindentation tests and it also revealed a gradual widening of the hardness 

distribution.  Forming maps from the hardness data, spatial inhomogeneity of the 

deformed BMG samples have also been visualized. As BMGs are typically strain 

softening materials, the phenomenon of strain hardening was not anticipated and it 

could be related to the increased inhomogeneity, i.e. to the shear band forming mosaic 

structure. 

 


